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Editorial on Research Topic
 Advances in CNS Repair, Regeneration, and Neuroplasticity: From Basic Mechanisms to Therapeutic Strategies



Loss of neural cells and neuronal networks in the CNS frequently results in permanent functional deficits with minimal recovery. Current treatments for patients suffering from neurological functional deficits are largely limited. Recent studies have provided insight into secondary injury mechanisms and signaling pathways for controlling CNS repair and regeneration. Researchers have identified new molecular and cellular targets and effective therapeutic strategies for promoting cell survival, CNS regeneration, neural circuit reconnections, remyelination, and neuroplasticity in adult CNS. This Research Topic focuses on recent preclinical research advances in CNS repair, regeneration, and neuroplasticity. We published 29 articles on this Research Topic, including 17 reviews and 12 original research articles. These studies targeted multiple molecular and cellular components using several model systems, including traumatic brain injury (TBI), spinal cord injury (SCI), optic nerve crush (ONC), neurodegeneration, and in vitro cell cultures. Many articles focused on enhancing viability of neural cells and regeneration, reconnection, and plasticity of injured CNS neurons by targeting diverse CNS pathophysiology, including inflammatory cascades and regeneration failure of axotomized CNS axons.


NEURAL REPAIR AFTER BRAIN INJURY

TBI is one of the leading causes of morbidity, disability, and mortality. Recent studies have advanced our further understanding of complex pathogenesis and the development of effective therapeutic strategies. Ng and Lee overviewed the pathophysiology, underlying molecular mechanisms, and new therapeutic targets and agents for TBI. Following the irreversible primary damage to the brain parenchyma, secondary brain injuries start acutely and progress slowly over months to years, including ischemia, hemorrhage, mitochondrial dysfunction, excitotoxicity, oxidative stress, neurodegeneration, and apoptotic/necrotic death of neural cells. Some druggable targets have been identified to intervene with these processes. Certain promising therapeutic approaches had been moved to clinical trials for TBI although most failed to show effectiveness in phase III clinical trials. Shaughness et al. reviewed the therapeutic potential of insulin for neurotrauma and various neurodegenerative disorders. Insulin, a clinical hormone drug, interacts with insulin receptors on neurons and glia and regulates their cellular metabolic and non-metabolic functions. Insulin also suppresses inflammatory responses and promotes neuronal survival and functional recovery after CNS lesions. Given its wide systemic or intranasal use and reported benefits, insulin is promising for translational treatments of various neurological diseases.

O'Reilly et al. reviewed neuroimmune-mediated plasticity after CNS injury. Spontaneous plasticity frequently occurs after neurotrauma, affects multiple neuronal circuits, and may produce beneficial and deleterious functional outcomes largely depending on the context of plasticity and circuits affected. CNS injury activates the neuroimmune system and numerous immune and inflammatory factors, which may alter neuroplasticity at cellular levels. Recent advances in further dissecting the roles of neuroimmune factors may offer important therapeutic options for fostering adaptive plasticity and reducing maladaptive plasticity. Cerqueira et al. updated nanoparticle-based methods for drug delivery to CNS. Efficient drug delivery to CNS is critical for treating neurological diseases. Emerging nanomaterial technologies provide a promising tool to achieve this goal. Biomimetic, cell-targeted, and stimuli-responsive multifunctional nanoparticles have been evaluated to deliver bioactive compounds to treat CNS disorders. The advanced nanoparticle-based delivery may also achieve a spatiotemporally controlled strategy for optimal drug administration to targeted CNS regions.



AXON REGENERATION AND NEUROPLASTICITY AFTER CNS INJURY

CNS axon injury leads to devastating and persistent functional loss because axotomized CNS axons generally fail to regenerate. Restoring lost functions requires reconnections of injured axons with distal targets and/or the formation of synaptic relays by interneurons. The larger actin-supported extension region of a developing or regenerating axon is referred to as a growth cone. The role of axon growth cone during development is well characterized, but its function in regrowth in response to CNS injury remains an active topic of research. Rodemer, Gallo et al. reviewed the cytoskeletal substructures of axon growth, elongation of axon tip, and potential development of regenerative therapies by targeting the growth cone. This review largely focused on the cytoskeletal dynamics at axon tip underlying regenerative extension.

Traumatic CNS injury, including SCI, results in glial scar formation around the lesion. The extracellular matrix molecules, mostly tenascins and chondroitin sulfate proteoglycans (CSPGs) accumulate in the scar tissues and form an inhibitory barrier to axonal regeneration. Overcoming inhibition by CSPGs and scar tissues may facilitate developing effective strategies for regenerative therapies. Hussein et al. discussed the role of CSPGs in response to CNS injury and suppression of sulfated glysosaminoglycan (GAG) chains on neuronal regeneration and plasticity. This review covers the influences of GAG chain sulfation on their biological activity and the interactions between GAGs and CSPG receptors. CSPGs suppress axon regrowth largely by binding with high affinity to several transmembrane receptors, including two members in the LAR subfamily, LAR and receptor protein tyrosine phosphatase σ (RPTPσ). Multiple intracellular signaling pathways downstream of these two RPTPs mediate the growth-inhibitory actions of CSPGs. Sami et al. reviewed recent advances in the downstream signaling pathways of scar-mediated inhibition and their potential as the molecular targets for CNS repair. A better understanding of these signaling pathways may facilitate the development of new and effective therapies for SCI and other CNS disorders. RPTPσ is one of the CSPG receptors and its deletion or pharmacological blockade has been reported to promote axon regeneration in rodent models. Unexpectedly, using the unique lamprey SCI model, which robustly recovers locomotion after complete spinal cord transection, Rodemer, Zhang et al. reported that RPTPσ knockdown with siRNA impaired regeneration of descending reticulospinal axons 10 weeks after transection primarily due to reduced long-term neuron survival. It will be interesting to further dissect the significance and mechanisms underlying neuronal death after RPTPσ knockdown in SCI lamprey.

After SCI, especially incomplete lesions, spinal interneurons have been reported to be important for mediating neuroplasticity and functional recovery in mammals. Some preclinical strategies have been used to promote neuronal circuits and rewiring by targeting interneurons in the lesioned spinal cord. Zavvarian et al. reviewed the diverse functions of spinal interneurons in regulating pathophysiology after SCI and the potential to treat SCI by targeting interneuron-mediated neuroplasticity. Patients with cervical SCI usually have functional deficits in both upper and lower limbs. Regaining hand function may significantly improve the quality of life in these patients. Gallegos et al. reported that modified Montoya staircase rehabilitation training in C5 SCI rats improved injury environment, axon sprouting and synaptic plasticity, and reaching and grasping functions of the forelimb. Six-week of rehabilitation training started 8 weeks after SCI significantly increased the number of retrieved food pellets, the accuracy of pellet retrievals, and the number of serotonergic fibers and presynaptic terminals around motor neurons in the ventral horns of cervical spinal cord caudal to the lesion, while reduced GFAP immunoreactivity, a marker for astrogliosis. This study further supports the therapeutic potential of task-specific rehabilitation for recovering lost functions after chronic SCI.

Rho family members are critical for regulating cell growth and axon elongation and Clostridium botulinum C3 exoenzyme (C3) is frequently used as a Rho inhibitor. Adolf et al. compared the effects of C3 treatment on neurite growth and branching in sorted mouse GABAergic and glutamatergic neuronal cultures derived from transgenic mice and detected higher sensitivity of GABA neurons to C3 treatment. Analysis of C3 binding partners indicated a higher expression level of vimentin in GABAergic neurons, in contrast to similar levels of beta1 integrin in both neuronal types. Accordingly, C3 showed stronger binding to GABA neurons than to glutamatergic neurons. The different vimentin levels in GABA and glutamatergic neurons appeared to mediate the distinct responses of two types of neurons to C3 treatment. Transplantation of Schwann cells is promising for treating SCI, but grafted Schwann cells usually showed limited migration within an astrocytic environment in the CNS. Li et al. reported enhanced Schwann-astrocytic integration in vitro by overexpressing miR-124 in Schwann cells. Overexpressing miR-124 in Schwann cells upregulated various neurotrophic factors (e.g., NT-3 and BDNF) and genes that regulate cell migration, while downregulated GFAP and other cell migration genes. Schwann-astrocytic co-culture assay suggested that miR-124 overexpression in Schwann cells altered the phenotypes of co-cultured astrocytes.



SECONDARY INJURY AND NEUROPROTECTION AFTER SCI

SCI usually causes complicated pathophysiology around the lesion, including neural cell loss, neurodegeneration, glial scar formation, and axon disconnections. Currently, the effective treatments to restore functional loss after SCI are still unavailable. The SCI lesions in most patients are anatomically incomplete. The spared neural pathways provide therapeutic opportunities to enhance anatomical and functional neuroplasticity using rehabilitative, electrophysiological, and pharmacological strategies. High and mid-cervical SCI frequently damages the phrenic motor circuits and neural networks that control respiration and results in diaphragm paresis/paralysis and respiratory deficits. Randelman et al. reviewed the advances of translational pre-clinical strategies for enhancing plasticity and functional outcomes after cervical SCI. Non-invasive respiratory treatments may enhance neuroplasticity and long-term recovery, including clinical use of respiratory training (e.g., resistance training) and pre-clinical and early clinical testing of intermittent chemical stimulation by altering inhaled oxygen (hypoxia) or carbon dioxide. These strategies also have the potential to improve locomotor and other neural networks.

As the major cellular component of the innate immune system in CNS, microglia respond to SCI, regulate neuroinflammation, generate various cytokines and chemokines, clarify cellular debris, and coordinate certain repair processes. Recent studies suggest that the microglial voltage-gated proton channel Hv1 signaling contributes to the pathophysiology of CNS injury, including posttraumatic neuroinflammation and neurodegeneration. He et al. summarized recent progress in Hv1-mediated neural damage, including Hv1-NOX2 (NADPH oxidase 2) interactions to regulate the levels of reactive oxygen species and cytosolic pH. This review also discussed the potential to design a neurotherapy that targets Hv1.

After SCI, neutrophils are the first immune cells that infiltrate the injured spinal cord. Neutrophils appear important for propagating inflammatory responses and recruiting other immune cells, such as macrophages, to the injured area. Zivkovic et al. reviewed the potential roles of infiltrated neutrophils after SCI, including their contribution to the pathophysiology of the injured spinal cord. NG2 (also known as CSPG4) is highly expressed in oligodendrocyte precursor cells, pericytes, and activated macrophages and microglia after SCI, but the significance of NG2+ cells is largely unknown. Liu et al. reported that the infiltrated bone marrow-derived macrophages formed part of NG2 components in the glial scar and contribute to the pathophysiology of injured spinal cord. NG2 was transiently expressed in marrow-derived macrophages in the glial scar region. Myelin debris uptake upregulates NG2 levels in macrophages in vitro, suggesting that macrophages that take up myelin debris around CNS lesions may upregulate NG2 in immune cells and alters their phagocytic and proliferative capacity.

Post-SCI treatment with Azithromycin, an FDA-approved macrolide antibiotic, has been reported to reduce pro-inflammatory macrophage activation. A combined pre- and post-injury treatment paradigm improved functional recovery in SCI rodents. Kopper et al. further reported that post-injury Azithromycin treatment improved morphological and functional outcomes in SCI rats. Early Azithromycin treatments beginning 30-min and 3-h post-SCI improved locomotor stepping recovery. The 30-min delayed treatments also reduced pathology of the lesioned spinal cord, in contrast to ineffectiveness of treatment initiated 24-h post-SCI.

Congenital myelomeningocele (MMC), the most common and severe type of spina bifida, frequently causes progressive injury to the exposed spinal cord and lifelong disabilities. MMC results from incomplete neural tube closure and is characterized by a spinal cord and meninge protrusion through a pathological opening in the overlying vertebrae at the lumbosacral region. Janik et al. reviewed the pathophysiology of MMC, in utero injury to the exposed spinal cord, and therapeutic options for MMC. Neonates with detected MMC usually receive an early postnatal surgical repair of MMC pathology. Because neural tube closure failure in early gestation initiates progressive prenatal injury to the exposed spinal cord and deteriorates neurological function in fetuses, it is important to develop effective prenatal therapies that prevent continuing spinal cord damage and improve neurological function. In utero open repair of MMC lesions has been used to minimize SCI and neurological deficits before birth. Better cellular and molecular insight into neurological disfunction of MMC may lead to more effective targeted therapies.



NEURONAL REGENERATION AND DEGENERATION AFTER RETINAL GANGLION CELL (RGC) INJURY

Mature CNS neurons, including RGCs, fail to regenerate after axotomy largely because of their reduced intrinsic growth capacity and the extrinsic nonpermissive environment around the lesion. Recent studies have advanced this important research area with ONC models. Yang et al. reviewed recent progress in identifying effective strategies for promoting long-distance regeneration of injured optic nerves and subsequent reconnections to central neuronal targets for potential functional recovery. Combinatory manipulation of multiple crucial genes and pathways could stimulate long-distance axon regeneration in mice with ONC. Proper guidance of regenerating RGC axons to reach their original targeted nuclei in the brain is essential for visual functional recovery. After regenerating axons reach the brain targets, their remyelination and formation of useful synaptic reconnections with targeted neurons are crucial for restoring visual function. So far, several studies have reported long-distance axon regeneration and partial visual function restoration in animal models. Sergeeva et al. summarized recent understanding of the function of interneurons in regulating RGC survival and axon regeneration after ONC. In addition to the intrinsic mechanisms, neurodegeneration and regenerative failure of axotomized RGCs are influenced by the extracellular environment of glial or inflammatory cells. Activity changes of amacrines, a type of inhibitory retinal interneurons, alter the multicellular signaling cascades and contribute to RGC fate, indicating that the complex circuitry in the retina affects RGC survival and axon regenerating ability.

The SWI/SNF complexes (known as BRG1/BRM-associated factor or BAF) are the key regulators of nucleosome positioning, rearrange chromatin structure, and control gene expression and cell proliferation. Deletion of Arid1a, one major component of SWI/SNF complexes, promotes regeneration of multiple tissues in mammals. Peng et al. reported that Arid1a deletion did not stimulate regeneration of injured optic axons, but significantly enhanced RGC survival in mice with ONC. Transcriptome assay displayed alterations of apoptosis-related genes and the JAK/STAT signaling pathway. Thus, Arid1a appears to regulate degeneration of axotomized RGCs. To detect effective assays for monitoring progression of RGC degeneration after ONC, Li, Huang et al. correlated RGC histological data with the results of several optical tests in mice, including scanning laser ophthalmoscopy, optical coherence tomography, and pattern electroretinogram at different time points after ONC. Scanning laser ophthalmoscopy fundus imaging directly visualized the RGC morphology and correlated best with histological quantification of RGC somata and optic axons. Optical coherence tomography detected substantial retinal swelling at the early time points 1–5 days after ONC and the apparent retinal thinning at late time points of 14 and 28 days after ONC. Pattern electroretinogram seems highly sensitive for detecting the early RGC functional deficit before substantial RGC loss, but the limited progression in functional loss may prevent its use as a reliable indicator for RGC degeneration.



THERAPEUTIC TARGETS IN NEURODEGENERATIVE DISEASES

Mitochondria supply chemical energy of ATP and are essential for maintaining metabolism, intracellular ionic homeostasis, and other critical functions of cells. Their dysfunction contributes to neural damage and pathophysiology of numerous diseases. Yan et al. highlighted the contribution of mitochondrial dysfunction to pathophysiology of several neurodegenerative diseases, including Alzheimer's, Parkinson's, Huntington's, and amyotrophic lateral sclerosis. Impaired mitochondria, aberrant mitochondrial quality (e.g., imbalanced mitochondrial dynamics, size, and morphology), and mitochondrial-based bioenergetic defects contribute to neurodegeneration and cell loss in many neurological diseases. Recent investigations have advanced our understanding of the molecular basis for mitochondrial impairment and mitochondrial-driven inflammation in the lesioned CNS. Some studies uncovered novel and promising therapeutic targets for neurological diseases.

Pericytes are the multi-functional mural cells of microcirculation that control blood flow, vascular permeability, and homeostasis. Pericytes respond to CNS injury and inflammation by restricting blood capillaries, modulating immune responses, contributing to blood-brain barrier (BBB) disruption and tissue fibrosis, and regulating the repair process of blood vessels. Pericytes represent promising cellular targets for designing therapies for CNS disorders. Laredo et al. reviewed the potential functions of pericytes on regulating angiogenesis, BBB integrity, neurodegeneration, neuroinflammation, tissue fibrosis, and axon regeneration failure after CNS injury or in neurodegenerative diseases, including Alzheimer's and diabetic retinopathy. This review also outlined the strategies to repair injured CNS by targeting pericytes.

Epilepsy, a brain disorder that causes seizures, has the potential to cause serious neurological consequences, including unnecessary bodily injury, psychological and psychiatric impairment, social disability, and diminished lifespan. Because of the restrictions of currently available drug and surgical treatments (e.g., drug resistance, serious side effects, and recurrence), it is interesting to identify more effective therapies for epilepsy. Zhu et al. reported the neuroprotection by treatment with xenon, a gas chemical element found in Earth's atmosphere, using an acute rat seizure model induced by kainic acid. The increased autophagy was probably attributed to the neuroprotection by xenon.

Radiotherapy of the brain malignancies frequently results in persistent cognitive dysfunction in most patient survivors. It is crucial to find the strategies to reverse radiotherapy-induced neurological deficits. Reduced neurogenesis and microvascular integrity, impaired synaptic plasticity, increased inflammation, and other neural alterations probably contribute to radiotherapy-caused brain dysfunctions in animal models. Parihar et al. reported that treatment with AM251, a cannabinoid receptor-1 antagonist, improved hippocampal neurogenesis and reduced expression of proinflammatory markers in mice that received cranial irradiation. This treatment also improved the memory and mood symptoms in the mouse model.



THERAPEUTIC POTENTIAL OF REPROGRAMMING GLIAL CELLS INTO NEURONS AND USE OF CEREBRAL ORGANOID MODELS FOR NEURAL REPAIR RESEARCH

Because of the regeneration failure of injured CNS neurons, many researchers attempted to reprogram resident glial cells into functional neurons for neural repair. Numerous studies reported reprogrammed neuronal progenitors and neurons in the CNS of adult mammals. Tai et al. updated the progress in innate adult neurogenesis under pathological conditions by cell fate reprogramming. This review summarized the major transcriptional factors used for glial reprogramming and the potential of fate reprogramming-based regeneration for treating SCI and other neurological diseases. Despite the controversies on this topic (see Wang et al., 2021), some researchers reported the direct conversion of reactive glial cells into functional neurons in adult mouse brains by expressing the single neural transcription factor of NeuroD1 in astrocytes. Zhang et al. reported the glia-to-neuron conversion by AAV-mediated transduction of NeuroD1 in mice with a cortical stab injury. AAV-NeuroD1 application converted reactive astrocytes into neurons both before and after glial scar formation and the remaining astrocytes proliferated to repopulate themselves. The newly formed neurons appeared to function well; they fired action potentials and established synaptic connections with other neurons. Also, NeuroD1 expression in reactive astrocytes reduced the A1 toxic subtype of astrocytes and reactive microglia and neuroinflammation.

Human cerebral organoid, a three-dimensional cell culture system, recapitulates the developing human brain and is a valuable tool for studying the pathology and treatments of neurological disorders. But cerebral organoids have various shortcomings, including variability, reproducibility, and underrepresenting certain cell types of the brain. Bodnar et al. reported a new scalable and simplified system to generate microglia-containing cerebral organoids, which harbor various neural cells (microglia, astrocytes, neurons, and neural stem/progenitor cells) and mature in a manner that resembles brain development. This group directly transitioned 3D cultures of inducible pluripotent stem cells to embryoid bodies and simplified the steps to generate cerebral organoids.

In Sum, the articles in this Research Topic cover recent interesting findings in CNS neural repair, regeneration, and plasticity using various cell culture, traumatic, and neurodegenerative model systems. We hope that the research advances on this topic will provide important molecular and cellular insight into the complicated CNS lesions and facilitate the development of novel and highly effective therapeutic strategies for neurological diseases, including TBI and SCI. Future studies on the covered topic may validate the effective strategies in primates and humans, develop optimal strategies to target diverse mechanisms for CNS damages and identify additional genes and cell components for neural repair, appropriate targets of reconnected neurons, and synaptic specificity for targeted functional recovery. As the guest editors, including Drs. Andrea Tedeschi (Ohio State University) and Junfang Wu (University of Maryland), we are very grateful to all authors for their invaluable contributions. We hope that all our readers enjoy the review and original articles published on this Research Topic.
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After spinal cord injury (SCI), macrophages infiltrate into the lesion and can adopt a wide spectrum of activation states. However, the pro-inflammatory, pathological macrophage activation state predominates and contributes to progressive neurodegeneration. Azithromycin (AZM), an FDA approved macrolide antibiotic, has been demonstrated to have immunomodulatory properties in a variety of inflammatory conditions. Indeed, we previously observed that post-SCI AZM treatment reduces pro-inflammatory macrophage activation. Further, a combined pre- and post-injury treatment paradigm improved functional recovery from SCI. Therefore, for the current study, we hypothesize that post-injury AZM treatment will improve recovery from SCI. To test this hypothesis, we examined the therapeutic potential of delayed AZM treatment on locomotor, sensory, and anatomical recovery. We administered AZM beginning 30-min, 3-h, or 24-h following contusion SCI in female mice, and then daily for 7 days. AZM administration beginning 30-min and 3-h post-injury improved locomotor recovery with increased stepping function relative to vehicle controls. Further, delaying treatment for 30-min after SCI significantly reduced lesion pathology. Initiating AZM treatment 24-h post-injury was not therapeutically effective. Regardless of the timing of the initial treatment, AZM did not statistically reduce the development of neuropathic pain (mechanical allodynia) nor increase neuron survival. Collectively, these results add to a growing body of evidence supporting AZM’s translational potential as a therapeutic agent for SCI and other neuroinflammatory conditions in which patients currently have very few options.
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INTRODUCTION

Spinal cord injury (SCI) induces a complex heterogeneous inflammatory response largely mediated by resident microglia and infiltrating monocyte-derived macrophages. While these cells are capable of adopting a wide spectrum of beneficial and detrimental functions, the acute SCI microenvironment promotes pro-inflammatory macrophage activation (Kigerl et al., 2009). Pro-inflammatory macrophages and microglia are widely believed to be major contributors to the continued neurodegeneration and tissue loss observed following the initial mechanical SCI. Targeting macrophage activation acutely is, therefore, a promising therapeutic approach to improve recovery. However, to date there are no FDA approved drugs to target these pathways after SCI.

Azithromycin (AZM) is a widely-prescribed, FDA-approved, antibiotic with a well-established safety record. AZM has significant anti-inflammatory and immunomodulatory actions across a wide array of disease states (Murphy et al., 2008, 2010; Feola et al., 2010; Ivetić Tkalcević et al., 2012; Banjanac et al., 2012; Nujić et al., 2012; Polancec et al., 2012; Vrančić et al., 2012; Zhang et al., 2015; Amantea et al., 2016b; Gensel et al., 2017; Osman et al., 2017; Varano et al., 2017; Barks et al., 2019). Specifically, AZM promotes anti-inflammatory activation by inhibiting macrophage STAT1 and NF-κB signaling pathways (Haydar et al., 2019). Emerging evidence supports the use of AZM as a treatment for neurological conditions including stroke, retinal ischemia, spinal muscular atrophy, and neonatal hypoxic–ischemic brain injury (Amantea et al., 2016a, b; Osman et al., 2017; Varano et al., 2017; Barks et al., 2019). Previously, we demonstrated that AZM improves tissue sparing and locomotor recovery in a mouse model of contusion SCI when dosing is initiated 3 days prior to injury (Zhang et al., 2015). In our previous work, the neuroprotective effects of AZM were coincident with increased anti-inflammatory and decreased pro-inflammatory macrophage activation (Zhang et al., 2015). More recently, we established that delaying treatment for 30 min post-injury substantially decreases markers associated with pro-inflammatory (M1) macrophage activation while significantly increasing anti-inflammatory (M2) macrophage markers (Gensel et al., 2017). Further, we recently found that AZM decreases neurotoxic, pro-inflammatory macrophage activation independent of its antibiotic properties (Zhang et al., 2019). Collectively, these findings highlight AZM as a promising SCI immunomodulatory therapeutic; however, the long-term effects of delayed AZM treatment are unknown. For the current study, we hypothesized that post-injury AZM treatment improves recovery from SCI. Specifically, we evaluated the therapeutic efficacy of post-SCI AZM treatment on long-term locomotor, sensory, and anatomical recovery. Initial treatment was delayed 30 min, 3-h, or 24 h post-injury and recovery evaluated for 4 weeks after injury.



MATERIALS AND METHODS


Experimental Design

The current data includes the combined results of three independent studies.


Study One

Mice (n = 10/group) were treated with vehicle (initiated at 30 min post-injury) or AZM (160 mg/kg/day) by oral gavage beginning 30 min, 3 h, or 24 h after a moderate-severe (75 kdyn) T9 contusion SCI. Drug and vehicle administration was continued daily for 7 days post-injury (dpi). Locomotor function of all animals, as determined by the Basso Mouse Scale (BMS), was assessed prior to injury and again at 1, 3, 7, 14, 21 and 28 dpi. At 28 dpi, all the animals were sacrificed for the generation of spinal cord sections for histological analyses of tissue sparing, lesion length, and neuron survival. One mouse was euthanized due to surgical complications. Three mice were excluded based upon a prior exclusion criteria for abnormal impactor parameters reported by the Infinite Horizons (IH) SCI device (indicative of a bone hit or spinal cord movement during injury; n = 2) and abnormally high functioning locomotor behavior at 1 dpi (BMS >3) indicative of incomplete injury (n = 1).



Studies Two and Three

Mice (n = 10/group/study) were injured and treated as study one except that the 24 h delayed treatment group was discontinued due to clear therapeutic ineffectiveness in study one (Figures 1A,B; p > 0.98 for all outcomes). In addition, horizontal ladder performance and measures of neuropathic pain (Von Frey, mechanical allodynia) were collected prior to injury and at 26 and 27 dpi, respectively. Group sizes for studies two and three (n = 10) were calculated based upon a priori power analysis of the BMS behavior data collected in study one. Specifically, we estimated that with a significance of α = 0.05, a power of 1-β = 0.80, and expected levels of animal attrition, that we would need an additional 20 animals per group. Two mice in study two and three mice in study three were excluded based upon a priori impact or behavioral criteria for incomplete/abnormal injuries.
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FIGURE 1. Azithromycin (AZM) administration beginning 24 h after injury is not therapeutically effective. Adult (4-month-old) female mice received a moderate-severe thoracic T9 contusion spinal cord injury (SCI; 75-kdyn). AZM was first administered at 24-h post-injury and then daily for 7 days (160 mg/kg/day). Functional recovery was assessed before injury and at 1, 3, 7, 14, 21, and 28 dpi. (A,B) Initiating AZM treatment 24-h after SCI did not improve locomotor recovery relative to vehicle control (p = 0.99, n = 9–10) or improve tissue sparing [as defined by glial fibrillary acidic protein (GFAP) reactivity] at the lesion epicenter at 28 dpi relative to vehicle (n.s. = not significant, p = 0.98, n = 7–8). Mean ± SEM.



Rostral-caudal neuronal survival was only assessed in studies two and three because unknown temperature inconsistencies during study one tissue processing and sectioning caused tissue folding and tissue loss, making histological analysis impossible. Discrepancies between n’s in behavioral vs. histological analyses are due to the fact that mice without an obvious and fully intact injury epicenter (due to tissue processing complications) were not included for histological analyses. Final animal numbers are reported in the figure legends and/or results.


Animals

Experiments were performed using 4-month-old female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA). Animals were housed in IVC cages with ad libitum access to food (Teklad Irradiated Global 18% Protein Rodent Diet) and purified water. Housing is set to maintain a 14 h light/10 h dark cycle, at 70°F and 50% humidity. All experimental procedures were conducted during the light cycle and were performed in accordance with the guidelines and protocols of the Office of Research Integrity and with approval of the Institutional Animal Care and Use Committee at the University of Kentucky.



Spinal Cord Injury

Animals were anesthetized via intraperitoneal (i.p.) injections of ketamine (100 mg/kg) and xylazine (10 mg/kg). Following a T9 laminectomy, a moderate-severe thoracic SCI was produced using the IH injury device (75-kdyn; Precision Systems and Instrumentation; Scheff et al., 2004). Any animals receiving SCI with abnormalities in the force vs. time curve generated by the IH device were excluded from analysis. These abnormalities are indicative of bone hits or instability in the spinal cord at the time of injury and occurred <10% of the time. After injury, muscle and skin incisions were closed using monofilament suture. Post-surgery, animals received one subcutaneous injection of buprenorphine-SR (1 mg/kg) and one injection of antibiotic (5 mg/kg, enrofloxacin 2.27%: Norbrook Inc., Lenexa, KS, USA) in 2 ml of saline and were housed in warming cages overnight. Animals continued to receive antibiotic subcutaneously in 1 ml saline for 5 days. AZM (160 mg/kg) or vehicle (1% methylcellulose) was delivered in 0.1-ml volume via oral gavage daily beginning 30 min, 3 h or 24 h after injury and again daily for 7 days post-injury. Animal health and the incision site were monitored throughout the course of the study. Bladder expression was performed on injured mice twice daily.



Behavioral Analysis

All experimental animals were assessed using the BMS to score hindlimb function as previously described (Basso et al., 2006). Mice were tested in an open field for 4 min before surgery and at 1, 3, 7, 14, 21, and 28 days post-injury (dpi). Each hindlimb was scored separately based on movement (e.g., ankle placement and stepping) and whole-body coordination and trunk stability were also scored; the average of both hindlimb scores was used to generate a single score for each animal. A score of 0 indicated complete paralysis and a score of 9 indicated normal locomotion. Animals receiving a score of 3 or higher at 1 dpi, or less than 2 at 28 dpi were excluded from the study based on a priori statistical assessment of over 450 prior 75 kdyn mouse SCI surgeries. These scores are rare (greater than 2 standard deviations from mean BMS score) and are indicative of surgical/injury abnormalities (bone hit, low/high impact force, etc.).



Mechanical Allodynia Testing

Mechanical allodynia was measured using the manual up-down approach with von Frey monofilaments as described previously (Chaplan et al., 1994). Animals were first acclimated to the testing apparatus consisting of a wire mesh floor within an acrylic enclosure. A monofilament was pressed perpendicularly against the plantar surface of the hindlimb until bent, beginning with the 1.4 g monofilaments and ranging from the 0.4 g to 6.0 g monofilaments. Fifty percentage withdrawal threshold was calculated and reported as the average of both hind paws at each time point (Chaplan et al., 1994). Positive responses include rapid paw withdrawal, paw shaking and/or paw licking. Paw movement due to normal locomotor activity and responses occurring after the removal of the filament were not considered positive responses and were excluded from analysis.



Tissue Processing and Immunohistochemistry

At 28 dpi, mice were anesthetized then transcardially perfused with cold PBS (0.1 M, pH 7.4), followed by perfusion with cold 4% paraformaldehyde (PFA). Dissected spinal cords (1 cm) were post-fixed for another 2 h in 4% PFA and subsequently rinsed and stored in cold phosphate buffer (0.2 M, pH 7.4) overnight at 4°C. On the following day, tissues were cryoprotected in 30% sucrose for 3 days at 4°C, followed by rapidly freezing and blocking in optimal cutting temperature (OCT) compound (Sakura Finetek USA Inc., Torrance, CA, USA) on dry ice. Tissue was systematically randomized into blocks (each block contained spinal cords from four subjects) with equal group distribution to ensure uniformity of staining across groups and blocked tissue was stored at −80°C before sectioning. Tissue blocks were cut in serial coronal sections (10 μm) and mounted onto Colorfrost plus slides (Fisher #12-550-17).

Spinal cord sections were stained with Eriochrome Cyanine (myelin) and anti-Neurofilament (1:1,000, Aves labs: NF-H) to visualize damage and thereby identify the epicenter and length of each lesion as described previously (Zhang et al., 2015). To examine the epicenter in greater detail, slides were stained with glial fibrillary acidic protein (GFAP; 1:500, Aves: GFAP) and macrophage marker F4/80 (1:1,500, AbD serotec, MCA497) primary antibodies overnight at 4°C, followed by Alexa Fluor 488 goat anti-chicken (1:1,000, Life Technologies A11039) and goat anti-rat Alexa Fluor 633 (1:1,000, Thermo Fisher Scientific: A-21094) secondary antibodies for 1 h at room temperature. To assess neuron survival, slides were subjected to antigen retrieval for 5 min in hot citrate buffer pH 6, incubated with rabbit anti-NeuN (1:4,000, Novus Biologicals NBP1-77686) primary antibody overnight at room temperature, then biotinylated goat anti-rabbit (1:500, Vector BA-1000) secondary antibody for 2 h at room temperature, then elite-ABC (prepared according to manufacturer’s instructions, Vector PK-6100) for 2 h at room temperature, and finally DAB (prepared according to manufacturer’s instructions, Vector SK-4100) with nickel additives for 5 min at room temperature. Slides were cover-slipped with Permount mounting medium (Fisher Scientific, Hampton, NH, USA) or Immu-Mount (Thermo Scientific, Waltham, MA, USA) for brightfield and fluorescent stains, respectively.

Images were taken using a C2+ laser scanning confocal microscope (Nikon Instruments Inc., Melville, NY, USA) or a ZEISS Axio Scan.Z1 (Munich, Germany), then analyzed using the MetaMorph analysis program (Molecular Devices, Sunnyvale, CA, USA) or HALO Image Analysis Platform (Indica Labs, Albuquerque, NM, USA). To identify the rostral-caudal lesion length, Eriochrome Cyanine and Neurofilament (EC/NF) stained tissue sections were examined at 100 μm intervals rostral and caudal from the lesion epicenter until damage became entirely localized to the dorsal column totaling less than 2% of the total spinal cord area. To quantify tissue sparing at the lesion epicenter (i.e., the tissue section with the least amount of intact EC/NF stained tissue) the regions of dense GFAP positive staining were outlined and measured using the MetaMorph analysis program (Molecular Devices, Sunnyvale, CA, USA) or HALO. These spared areas as defined by the GFAP+ glial scar closely align with areas of Neurofilament positive axons as determined previously (Zhang et al., 2015; Freria et al., 2017). Lesion area, intact tissue area, and overall spinal cord size were used to calculate the percentage of spared tissue at the lesion epicenter. While not quantified directly, F4/80 positive macrophages were used as a secondary tracing guide in any areas of ambiguity as they densely accumulate within the core of the lesion as described previously (Wang et al., 2015). To quantify neurons, NeuN-stained cells within the gray matter were quantified using HALO software. Spinal cross-sections at 100 μm intervals from the epicenter were analyzed, and average values were calculated from equidistant rostral/caudal sections. Folded or torn sections were excluded from analysis.



Statistical Analysis

Investigators blinded to experimental conditions performed all data acquisition and analysis. Statistical analyses were completed using GraphPad Prism 6.0 (GraphPad Software). Data were analyzed using one- or two-way ANOVA followed by Dunnett’s or Holms–Sidak post hoc tests for multiple comparisons to the vehicle groups. Chi square and independent-sample t-tests were used when appropriate. Results were considered statistically significant at p ≤ 0.05. All data are presented as mean ± SEM unless otherwise noted. Figures were prepared using Adobe Photoshop CC 2014 (Adobe Systems) and Prism 6.0.






RESULTS


Post-injury Administration of Azithromycin Improves Locomotor Recovery After SCI

As described previously, initiating AZM treatment 30 min after SCI, followed by repeated daily doses for 7 days, mediates an immunomodulatory shift in macrophage phenotype resulting in the downregulation of markers associated with pro-inflammatory M1 macrophage activation and upregulation of anti-inflammatory M2 markers (Gensel et al., 2017). Because this type of macrophage phenotypic transition is often associated with an increase in reparative functions after SCI, we sought to determine whether post-injury administration of AZM led to long-lasting locomotor improvement up to 28 days after injury. AZM was administered beginning 30 min, 3 h, or 24 h post-injury and then daily for 7 days in three compiled studies. The 24 h delayed treatment group was discontinued due to clear therapeutic ineffectiveness in study one (Figures 1A,B; p > 0.98 for all outcomes). The 30 min and 3 h administration groups, however, displayed improved locomotor recovery relative to vehicle. Specifically, overall locomotor recovery out to 28 dpi, as measured by the BMS, varied as a function of treatment (p = 0.008 main effect of treatment; time × treatment interaction p = 0.02). Locomotor recovery significantly improved when AZM was administered at 30-min relative to vehicle (p = 0.004 main effect; Figure 2A). This treatment effect was significant beginning at 14 dpi (p = 0.005; Figure 2A). Delaying the initial dose for 3-h after SCI improved recovery relative to vehicle (p = 0.058 vs. vehicle, main effect) with significant improvements by 28 dpi (p = 0.0004).
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FIGURE 2. Early AZM administration improves locomotor recovery in SCI mice. Adult (4-month-old) female mice received a moderate-severe thoracic T9 contusion SCI (75-kdyn). AZM was first administered at 30-min or 3-h post-injury and then daily for 7 days (160 mg/kg/day). Functional recovery was assessed before injury and at 1, 3, 7, 14, 21, and 28 dpi. (A) Mice treated with AZM beginning 30-min post-injury displayed significantly improved locomotor recovery relative to vehicle (main effect of treatment vehicle vs. 30 min, p = 0.004) with significant improvement from 14 to 28 dpi (**,***p < 0.05 30 min vs. vehicle, Holms–Sidak’s post hoc). Mice first treated at 3 h post-injury had increased recovery relative to vehicle (p = 0.06 main effect of treatment vehicle vs. 3 h) with significant improvements at 28 dpi (##p < 0.05 vs. vehicle Holms–Sidak’s post hoc). (B) Mice treated at 30-min recovered significantly improved frequent plantar stepping frequency than vehicle controls (58% and 17% respectively, Chi-squared, p = 0.001). Similarly, mice treated at 3-h recovered significantly more frequent plantar stepping relative to vehicle (37% and 17%, respectively, Chi-squared, p = 0.04). n = 24–29, mean ± SEM. *p < 0.05.



By 28 dpi, delaying AZM treatment by either 30 min or 3 h after SCI significantly improved locomotor function vs. vehicle with an average BMS score of ~5 for AZM groups vs. ~4 for the vehicle-treated group (Figure 2A). A transition from a score of 4–5 is largely dependent on the mouse’s ability to fully support its body weight on its hind legs while stepping. Because we observed this group-dependent separation along the 4/5 score of the BMS scale, we further quantified stepping ability. As seen in Figure 2B; a significantly greater proportion of mice treated with AZM beginning at either 30 min or 3 h post-injury recovered frequent plantar stepping function vs. vehicle controls (Chi-squared, p = 0.001 and p = 0.04, respectively). We also evaluated proprioceptive hindlimb stepping function with the horizontal ladder task. There were no differences among groups prior to SCI (p = 0.99, one-way ANOVA, data not shown). However, since few animals in the vehicle group recovered stepping function and were able to perform the horizontal ladder task, results of this test were not compared among groups after SCI.



Azithromycin and Neuropathic Pain

We recently reported that AZM is an analgesic that alleviates chronic SCI pain when dosed 30 min prior to measuring heat-induced hyperalgesia (Gensel et al., 2019). Here, we expanded upon this by testing whether AZM limits the development of neuropathic pain (mechanical allodynia) after SCI. As seen in Figure 3, SCI induced allodynia (p < 0.0001), however, AZM administration beginning 30 min and 3 h following injury did not significantly reduce long-term pain responses (mechanical allodynia) relative to vehicle-treated animals at 27 dpi (p = 0.89).
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FIGURE 3. AZM administration does not alter the development of mechanical allodynia in mice after SCI. Gram-force withdrawal threshold to Von Frey filaments stimuli decreased after SCI, relative to baseline, indicative of the development of allodynia after SCI (***p > 0.0001). However, AZM did not alter the development of allodynia at 27 dpi relative to vehicle (n.s. = not significant, p = 0.89). There were no baseline differences in withdrawal threshold prior to injury (p = 0.29). n = 15–20, mean ± SEM.





The Effect of Post-SCI Azithromycin Treatment on Tissue Pathology

Previously, we observed improved locomotor recovery along with increased tissue preservation using a combined pre- and post-SCI dosing paradigm for AZM (Zhang et al., 2015). As seen in Figures 4A–E, the effect post-SCI AZM treatment on tissue sparing at the lesion epicenter did not reach statistical significance for either the 30 min or 3 h treatment groups in the current studies (p = 0.07 and 0.54, respectively). AZM administration significantly reduced the mean rostral-caudal lesion length when given 30 min after injury (p = 0.03; Figures 5A,B); the 3-h delivery timepoint was not statistically significant (p = 0.55; Figure 5). Given that pro-inflammatory macrophages are neurotoxic and that AZM limits this activation in vitro we sought to quantify whether post-SCI AZM treatment improved the number of surviving neurons at 28 dpi (Zhang et al., 2015, 2019). However, AZM treatment did not affect neuron sparing throughout the rostral-caudal extent of the lesion (ANOVA main effect of treatment p = 0.26; Figures 6A,B) or total neuron sparing according to area under the neuron by distance curve (ANOVA p = 0.98; Figure 6C).
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FIGURE 4. AZM does not significantly increase long-term, 28-day tissue sparing at lesion epicenter. Tissue sections representative of the mean values for (A) vehicle or AZM beginning (B) 30 min or (C) 3 h post-SCI. (D) Quantification of tissue sparing at 28 days post-injury based on GFAP reactivity did not demonstrate any statistically significant differences across groups, however, the mean tissue sparring was higher in the 30-min group (56%) than the vehicle-treated group (49%; p = 0.07). (E) The injury displacement values were equal across groups (p = 0.69) indicative of comparable injury severities prior to treatment administration. n = 19–25, mean ± SEM. Scale bar: 500 μM. n.s = not significant.
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FIGURE 5. Post-SCI treatment with AZM reduces rostral-caudal lesion length. (A) Representative images of EC/NF stained sections 28 days after SCI detailing the lesion characteristics for vehicle, 30-min AZM, and 3-h AZM administration paradigms. (B) AZM administration beginning 30 min post-injury reduced overall rostral-caudal lesion length to an average of 1.9 mm relative to the 2.4 mm average in vehicle-treated animals (p = 0.03). This is evident in (A) by the relatively intact spinal cord at 0.8 mm rostral and caudal to the epicenter in the 30 min AZM vs. vehicle. group. Mice with treatment beginning at 3-h post-injury had a slightly lower average lesion length at 2.2 mm, however this was not statistically significant (p = 0.55). n = 23–29, mean ± SEM. Scale bar: 500 μM. * p< 0.05; n.s = not significant.
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FIGURE 6. AZM treatment does not affect neuron sparing. (A) Representative examples of NeuN-stained spinal cross-sections ≤1.5 mm from the lesion epicenter 28 days after SCI. Treatment with AZM does not affect neuron sparing throughout the rostral-caudal extent of the lesion (ANOVA main effect of treatment p = 0.26; B) or the total neuron sparing according to area under the curve analysis (ANOVA p = 0.98; C). n = 14–18, mean ± SEM.






DISCUSSION

The clinical use of methylprednisolone, the only FDA-approved drug to complete phase three clinical trials for SCI to date, has fallen substantially in recent years with concerns that its side effects may out-weigh its clinical benefits. As a result of this decline, many individuals with a SCI have been left with no pharmacological treatments for their injuries. Here, we provide evidence that azithromycin (AZM) treatment, initiated after SCI, improves recovery. Specifically, delaying treatment for 30 min or 3 h post-injury significantly increased locomotor recovery in mice. We observed therapeutic effects even when delayed for 3 h, although less robust than our 30-min timepoint. When delayed 24 h after injury AZM administration had no discernable therapeutic effect. Azithromycin is routinely given to SCI individuals with limited side effects (Evans et al., 2005, 2011) and our results here demonstrate that AZM may have a viable therapeutic window as a neuroprotective treatment for SCI.

Clinically, AZM is widely used for its antibiotic properties, however, increasing evidence indicates that the neuroprotective effects are a result of a distinct cellular mechanism. Specifically, AZM has a remarkable ability to accumulate within cells, in particular, within phagocytes such as macrophages (Zimmermann et al., 2018). Subsequently, AZM appears to inhibit the activation of the NF-κB signaling cascade, a potent regulator of macrophage activation states (Aghai et al., 2007; Cigana et al., 2007; Feola et al., 2010; Haydar et al., 2019). In support of the concept that the immunomodulatory effects of AZM are independent of its antibacterial actions, we recently developed a library of AZM derivatives with reduced antibiotic properties. Indeed, even compounds with reduced antibiotic activity retained the ability to blunt pro-inflammatory macrophage activation and macrophage-mediated toxic effects on neurons (Zhang et al., 2019). Similarly, investigators in other disease models have utilized AZM as an immunomodulatory agent and have attributed its efficacy to its anti-inflammatory effects on macrophage physiology (Feola et al., 2010; Kitsiouli et al., 2015; Amantea et al., 2016b). We have identified a similar mechanism of action for AZM in SCI previously (Zhang et al., 2015, 2019; Gensel et al., 2017). Specifically, we found that AZM administration 30 min post-injury at doses of 10, 40, or 160 mg/kg decreased pro-inflammatory M1 macrophage gene expression at 3 dpi while the lowest (10 mg/kg) and highest (160 mg/kg) doses increased anti-inflammatory M2 macrophage gene expression at 7 dpi (Gensel et al., 2017). One small caveat to this, and the current study, is that all of the mice receive prophylactic antibiotic (enrofloxacin) during surgical recovery. It is thereby possible that there is a drug interaction effect, although their intended antimicrobial mechanisms have distinct cellular targets. Collectively, increasing evidence demonstrates that AZM accumulates in macrophages and improves outcomes by driving a shift in macrophages from pro-inflammatory and pathological M1 phenotypes to more reparative, anti-inflammatory M2 phenotypes. These AZM mediated shifts in macrophage activation states are thereby likely to be important factors mediating the long-term therapeutic benefits detailed in the current study, however, we did not specifically evaluate the impact of treatment timing on macrophage phenotype.

Our observations are consistent with reports of AZM being neuroprotective in other neurological conditions through the promotion of anti-inflammatory macrophage polarization. For example, Amantea et al. (2016b) demonstrated that administration of AZM is neuroprotective in a transient middle cerebral artery occlusion model of stroke. Importantly, they attributed AZM’s protective effects to its ability to drive macrophages to an anti-inflammatory M2 phenotype. Similarly, Varano et al. (2017) utilized AZM to target CNS inflammation in a rat model of retinal ischemia/reperfusion injury (pathology associated with glaucoma, diabetic retinopathy, and anterior ischemic neuropathy; Zheng et al., 2007). In that study, a single dose of AZM (150 mg/kg, i.p.) given after 50 min of ischemia, increased retinal ganglion cells survival by reducing the excitotoxicity and propagation of the macrophage response (Varano et al., 2017). Together with our prior observation of AZM decreasing M1 activation and increasing M2 macrophage in vivo after SCI (Zhang et al., 2015; Gensel et al., 2017), these studies suggest that AZM could have important therapeutic implications across many neurological conditions. In particular, CNS disorders such as traumatic brain injury, Alzheimer’s disease, and multiple sclerosis are known to be heavily influenced by inflammatory pathways. However, the efficacy AZM in these models remains to be determined. In many CNS disorders there is the added complexity of having both bone marrow derived monocytes/macrophages and microglial derived macrophage populations. While emerging evidence suggests that microglia may be more neuroprotective than monocyte-derived macrophages, we do not yet know through which population AZM exerts its therapeutic effects (Greenhalgh et al., 2018; Bellver-Landete et al., 2019). Our prior work using a combined pre- and post-injury AZM administration paradigm demonstrated that both microglia (in vivo) and macrophages (in vitro) are affected by AZM (Zhang et al., 2015; Gensel et al., 2017). The relative contribution of microglia vs. monocyte-derived macrophages to the therapeutic effects of AZM observed in the current study, however, remains unclear. To address these uncertainties, we are currently developing small molecule labeling techniques to track AZM after administration and methods to separate and analyze microglia and monocyte populations individually after SCI.

One limitation of the current study is that only one AZM dosing paradigm (160 mg/kg/day) was tested. Using typical interspecies allometric scaling, this dose may translate to a high, but still clinically relevant dose in humans (Nair and Jacob, 2016). However, additional dose-response studies or alternative formulations may improve the neuroprotective potential or therapeutic window of AZM. Indeed, we previously observed that AZM retains its ability to modulate macrophage phenotype even at substantially lower doses (10 and 40 mg/kg) when administration begins 30 min post-SCI (Gensel et al., 2017). Similarly, using alternative dosing strategies, Amantea et al. (2016a) demonstrated that both intravenous and intraperitoneal administrations of AZM were neuroprotective in a rodent model of stroke. In the case of intraperitoneal administration, AZM remained neuroprotective after stroke at doses from 150 mg/kg down to as low as 1.5 mg/kg, suggesting that alternative administration routes may offer greater effectiveness with reduced doses (Amantea et al., 2016b). We have also begun modifying AZM structure through medicinal chemistry to produce derivatives that lack antibiotic activity yet maintain their immunomodulatory effects on macrophages (Zhang et al., 2019). Ongoing work seeks to identify a derivative with enhanced anti-inflammatory activity, which may allow for further reductions in dosages prior to clinical translation.

The therapeutic efficacy of AZM in the current study decreased with the timing of the first oral dose after SCI with the 30-min time point being the most effective, 3-h being moderately effective, and no efficacy when the first treatment was delayed 24 h. It may be possible to extend this treatment window. For example, here we administered AZM by oral gavage, whereas faster and more direct methods such as intravenous administration may allow for more robust effects and a more flexible dosing window. In the treatment of stroke, intraperitoneal administration of AZM was effective when administered out to 4.5 h post-injury suggesting that alternative dosing approaches may be able to extend AZM’s dosing window post-SCI (Amantea et al., 2016a, b). Collectively, while the data showed here demonstrate that early oral administration of AZM is therapeutically effective, there are ample opportunities to both improve its efficacy and minimize any associated risks.

In our current dosing paradigm, we dosed for 7 days after injury, yet our most robust behavioral improvements are seen from days 14–28 post-injury. This delayed response is consistent with observations in humans and may be due in part to AZM’s ability to accumulate within macrophages. Indeed, in human patients treated with AZM for 3 days, AZM accumulation in monocytes is still evident by 14 days with minimal depletion (Wildfeuer et al., 1996). Presumably, there is a similarly prolonged presence of AZM within macrophages after SCI contributing to the neuroprotective effects well into chronic time points. We observed a similar response in using a pre-treatment dosing strategy in that we only saw significant behavioral differences relative to vehicle starting at 14 dpi (Zhang et al., 2015). This suggests that AZM accumulation in macrophages after SCI is sufficient to facilitate long-term improvements. Therefore, methods to enhance AZM’s targeted delivery to macrophages, such as with liposome-based drug delivery systems may facilitate greater therapeutic efficacy.

In the weeks and months following SCI, animals develop neuropathic pain with both hyperalgesia (increased pain from a stimulus that normally provokes pain) and allodynia (pain due to a stimulus that does not normally provoke pain; Deuis et al., 2017). Previously we demonstrated that AZM has analgesic properties when given to these chronically injured animals 30 min prior to pain testing (Gensel et al., 2019). This is in contrast with the current study in which AZM had no analgesic effects. The two key differences are that in the current study we dosed with AZM for 7 days, stopping 3 weeks prior to pain testing and we evaluated pain using a mechanical withdrawal (allodynia) test instead of thermal-induced pain test (allodynia and hyperalgesia). It is possible that the analgesic properties of AZM are modality-specific and AZM could block the development of heat but not mechanically induced pain responses. The results of the current study, however, suggest that AZM has no effect on the overall development of mechanical allodynia after SCI, but maintains promise as a pain relief alternative to opioid and non-steroidal anti-inflammatory based therapeutics. Further, it has become increasingly important to include tests for the affective components of pain in animal models when identifying new drugs to treat SCI (Kramer et al., 2016). It is possible that future studies evaluating the effects of AZM treatment on affective pain may reveal additional benefits of treatment.



CONCLUSION

In the current study, we administered AZM through oral gavage after SCI and detected modest, yet significant therapeutic benefits. It is possible that alternate dosages and routes of delivery could broaden AZM’s treatment window and increase its therapeutic effects. Despite these challenges, AZM holds great promise in the treatment of SCI and a broad variety of other inflammatory disorders. Fortunately, AZM’s excellent safety history, and wide availability at essentially all healthcare centers would greatly reduce barriers preventing rapid use after injury (Uzun et al., 2014; Trifirò et al., 2017). The results of the current study add to a growing body of evidence supporting AZM’s translational potential as a neuroprotective agent for SCI and other neuroinflammatory conditions in which patients currently have very few options.
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Traumatic brain injury (TBI) remains one of the leading causes of morbidity and mortality amongst civilians and military personnel globally. Despite advances in our knowledge of the complex pathophysiology of TBI, the underlying mechanisms are yet to be fully elucidated. While initial brain insult involves acute and irreversible primary damage to the parenchyma, the ensuing secondary brain injuries often progress slowly over months to years, hence providing a window for therapeutic interventions. To date, hallmark events during delayed secondary CNS damage include Wallerian degeneration of axons, mitochondrial dysfunction, excitotoxicity, oxidative stress and apoptotic cell death of neurons and glia. Extensive research has been directed to the identification of druggable targets associated with these processes. Furthermore, tremendous effort has been put forth to improve the bioavailability of therapeutics to CNS by devising strategies for efficient, specific and controlled delivery of bioactive agents to cellular targets. Here, we give an overview of the pathophysiology of TBI and the underlying molecular mechanisms, followed by an update on novel therapeutic targets and agents. Recent development of various approaches of drug delivery to the CNS is also discussed.
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INTRODUCTION

Traumatic brain injury (TBI) has been one of the leading causes of morbidity, disability and mortality across all ages (Bruns and Hauser, 2003; Dewan et al., 2018). Globally, more than 50 million individuals suffer from TBIs each year (Maas et al., 2017). As of 2005, approximately 3.17 million TBI survivors experience post-traumatic complications ranging from neurological, psychosocial problems to long-term disability (Zaloshnja et al., 2008; Bazarian et al., 2009). The immense expenditure on clinical management of TBI patients and associated socioeconomic problems have imposed a heavy burden on the healthcare system and the society (Finkelstein et al., 2006). While increasing understanding of the clinical characteristics and the underlying complex pathophysiological mechanisms of TBI has led to the development of novel and promising therapeutic approaches that show promising effects in preclinical studies and phase I/II trials, majority of them turn out to be unsuccessful in phase III clinical trials. In fact, more than 30 clinical trials of TBI pharmaceutical agents for diagnostics or therapeutic purposes have failed over the past three decades. This review presents an overview of the molecular and cellular events in the pathogenesis of TBI. An update on potential druggable targets and new direction of treatment is provided, followed by a discussion on various approaches to delivering these therapeutics in a controlled manner.



CATEGORIES OF TBI

According to the unique physical mechanisms of insult, TBI can be divided into three categories: (i) closed head; (ii) penetrating; and (iii) explosive blast TBI. Clinical features of TBI include prolonged coma, headache, nausea, aphasia, seizures, amnesia and behavioral abnormalities such as aggression and anxiety, which occur within seconds to minutes after TBI; however, some of these manifestations can persist up to months and years (Bruns and Hauser, 2003; Andriessen et al., 2010).

Closed head TBI is typically caused by blunt impact incurred mainly from motor vehicle accidents, falls and sports activities. The incidence rate of this form of TBI is the highest amongst the civilian population. The strong blunt and compression contact force disrupts normal functioning of the brain directly underneath the site of impact, thus causing immediate damage to brain vasculature and neuronal cells. Brain displacement due to vibrations and shocks generated during the impact can also lead to compression of brain tissues and reduction of cerebral blood flow. Both mechanisms eventually result in focal localized contusions or diffuse injury to other brain regions.

Penetrating TBI results when a foreign body penetrates the skull and traverses through the dura into brain parenchyma. Similar to closed head TBI, laceration of brain tissues primarily causes focal damages, intracranial hemorrhage, cerebral edema and ischemia. The invasion of fast-moving projectile can lead to tissue cavitation, which further exacerbates injuries. The type and severity of neurological damage are dependent on the size, speed, route and strength of the external body penetrating the brain. Due to exposure of brain tissue to the harsh environment, the chance of infection is relatively high in this form of TBI. With the invasive nature of this type of injury, penetrating TBI is associated with acute medical complications such as respiratory failure, pneumonitis, hypotonia and cerebrospinal leakage in comparison to closed head TBI (Black et al., 2002).

With the high prevalence of casualties suffering from war-related TBI in the 20th century mainly in Afghanistan and Iraq, explosive blast TBI has recently been considered as a new category (Warden, 2006). Unlike closed head and penetrating TBI, the brain is compromised by rapid pressure shock waves generated from explosion, which transmits a tremendous amount of energy from the skull into the enclosed brain parenchyma (Ling and Ecklund, 2011). The effects of blast injury can be divided into different patterns: primary (shock wave causing internal damage), secondary (penetrating), tertiary (physical injury by blast wave) and quaternary (other than the first three classes) depending on the injury outcome at different stages of blast-induced injury (Cernak and Noble-Haeusslein, 2009; Risdall and Menon, 2011). Kinetic energy generated in the blast causes deformation of the brain, thus creating a widespread diffuse injury in both the gray and the white matter, leading to neuronal cell death, axonal injury, compromised blood-brain-barrier (BBB), vasospasm, pseudoaneurysm formation, hyperemia, contusion and cerebral edema (Cernak and Noble-Haeusslein, 2009). Apart from the clinical characteristics mentioned above, post-traumatic stress disorder is frequently associated with explosive blast TBI, and research has shown a high occurrence rate in TBI survivors (Risdall and Menon, 2011).



PATHOPHYSIOLOGY OF TBI

Damages of neuronal tissues associated with TBI fall into two categories: (i) primary injury, which is directly caused by mechanical forces during the initial insult; and (ii) secondary injury, which refers to further tissue and cellular damages following primary insult.


Primary Brain Injuries

The immediate impact of different mechanical insults to the brain can cause two types of primary injuries: focal and diffuse brain injuries. Studies have demonstrated that the co-existence of both types of injuries is common in patients who suffered from moderate to severe TBI (Skandsen et al., 2010); however, diffuse axonal injury (DAI) accounts for approximately 70% of TBI cases. As a consequence of lacerations, compression and concussion forces, closed head TBI and penetrating TBI exhibit focal brain damage with evidence of skull fracture and localized contusion at the core of injury site (coup; Schmidt et al., 2004). Necrotic area of neuronal and glial cells is concentrated at the coup with compromised blood supply, causing the occurrence of hematoma, epidural, subdural and intracerebral hemorrhages at confined layers of the brain. Secondary contusion may develop in tissues opposite to or surrounding the coup (contre-coup) due to secondary impact when the brain rebounds and strikes the skull (Schmidt et al., 2004). Depending on the severity of the injury, it can lead to cognitive deficits, behavioral changes and hemiparesis. In contrast to focal injury, the main mechanism of diffuse brain injury is non-contact forces of rapid deceleration and acceleration which cause shearing and stretching injury in cerebral brain tissues. The strong tensile forces damage neuronal axons, oligodendrocytes and blood vasculature, leading to brain edema and ischemic brain damage (Smith et al., 2003). The hallmark feature of diffuse TBI is extensive damage of axons predominantly in subcortical and deep white matter tissue such as the brain stem and corpus callosum, which involves impairment of axonal transport and degradation of axonal cytoskeleton. Notably, these axonal damages can persist up to months following TBI, suggesting an association with delayed secondary pathology of hemorrhages and brain edema (Saatman et al., 2008). The degree of axonal injury and neuronal degeneration determines the severity of TBI. Interestingly, while explosive blast TBI is a result of shock waves instead of inertial forces, it displays the characteristics of a typical diffuse brain injury.



Secondary Brain Injuries

The biochemical, cellular and physiological events that occur during primary injury often progress into delayed and prolonged secondary damages which can last from hours to years. Mechanistically, a number of factors contribute to secondary injuries, which include excitotoxicity, mitochondrial dysfunction, oxidative stress, lipid peroxidation, neuroinflammation, axon degeneration and apoptotic cell death (Ray et al., 2002; Figure 1).
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FIGURE 1. Schematic representation of pathophysiology of traumatic brain injury (TBI). BBB dysfunction caused by TBI insult allows transmigration of activated leukocytes into the injured brain parenchyma, which is facilitated by an upregulation of cell adhesion molecules. Activated leukocytes, microglia and astrocytes produce ROS and inflammatory molecules such as cytokines and chemokines that contribute to demyelination and disruption of axonal cytoskeleton, leading to axonal swelling and accumulation of transport proteins at the terminals, hence compromising neuronal activity. Progressive axonal damage results in neurodegeneration. In addition, astrogliosis at the lesion site causes glial scar formation, which creates a non-permissive environment that impedes axonal regeneration. On the other hand, excessive accumulation of glutamate and aspartate neurotransmitters in the synaptic space due to spillage from severed neurons, glutamate-induced aggravated release from pre-synaptic nerve terminals and impaired reuptake mechanisms in traumatic and ischemic brain activate NMDA and AMDA receptors located on post-synaptic membranes, which allow the influx of calcium ions. Together with the release of Ca2+ ions from intracellular store (ER), these events lead to the production of ROS and activation of calpains. As a result of mitochondrial dysfunction, molecules such as apoptosis-inducing factor (AIF) and cytochrome c are released into the cytosol. These cellular and molecular events including the interaction of Fas-Fas ligand ultimately lead to caspase-dependent and -independent neuronal cell death. BBB, blood-brain-barrier; ROS, reactive oxygen species; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, N-methyl-d-aspartate; ER, endoplasmic reticulum.




Excitotoxicity

Studies in both animals and humans have demonstrated that BBB breakdown and primary neuronal cell death during TBI induce excessive release of excitatory amino acids such as glutamate and aspartate from presynaptic nerve terminals (Faden et al., 1989; Chamoun et al., 2010). The presence of excessive glutamate during TBI is also contributed by a failure of glutamate re-uptake due to the dysfunction of glutamate transporters. There has been evidence that shows a 40% decline in the expression of astrocytic sodium-dependent glutamate transporters GLAST (EAAT1) and GLT-1 (EAAT2) within 24 h following TBI, leading to a significant decrease in the resorption of glutamate (Rao et al., 1998; van Landeghem et al., 2006). These excitatory amino acids activate both ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). Members of iGluRs such as N-methyl-d-aspartate (NMDA) receptor and α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptor are ligand-gated ion channels that allow Na+, K+ and Ca2+ ionic flux upon binding to glutamate, causing membrane depolarization in neurons (Meldrum, 2000). NMDA receptor is peculiar in that it is also voltage-gated and is permeable to Ca2+ ions. Hyperactivation of AMPA and NMDA receptors by excessive glutamate has been shown to alter ion homeostasis in postsynaptic neurons by allowing influx of extracellular Ca2+ and Na+ ions (Sun et al., 2008; Brustovetsky et al., 2010). NMDA-induced surge in intracellular Ca2+ initiates the activation of various downstream signaling molecules, including Ca2+/calmodulin-dependent protein kinase II (Folkerts et al., 2007), mitogen activated protein kinases (MAPK; Lu et al., 2008) and protein phosphatases (Bales et al., 2009). Protein kinase C is also activated to couple to NMDA receptors, thereby enhancing Ca2+ influx into postsynaptic neurons (Luo et al., 2011). Similarly, activation of AMPA receptors can also trigger the MAPK pathway through calcium-dependent mechanisms (Schenk et al., 2005). Activation of NMDA receptors by glutamate promotes the production of reactive oxygen species (ROS; Reynolds and Hastings, 1995; Girouard et al., 2009) and nitric oxide (NO; Sattler et al., 1999), which further exacerbates secondary cell injury. Unlike iGluRs, mGluRs regulate Ca2+ and downstream signaling via GTP-binding proteins. Glutamate stimulation of mGluRs triggers the activation of phospholipase C/inositol-1,4,5-triphosphate, which in turn mobilizes Ca2+ release from intracellular stores into the cytosol and triggers the signaling cascades in injured CNS (Weber, 2012). Excessive Ca2+ in the cytosol also activates a number of proteins that cause apoptotic cell death, such as calcineurin, calpain and caspases. In addition, accumulation of Ca2+ and ROS leads to impairment of mitochondrial function, further aggravating the deregulation of Ca2+ and ROS homeostasis. In summary, excessive stimulation of glutamate receptors due to massive release of excitatory neurotransmitters leads to post-traumatic oxidative stress and excitotoxic cell death over an extended period, which correlate with increased mortality rate and worsened 6-month neurological outcome (Deshpande et al., 2008; Chamoun et al., 2010).



Mitochondrial Dysfunction

Mitochondrial dysfunction is one of the hallmark events of TBI (Xiong et al., 1997), which contributes to metabolic and physiologic deregulations that cause cell death. The sequestration of intracellular Ca2+ and influx of excessive ions into mitochondria results in the production of ROS, depolarization of mitochondrial membrane and inhibition of ATP synthesis (Lifshitz et al., 2004; Singh et al., 2006). This leads to the breakdown of electron transport chain and impairment of oxidative phosphorylation processes, thus disrupting the restoration of metabolic reactions for cell survival and regulation of calcium cycle. Mitochondrial permeability transition pore (mPTP) is also activated under these conditions. Conformational change of an inner membrane protein adenine nucleotide translocator (ANT) upon binding to cyclophilin D leads to the opening of mPTP and an increase in inner membrane permeability (Susin et al., 1998; Naga et al., 2007; Tsujimoto and Shimizu, 2007), further contributing to mitochondrial pathology. Electron microscopy analysis of mitochondria has revealed significant swelling and structural damages such as disruption of cristae membrane and loss of membrane potential. Furthermore, mitochondrial proteins such as cytochrome c and apoptosis-inducing factor (AIF) which play crucial roles in apoptotic cell death are released into the cytosol (Sullivan et al., 2002; Singh et al., 2006).



Release of Reactive Oxygen Species and Lipid Peroxidation

Accumulating evidence suggests that oxidative stress contributes to TBI pathogenesis to a significant extent. Endogenous ROS and free radicals are constantly generated following TBI from various sources, like enzymatic processes, activated neutrophils, excitotoxic pathways and dysfunctional mitochondria (Xiong et al., 1997; Shohami and Kohen, 2011). On the other hand, the accumulation of Ca2+ after TBI increases the activity of nitric oxide synthases (NOS), which aids in the production of NO. The reaction between excessive NO and free radical superoxides results in the formation of peroxynitrite (PN), which induces oxidative damage and can be measured by detecting oxidative markers such as 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE; Hall et al., 2004). In vivo studies have shown an increase in the levels of 3-NT and 4-HNE in ipsilateral cortex and hippocampus (Hall et al., 2004; Singh et al., 2006; Deng et al., 2007; Ansari et al., 2008a) after TBI. Oxidative stress is also associated with impaired synaptic plasticity in injured cortex and hippocampus, with concomitant loss of the synaptic proteins synapsin-1 and PSD-95 from 24 to 48 h post-injury (Ansari et al., 2008a,b). These ROS react not only with proteins and DNA but also polyunsaturated fatty acids in membrane phospholipids which in turn form lipoperoxyl radicals, further damaging cell membranes. The increase in permeability of mitochondria membrane and the oxidation of membrane proteins leads to an alteration of ion transport. Abnormal Ca2+ accumulation, for instance, has profound implications in prolonged excitotoxicity (Praticò et al., 2002). In short, the persistent release of highly reactive oxygen free radicals and the associated elevation in the level of ROS-mediated lipid peroxidation in TBI impose adverse effects in brain plasticity, cerebral blood flow, and promote immunosuppression (Ansari et al., 2008a).



Neuroinflammation

Within the acute post-TBI period of 24 h, dysfunction of BBB allows infiltration of circulating neutrophils, monocytes and lymphocytes into the injured brain parenchyma (Lotocki et al., 2009). Analysis of cerebrospinal fluid (CSF) and post-mortem tissue of TBI patients (Buttram et al., 2007; Frugier et al., 2009; Goodman et al., 2009) and tissue of TBI rodents (Ahn et al., 2004; Lotocki et al., 2009; Semple et al., 2010) revealed that these polymononuclear leukocytes release complement factors and pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α, as evident by an increase in the corresponding mRNA and protein 24 h post-trauma. Sustained upregulation of various cytokines was found to be associated with altered BBB permeability, formation of edema and neurological deficits. As a member of the Fas superfamily, TNF-α interacts closely with Fas ligand which in turn activates caspases that are essential for programmed cell death (Morganti-Kossmann et al., 2002). Chemokines such as MIP-α, MCP-1 and IL-8 (CXCL8) are significantly upregulated post-trauma, which act synergistically and are involved in further recruitment of leukocytes to the injury site (Kossmann et al., 1997; Buttram et al., 2007; Bye et al., 2007; Semple et al., 2010). Furthermore, upregulated expression of ICAM-1 and VCAM-1, which are ligands for endothelial and leukocyte cell adhesion receptors facilitates the interaction of leukocytes and immune cells with endothelium, hence promoting their recruitment to the injured site (Carlos et al., 1997; Rancan et al., 2001). Prolonged and delayed neuroinflammation in turn recruits macrophages, activates resident microglia cells and promotes astrogliosis (Morganti-Kossmann et al., 2007; Bye et al., 2011). Progressive phagocytosis and persistent inflammatory responses are evident by the accumulation of macrophages and activated microglia in TBI survivors years after injury (Gentleman et al., 2004; Johnson et al., 2013).



Axonal Degeneration

Wallerian degeneration is widely observed within minutes after DAI. Immediate mechanical damage leads to disorganization of axonal cytoskeletal network, which consists of longitudinally oriented neurofilaments and microtubules (Tang-Schomer et al., 2010). Together with constant calcium-mediated proteolysis, acute axonal damage can progress and develop into delayed and secondary axotomy days and months following the initial trauma, which is characterized by degradation of myelin sheath, impairment of axonal transport and accumulation of axonal transport proteins (Povlishock, 1992; Saatman et al., 2003; Büki and Povlishock, 2006). Formation of retraction bulbs due to disassociation of axonal connections and accumulation of axonal transport proteins in the node can eventually result in prolonged swelling of injured axons and apoptotic cell death of neurons and oligodendrocytes (Büki and Povlishock, 2006). As the hallmark of DAI, these retraction bulbs can be detected by the axonal markers β-amyloid precursor protein (β-APP) and neurofilament (NF) as early as 1 day post-TBI and up to 2 weeks in experimental models of diffuse TBI. Retraction bulbs are predominantly found in corpus callosum and pyramidal tracts of brain stem (Pierce et al., 1996; Hellewell et al., 2010), though their presence in hippocampus, cortex, cingulum, the internal and external capsule has also been reported (Hellewell et al., 2010). Hellewell et al. (2010) has demonstrated the association between axonal damage in corpus callosum and infiltration of neuroinflammatory cells (microglia and macrophages) which would lead to disruption of blood vasculature, degradation of axons, damage of oligodendrocytes and deformation of white matter.



Glial Scar and Myelin-Associated Axonal Growth Inhibitors

Insults to the CNS often trigger activation and proliferation of astrocytes. The resulting reactive astrocytes infiltrate into the lesion site and undergo reactive astrogliosis, which involves hypertrophy and an increase in the complexity of their processes. Intermingle of astrocytic processes with oligodendrocytes, meningeal cells, microglia and fibroblasts gradually develop into a scar-like structure, which has long been implicated as a major physical impediment to axonal regeneration and counteracts TBI recovery (Fawcett and Asher, 1999). Recent findings however suggest that chondroitin sulfate proteoglycans (CSPGs) such as neurocan and versican in glial scar, which are upregulated following CNS injury, are in fact the molecular barrier that impedes axonal regeneration (Asher et al., 2000, 2001, 2002). Together with other inhibitory molecules in glial scar, such as tenascins and semaphorin 3A, these molecules constitute a non-permissive milieu for axonal growth (Zhang et al., 1997; Pasterkamp et al., 2001; De Winter et al., 2002). Interestingly, RhoA pathway is implicated in mediating their inhibitory effects because blockade of RhoA activity or its downstream effectors promotes permissive growth of neuronal axon on these substrates (Winton et al., 2002; Monnier et al., 2003). The signaling cascades triggered by semaphorin 3A in glial scar, for instance, involve neuropilin-plexin receptor complex and the activation of Rho GTPases, which are believed to induce growth cone collapse through the regulation of F-actin cytoskeleton (Pasterkamp and Kolodkin, 2003).

In addition, damaged myelin in severed axon causes the exposure of axon outgrowth inhibitors such as myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMgp) and Nogo-A (Chaudhry and Filbin, 2006). Intriguingly, these myelin-associated inhibitors bind specifically to Nogo receptor (NgR) complex on neuronal membrane, which consists of the co-receptors p75NTR, Troy and LINGO-1 (Wang et al., 2002; Mi et al., 2004; Park et al., 2005). These inhibitors trigger the activation of RhoA GTPases and Rho kinase that can induce growth cone collapse and retraction of neurites (Nash et al., 2009). In fact, post-mortem analysis of traumatized human brain tissues revealed an increase in the expression of RhoA and RhoB proteins in reactive glia and swollen neurites, which could persist up to months after TBI (Brabeck et al., 2004). In experimentally-induced focal brain injury, active RhoA was found to be accumulated at the lesioned cortex and hippocampus 18 h post-trauma (Dubreuil et al., 2006; Zhang Z. et al., 2008). While the precise role of Rho GTPase pathway in TBI requires further investigation, its involvement in related forms of CNS injuries like spinal cord injury and cerebral ischemia has been well established (Dubreuil et al., 2003; Yagita et al., 2007). It is suggested that RhoA not only inhibits axonal regeneration but also plays a role in apoptotic responses after TBI as constant upregulation of active RhoA impairs regeneration of axons and neurites.



Apoptotic Cell Death

Apoptotic cell death of neurons and oligodendrocytes are hallmarks of secondary brain injury (Beer et al., 2000; Grady et al., 2003). Smith et al. (1997) have reported that neuronal cell death is evident in human hippocampus for up to 1 year after TBI. These apoptotic events involve the activation of cysteine proteases such as caspases and calpain, and can be triggered by the interaction of various neurochemical, cellular and molecular pathways such as extracellular signal-regulated kinase (ERK), p38 MAPK, janus kinase/signal transducer and activator of transcription (JAK/STAT; Kawasaki et al., 1997; Mori et al., 2002; Raghupathi, 2004; Zhao et al., 2011). Apoptotic cell death caused by caspase-dependent mechanisms can be induced by the extrinsic death receptor pathway or the intrinsic mitochondrial pathway (Stoica and Faden, 2010). Extrinsic pathway involves the interaction of TNF and Fas with their specific receptors on cell surface, whereas intrinsic pathway is activated when cytochrome c is released after mitochondrial depolarization (Sullivan et al., 2002). Cytochrome c forms an ATP-dependent complex with apoptotic activating protein-1 and ATP in the cytosol. Both mechanisms activate the caspase-dependent downstream signaling through upregulation and activation of caspase 8 and 9 which ultimately lead to the cleavage and activation of caspase 3 (Clark et al., 1999, 2000; Zhang et al., 2003). On the other hand, caspase-independent apoptosis in TBI can be initiated by the activation of calpains through proteolysis of cytoskeletal proteins such as spectrin and NF proteins (Deng et al., 2007) and the release of mitochondrial proteins such as AIF (Hong et al., 2004), Smac/DIABLO, Omi/HtrA2, poly (ADP-ribose) polymerase-1 and endonuclease G (Mammis et al., 2009). These mitochondrial proteins translocate into the nucleus and activate downstream signaling molecules, resulting in DNA damage and chromatin condensation in neuronal and glial cells. Apoptosis can be regulated by anti-apoptotic proteins such as the Bcl-2 family and death-inducing factors such as Bax (Wennersten et al., 2003). Studies have shown that Bcl-2 protein expression is significantly upregulated in brain tissues of TBI patients (Clark et al., 1999). Similarly, a 25% increase in Bax protein was observed in traumatic rat brain (Raghupathi et al., 2003).



Impairment of Autophagy and Lysosomal Pathways

Autophagy is an adaptive homeostatic process that regulates the turnover of cellular organelles and proteins through lysosome-dependent degradation pathway (Mizushima et al., 2008). Autophagy plays an important role in cytoprotection, maintenance of cell stability and survival through elimination of abnormal intracellular proteins or organelles when cells are severed or under stress, though it is also implicated in the regulation of apoptotic cell death, inflammation, and adaptive immune responses (Maiuri et al., 2007). Macroautophagy is amongst the best-characterized autophagy subtype, which is a multi-step process that involves sequestration of cytoplasmic components such as damaged organelles and proteins in double-membrane structures known as autophagosomes, followed by fusion with lysosomes whereby proteolytic degradation occurs (Mizushima, 2007). This autophagic flux is under tight regulation by members of the autophagy-related (ATG) protein family such as ATG9, the autophagosome marker protein LC3-II that is involved in the recruitment of substrates for autophagic degradation, and the beclin 1 protein which is essential for autophagosome formation. Accumulating evidence suggests the involvement of autophagy-lysosome pathway in secondary injury processes of TBI and SCI, though whether it plays beneficial or detrimental roles remains controversial. Upregulation of autophagic markers and accumulation of autophagosomes have been observed in early phase of secondary injury, which correlate with severity and can persist for weeks to months (Diskin et al., 2005; Clark et al., 2008; Sakai et al., 2014; Au et al., 2017). The increase in autophagic flux, which can be potentiated by rapamycin is associated with improved neurobehavioral function, enhanced neuronal survival, reduced inflammation and gliosis in injured brain (Erlich et al., 2007; Zhang Y. B. et al., 2008). In fact, many neuroprotective drugs alleviate TBI-induced secondary injury by activating autophagy (Ding et al., 2015; Gao et al., 2017; Zhang et al., 2017). Nonetheless, lysosomal function is often found to be compromised in TBI, which involves an increase in lysosomal membrane permeability. This leads to an impairment of autophagic flux and pathological accumulation of autophagosomes and their cargo, causing neuronal cell death and exacerbating the severity of trauma (Sarkar et al., 2014).





POTENTIAL THERAPEUTICS

Since primary injuries in TBI usually involve acute physical damages and necrotic cell death that are unlikely to be reversible, treatment regimens mainly aim to stabilize the site of injury and prevent it from secondary damage. As mentioned above, secondary injuries are caused by an array of risk factors and develop in a progressive manner. This provides a window for therapeutic intervention of events that could induce further loss of neurons and glial cells beyond the injury epicenter, which include persistent inflammatory response, excitotoxicity, oxidative stress and apoptotic cell death (Ray et al., 2002). Extensive research has been dedicated to gain a better understanding of the underlying mechanisms of secondary brain injuries (Table 1), in the hope of developing more effective therapeutic strategies to target multiple stages.

TABLE 1. Summary of the pathophysiology, therapeutic targets and potential therapies in traumatic brain injuries.
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Protection of Neurons and Glia Against Excitotoxicity


Glutamate Receptor Antagonists

HU-211 (dexanabinol), a non-competitive NMDA receptor antagonist, has been shown to attenuate NMDA receptor-mediated neurotoxicity in neuronal cultures (Nadler et al., 1993). It is equally potent in vivo, as evident by a significant reduction in NMDA-induced Ca2+ accumulation in rat brain when administered 3 days post-trauma (Nadler et al., 1995). Post-traumatic administration of HU-211 reduces BBB dysfunction, brain edema, TNF-α production as well as apoptosis of glial and neuronal cells (Eshhar et al., 1995; Shohami et al., 1997). Similarly, another NMDA receptor antagonist MK 801 (dizocilpine) has been shown to reduce oxidative stress, microglia activation, oxidative stress, axonal damage and neuronal cell death (Goda et al., 2002; Imer et al., 2009). Importantly, these effects are associated with an improvement of cognitive function and neurological outcome (Shohami et al., 1995, 1997). Similarly, the AMPA receptor antagonist NBQX was shown to attenuate damages in neuronal axons and oligodendrocytes (Follett et al., 2000; Goda et al., 2002). While these glutamate receptor antagonists exhibit neuroprotective effects in various models of experimental TBI, they failed to improve the neurological outcome of TBI patients in clinical trials (Maas et al., 2006, 2010; Jain, 2008). The discrepancy between preclinical animal study and clinical trials in patients could have been due to the fact that glutamate-mediated excitotoxicity is an acute phenomenon shortly after primary neuronal injury. The persistent elevated level of glutamate in traumatized human brain may instead be a neuroprotective mechanism that maintains survival of spared neurons, as supported by earlier reports that demonstrated the pro-apoptotic role of NMDA-receptor antagonists in primary hippocampal neurons (Hardingham et al., 2002). In fact, NMDAR is known to mediate both neuroprotective and neurotoxic effects (Hardingham, 2009). The opposing function is believed to be due to distinct properties and differential distribution of GluN2 subunits of tetrameric NMDAR. GluN2A-containing receptors are mainly localized to synapses, while GluN2B-containing receptors are found in both synaptic and extrasynaptic locations. GluN2A is known to be pro-survival whereas GluN2B promotes cell death following excitotoxic glutamate stimulation (Liu et al., 2007). Blocking NMDAR function in a non-discriminating manner, therefore, may not reduce excitotoxicity but suppress pro-survival signals.



Inhibitors of Calcium Channels and Calcium-Activated Enzymes

Hyperactivation of voltage-sensitive ion channels such as L- and N- calcium channels, which causes prolonged alterations in calcium homeostasis is another important factor that contributes to excitotoxicity during secondary injuries in TBI. Many calcium channel inhibitors have in fact been demonstrated to be neuroprotective in experimental TBI. In a fluid percussion brain injury rat model, the calcium channel blocker SNX-111 (Ziconotide) was found to reduce trauma-induced calcium accumulation by 50–70% in the ipsilateral regions as early as 6 h post-trauma (Samii et al., 1999). Another calcium channel inhibitor (S)-emopamil has been shown to reduce brain edema and cerebral blood flow (Okiyama et al., 1992, 1994). Both SNX-111 and (S)-emopamil are able to ameliorate motor and cognitive deficits associated with brain injury (Okiyama et al., 1992; Berman et al., 2000; Verweij et al., 2000). With a 45% amino acid similarity, SNX-185 works in a similar mechanism as SNX-111 but with improved bioavailability and extended sustainability in the brain (Newcomb et al., 2000; Lee et al., 2004). The L-type voltage-sensitive calcium channel antagonist nimodipine was also found to have beneficial effect for memory impairment in rats, though clinical trials were terminated because of its hypotensive effects and the lack of improvement in intracranial pressure observed in TBI survivors (Bailey et al., 1991; Veng et al., 2003; Maas et al., 2010). In addition, clinical benefits are also modest in trials of the calcium channel blocker nicardipine (Compton et al., 1990). Recent studies suggested that the calpain inhibitor MDL-28170 suppresses degradation of the cytoskeletal protein α-spectrin localized at sites of neuronal damage in both TBI and hypoxic-ischemic injury, which is associated with a reduction in necrosis and apoptosis through the inhibition of calpains and caspase-3 (Kawamura et al., 2005; Thompson et al., 2010). Pre-treatment of TBI animals with MD-28170 also exerts neuroprotective effects through the preservation of axonal structure and reduction in axolemmal leakage, as demonstrated by a decrease in immunolabeling of APP (marker for defective axoplasmic transport) and RMO-14 (marker for neurofilament compaction) in injured axons (Buki et al., 2003; Ai et al., 2007; Czeiter et al., 2009). Similarly, the caspase-3 inhibitor Z-DEVD-fmk reduces neuronal cell death in neuron-glial co-culture, and is sufficient for improving neurologic function and reducing lesion volumes in induced injury in mouse and rat brain (Clark et al., 2000; Knoblach et al., 2004).


Combating Chemical Stress to Neurons and Glia


Antioxidants

The immunosuppressive drug cyclosporine A, a potent regulator of mPTP, has been demonstrated to have neuroprotective effects in experimental models of TBI (Kulbe et al., 2018). Although the exact mechanistic action of cyclosporine A remains poorly understood, its administration after TBI is associated with reduced accumulation of Ca2+ through binding of the cytosolic phophastase calcineurin to Cyp-D at mPTP. Cyclosporine treatment also inhibits the mitochondrial release of cytochrome c and influx of Ca2+ into mitochondria (Sullivan et al., 2005). Furthermore, cyclosporine A exhibits anti-oxidative properties by downregulating lipid peroxidation (Turkoglu et al., 2010). These effects lead to an amelioration of axonal damage and mitochondrial dysfunction, which result in a reduction of cortical damage and an improvement in neurological outcome (Okonkwo and Povlishock, 1999; Okonkwo et al., 1999; Scheff and Sullivan, 1999; Sullivan et al., 1999, 2000, 2010; Alessandri et al., 2002; Mbye et al., 2008). Nonetheless, it should be noted that a small randomized clinical trial of cyclosporine A in TBI surprisingly showed no improvement in neurological outcome and biochemical parameters in patients as compared to healthy individuals (Mazzeo et al., 2009). Despite this, a European multi-center phase II/III clinical trial of NeuroSTAT, a drug developed by NeuroViVe in which cyclosporine A is the active ingredient, has recently been initiated in TBI patients and the outcome is yet to be evaluated.

Methylprednisolone is a synthetic glucocorticoid that has been widely used in clinical treatment of acute CNS injuries mainly because of its potency in anti-inflammation and in controlling edema in injured CNS. Interestingly, a high dose of methylprednisolone exhibits neuroprotective effects due to its anti-oxidative properties which specifically attenuates post-traumatic lipid peroxidation. Although little is known about the mechanism of the antioxidant effect of methylprednisolone, it is believed to integrate into the structure of lipid bilayer and render cell membranes more rigid, thereby limiting the mobility of lipid peroxyl radicals (Hall, 1992). Notably, methylprednisolone has to be administered at initial phase of CNS injury at an optimal concentration to ensure maximal anti-inflammatory and neuroprotective effects. Methylprednisolone was formerly incorporated into a randomized placebo-controlled trial known as CRASH in 2004. A large sample size of more than 10,000 TBI patients was recruited into the study with a 2-week follow-up period. Nonetheless, the outcome was undesirable with an increase in mortality rate (Thompson and Bakshi, 2005). In fact, rats treated with methylprednisolone also showed a significant increase in neuronal apoptosis in the hypothalamus, pituitary and hippocampus (Chen et al., 2011; Zhang et al., 2011), which are associated with memory and learning impairment (Chen et al., 2009).



Anti-inflammatory and Anti-apoptotic Agents

With the ability to transmigrate and diffuse across BBB, the semi-synthetic tetracycline derivative minocycline has been found to exhibit anti-inflammatory and anti-apoptotic properties in various experimental models of neurological diseases such as stroke, SCI, Alzhemier’s disease and TBI. Numerous studies have demonstrated that the neuroprotective effects of minocycline can be attributed to its inhibition of microglia activation, proliferation and production of pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α (Sanchez Mejia et al., 2001; Bye et al., 2007; Choi et al., 2007; Parachikova et al., 2010; Garrido-Mesa et al., 2013). In an experimental mouse model of closed head injury, for instance, minocycline treatment causes a marked decrease in IL-1β level in the cortex by 50%, with concomitant inhibition of microglia activation and improvement in neurological outcome (Bye et al., 2007; Ng et al., 2012). Interestingly, minocycline treatment has been found to inhibit matrix metalloproteinases and preserve BBB integrity, leading to an alleviation of cerebral edema (Homsi et al., 2009). Minocycline has also been shown to exhibit anti-apoptotic properties by inhibiting caspase activities (Sanchez Mejia et al., 2001). In addition, Siopi et al. (2011) have reported that minocycline treatment results in significant restoration of the level of neuroprotective soluble APPα 24 h post-trauma, hence contributing to the protection of damaged axons. A recent study has reported that early administration of minocycline decreases various inflammatory and glial protein markers such as MCP-1 and S100β at 51 days post-trauma, with concomitant significant improvement in locomotion, anxiety and spatial memory in an experimental rat model of mild blast TBI. This suggests that minocycline might have a long-lasting neuroprotective effect (Kovesdi et al., 2012).

Erythropoietin (EPO) belongs to type 1 cytokine superfamily. The expression of both EPO and EPO receptor is significantly upregulated in TBI, which plays an important role in neuroprotection though the exact mechanisms remain elusive (Brines et al., 2000). It is evident that the EPO/EPOR interaction allows phosphorylation of receptor-associated Jak-2, which in turn activates various signaling pathways, including caspases, Ras/MAPK, nuclear factor Kappa B and Stat-5 (Fujitani et al., 1997; Mammis et al., 2009). Intriguingly, further research indicated that EPO can exert neuroprotective effect in the absence of EPO receptor. These EPO-mediated mechanisms are found to have prominent roles in inflammatory response and apoptotic cell death (Yatsiv et al., 2005; Xiong et al., 2010). Studies in rats have demonstrated that EPO treatment suppresses neuroinflammation with evidence of significant downregulation of adhesion molecules, NF-kb and pro-inflammatory cytokines such as IL-6, IL-1β and TNF-α (Chen et al., 2007), as well as a reduction in astrocytic response and microglia activation (Yatsiv et al., 2005). EPO has also been shown to have anti-apoptotic effects by upregulation of the anti-apoptotic proteins phospho-Akt and Bcl-XL (Yatsiv et al., 2005; Liao et al., 2008). In addition, Bcl-2 gene expression is increased, with a corresponding reduction in Bax level (Liao et al., 2009). Other beneficial effects include enhanced neurogenesis, reduced production of NO, and amelioration of brain swelling, cortical tissue and axonal damage (Lu et al., 2005; Yatsiv et al., 2005; Cherian et al., 2007). These effects of EPO are associated with an improvement in cognitive and motor functions (Lu et al., 2005; Yatsiv et al., 2005; Xiong et al., 2010). In 2010, the neuroprotective effects of EPO in experimental TBI have been successfully translated into a clinical trial involving patients with moderate to severe TBI in a joint study between Australia and New Zealand. Nonetheless, the results showed that EPO did not reduce the number of patients with severe neurological dysfunction (Nichol et al., 2015).


Promotion of Neuronal Regeneration


Neurotrophic Factors

Neurotrophic factors including vascular endothelial growth factor (VEGF), brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF) are capable of determining the post-traumatic fate of neuronal and glial cells. Administration of these growth factors following TBI can improve neurological outcome (Wu et al., 2008; Sun et al., 2009). Exogenous VEGF, for instance, increases astrocytic response, promotes angiogenesis and enhances neurogenesis in experimental model of TBI through the activation of Akt pathway and the Raf/MEK/ERK cascade (Wu et al., 2008; Thau-Zuchman et al., 2010; Lu et al., 2011). VEGF also reduces apoptotic cell death and promotes neurite outgrowth via Rho-dependent pathway (Jin et al., 2006).

Administration of NGF into the lateral ventricles or parenchyma of injured adult rat brain has been shown to promote survival of cholinergic septal neurons and reduce neuronal cell death, which are in accordance with the improvement in memory retention and cognitive deficits (Kromer, 1987; Dixon et al., 1997; Sinson et al., 1997). Similarly, exogenous infusion of BDNF contributes to improvement in histological deficits and neurological function, and promotion of axonal regeneration in experimental models of excitotoxicity, cerebral ischemia and SCI (Burke et al., 1994; Schäbitz et al., 1997; Namiki et al., 2000). It should be noted, however, that Blaha et al. (2000) have shown no improvement in memory loss and alterations in apoptotic cell death in both the injured cortex and hippocampus after post-traumatic intraparenchymal infusion of BDNF. In an in vitro model of focal trauma using rat hippocampal slice culture, bFGF and EGF treatment promotes survival of existing neurons and formation of new neurons in the dentate gyrus, as evident by NeuN immunostaining and a significant increase in BrdU-positive newborn progenitor cells, respectively (Laskowski et al., 2005). Similar beneficial effects are observed when bFGF is administered into the brain ventricles of TBI rats, which results in a significant recovery of TBI-induced neurological deficits (Sun et al., 2009).

Infusion of bFGF to rat brain 3 h after injury induced by lateral fluid percussion can still significantly reduce neuronal damage and lesion volume (Dietrich et al., 1996). In fact, severed CNS has been found to produce various growth factors after injuries. Chiaretti et al. (2008, 2009) showed a significant upregulation of NGF in the CSF of children with severe TBI, which correlates with an improvement in Glasgow recovery scores. An upregulation of BDNF and its receptor at the cortical lesion site was also observed in induced TBI in non-human primates (Nagamoto-Combs et al., 2007). Taken together, these studies suggest that neurotrophic factors are able to confer neuroprotection after TBI.



Suppression of RhoA GTPase

Accumulating evidence has demonstrated that central neurons have the potential to regenerate, though the process is largely suppressed by the non-permissive environment in injured CNS. Recently, the small GTPase RhoA has emerged to play a pivotal role in mediating the effect of inhibitory molecules in glial scar and damaged myelin against axonal regeneration. Exoenzyme C3 transferase is an enzyme found in Clostridium botulinum that ADP-ribosylates Rho proteins by transferring the ADP-ribose moiety from NAD to the acceptor amino acid residue asparagine-41 of Rho proteins, thereby blocking the downstream signaling that causes growth cone collapse and inhibition of axonal regeneration (Aktories et al., 2005). The effect of C3 transferase in promoting axonal regeneration has been extensively studied in both in vitro and in vivo animal models of SCI and peripheral nerve injury (Tan et al., 2007; Höltje et al., 2009; Boato et al., 2010; Huelsenbeck et al., 2012). Rats subjected to experimental SCI showed improvement in neurological outcomes upon treatment with C3 peptide (Boato et al., 2010). With the same enzymatic activity as the original C3 bacterial toxin exoenzyme, the C3 derivative BA-210 has been demonstrated to enhance functional regeneration in animal models of spine injuries (Lord-Fontaine et al., 2008). Importantly, it can maintain its stability after 18 months of storage at low temperatures (Lord-Fontaine et al., 2008). The drug Cethrin/VX-210 (in which BA-210 is the active ingredient) has passed phase I/IIa open-label clinical trial that assesses its safety, tolerability and treatment efficacy in SCI patients (Fehlings et al., 2011; McKerracher and Anderson, 2013), and is currently going through phase IIb/III trial to evaluate its efficacy and safety in patients with acute traumatic cervical SCI. In addition to its key roles in promoting regeneration of axons and neurites, C3 also regulates apoptosis through interaction with p53NTR (Dubreuil et al., 2003). Given the wide range of cellular functions of C3 transferase in promoting CNS regeneration, combinatorial therapies of C3 transferase and other neuroprotective drugs may provide additive effect (McKerracher and Guertin, 2013). Although the significance of C3 transferase in experimental models of TBI remains to be determined, it stands to believe that the beneficial effects observed in spine injuries are also applicable to TBI given the similarities between these two forms of CNS trauma.



DNA Vaccine Against Myelin-Derived Axonal Growth Inhibitors

Myelin-associated axonal growth inhibitors exposed in severed axons are known to cause growth cone collapse and impede axonal regeneration. Recent studies have reported that DNA vaccines against the myelin-derived inhibitors Nogo, MAG and OMgp promote axonal repair in the corticorubral projection and improve neurological outcome in experimental models of TBI and stroke in rats (Zhu et al., 2007; Zhang et al., 2009). Immunization of rats against Nogo receptor (NgR) after induced spine injury also promotes axonal regeneration and functional recovery (Yu et al., 2007, 2008). DNA vaccination is a novel and relatively simple technique to induce an immunological response by injection of genetically engineered DNA encoding the antigen into the body so as to trigger immune system in the host. These studies demonstrated that DNA vaccine against myelin-derived inhibitors might be a promising approach to promote recovery of injured CNS. More detailed investigation is required to validate the effects and to better understand the mechanistic action and potential side effects of these DNA vaccines.



Surmounting Glial Scar

Recent findings suggest that glial scar not only acts as a physical barrier to impede axon regeneration, the complex cocktail of inhibitory molecules therein such as CSPGs, tenascins and semaphorins also represent a non-permissive milieu for axonal growth (Fawcett, 2006). Significant upregulation of CSPGs like neurocan, phosphacan, versican and NG2 in glial scar contributes to the failure of axon regeneration following CNS injury. Administration of the CSPG-degrading enzyme chondrotinase ABC reduces the level of CSPGs and cavitation at the lesion site within 24 h (Lin et al., 2008). In vivo studies of SCI have confirmed the effect of chondrotinase ABC in the promotion of sprouting and outgrowth of injured axons and the ensuing re-innervation (Bradbury et al., 2002; Yick et al., 2003; Chau et al., 2004; Barritt et al., 2006). Importantly, the improvement in axonal pathology is associated with an amelioration of neurological deficits (Bradbury et al., 2002; Barritt et al., 2006). Overexpression of chondrotinase ABC in transgenic mice has also shown regeneration of axon through astrocytic scar (Cafferty et al., 2007). The inhibitory molecules in glial scar, therefore, represent promising targets to promote regeneration in TBI.



Stem Cell Therapies

Loss of neurons and glia are major hallmarks in severed CNS. Replacement of these cells, therefore, represents a valid approach of therapy. Marrow stromal cells are capable of differentiating into multiple cell lineages including glia and neurons both in vitro and in vivo (Sanchez-Ramos et al., 2000; Lu et al., 2001). Rat or human bone marrow stromal cells intravenously administered into rats after TBI were found to migrate into the lesioned cortex and displayed an astrocytic and neuronal phenotype, as identified by glial (GFAP) and neuronal (NeuN) markers, respectively (Lu et al., 2001; Mahmood et al., 2004b). Marrow stromal cells also play an important role in inducing neurogenesis after TBI, as indicated by the presence of new BrdU+ proliferating cells in the contusion, subventricular zone and hippocampus (Mahmood et al., 2004b). These histological findings correlated with a sustained improvement of neurological and motor functions (Lu et al., 2001; Mahmood et al., 2004b). Similarly, mesenchymal stem cells also exhibit beneficial effects in both in vitro and in vivo TBI studies. Mesenchymal stem cells isolated from mice promote proliferation and induce GFAP expression in neural stem cell culture. Injection of mesenchymal stem cells into acute TBI model reduces the expression of various pro-inflammatory cytokines and chemokines such as IL-1β, IL-6, TNF-α, CCL2, CCL11 and CXCL (Galindo et al., 2011). In addition to anti-inflammatory effect, mesenchymal stem cells attenuate neuronal loss in the hippocampus and cortex through a reduction of caspase-3 activation and an increase in AKT activity (Kim et al., 2009). Human mesenchymal stem cells have also been shown to improve neurological function in TBI rats 2 weeks after transplantation (Kim et al., 2009).

Stem cells from human are used in many studies due to the capability to release neurotrophic factors such as NGF and BDNF, which are known for their neuroprotective effects. Transplantation of human fetal stem cells, for instance, leads to sustained improvement in motor function and memory, which is associated with a reduction in lesion volume and neuronal loss at the lesion site (Riess et al., 2002; Skardelly et al., 2011). These can also be attributed to the promotion of angiogenesis and inhibition of activated microglia post-injury (Skardelly et al., 2011). Importantly, fetal stem cells were found to differentiate into neurons and astrocytes in injured hippocampus and cortex with the release of glial-derived neurotrophic factor (Riess et al., 2002; Gao et al., 2006). A small scale phase I clinical trial on autologous marrow stromal cell transplantation in young TBI patients has shown no adverse effects though only modest neurological improvement was found (Cox et al., 2011). Tian et al. (2013) conducted a phase I/II trial in patients with sub-acute phase of TBI by intrathecal administration of autologous bone marrow-derived mononuclear cells. While no major complications were observed, improvement in function was only seen in less than half of the patients with persistent vegetative state and motor disorder (Tian et al., 2013). Expansion of this study by recruiting more subjects will provide insight into the feasibility of this approach.



Extracellular Vesicles and miRNAs

While stem cell therapies have demonstrated promising effects in promoting regeneration in TBI, these treatments are associated with various complications. The use of fetal embryonic stem cells undoubtedly involves legal and ethical issues. Multipotency of stem cells poses the risk of unregulated growth and tumorigenesis (Jeong et al., 2011). Administration of these cells into the body may also occlude microvasculature and trigger immune responses (Furlani et al., 2009). Besides, it is laborious to isolate, prepare and preserve viability of stem cells. As stated above, mesenchymal stem cells have recently emerged as promising candidates for TBI treatment. MSCs administered into the body were found to preferentially migrate to damaged tissue sites where they differentiate into neurons and glial cells, reducing expression of axon outgrowth inhibitory molecules, suppressing neuroinflammation and promoting the release of growth factors, with concomitant substantial improvement in neurological functions (Das et al., 2019). Interestingly, accumulating evidence suggests that the protective effect of MSCs may not be entirely due to their differentiation and replacement of severed neurons but also through the promotion of survival and proliferation of resident cells via paracrine release of bioactive molecules or direct cell-cell interaction (Chen et al., 2002; Mahmood et al., 2004a). In this regard, exosome released from MSCs has emerged as promising candidate that mediates these beneficial effects. Systemic administration of cell-free exosomes released by MSCs was found to promote restoration of cognitive and sensorimotor functions in rat TBI model, concomitant with neurovascular remodeling, neurogenesis in the dentate gyrus and reduced neuroinflammation (Zhang et al., 2015). Intravenous infusion of exosomes isolated from MSCs can also suppress neuroinflammation, improve cognitive and spatial learning functions in mouse after TBI (Kim et al., 2016). Exosomes are small membrane vesicles with diameter ranging from 50 to 200 nm (Trams et al., 1981; Schneider and Simons, 2013). They carry proteins, RNAs, microRNAs, lipids, and exert intercellular signaling function by transferring these cargoes to other cells via ligand-receptor binding and internalization (Taylor and Gercel-Taylor, 2014). For instance, exosomes released from injured sensory neurons are enriched in miR-21, a non-coding microRNA that upon phagocytosed by macrophages promotes pro-inflammatory responses. Administration of antagomir against miR-21 reduces neuropathic hypersensitivity and recruitment of inflammatory macrophages to the injury site (Simeoli et al., 2017). By contrast, miR-21 in exosomes released from neurons formerly primed by injured mouse brain extracts have recently been shown to inhibit the activity of neuronal autophagy (Li et al., 2019). Furthermore, exosomes enriched in miR-17–92 cluster have been shown to promote neurogenesis, oligodendrogenesis, and axonal outgrowth in severed CNS due to stroke (Xin et al., 2017). miR-132 carried by exosomes acts as an intercellular signal to regulate brain vascular integrity (Xu et al., 2017). In short, exosomes derived from neurons and glial cells can regulate gene expression and miRNA activities in an autocrine manner, which in general mediate neuroprotection and neurorestorative effects by promoting neurogenesis, reducing inflammation, increasing angiogenesis and tissue remodeling.









DELIVERY OF THERAPEUTIC AGENTS TO THE BRAIN


Overcoming Physiological Barriers

Physiological barriers such as the BBB and the blood-CSF barrier, maintained by endothelial cells separating the CNS from the peripheral circulation, are of great importance in protecting the brain. These interfaces tightly regulate the transmigration of small molecules into the CNS, hence posing challenges to drug delivery in TBI treatment. It should be noted, however, that BBB intactness is often compromised as a direct consequence of TBI. While BBB dysfunction contributes greatly to the prolonged secondary damage after TBI, it also allows therapeutic proteins or peptides administered through other entry routes such as intranasal delivery to cross the tight endothelial junctions and reach the injury site (Habgood et al., 2007; Lotocki et al., 2009; Ligade et al., 2010). In experimental TBIs, intraventricular administration of therapeutic agents is a common and feasible method to overcome these barriers by direct delivery into the CSF (Temsamani et al., 2000). In clinical management of TBI, surgical intervention is often required to relieve intracranial pressure and edema, which also provides an opportunity for direct drug delivery.



Sustained and Controlled Drug Delivery via Osmotic Pumps

While the therapeutic agents discussed above demonstrate various neuroprotective effects in both in vitro and in vivo studies of TBI, the long-lasting adverse effects associated with secondary brain damage calls for the development of delivery systems that allow constant, sustained, and controlled release of these candidate therapeutics to exert their full potential in promoting recovery from TBI. In experimental models of TBI in rats, osmotic mini-pumps have been successfully used to deliver NGF and S100B neurotrophic protein into lateral ventricles in the brain at a constant rate, which results in promotion of cognitive functions (Dixon et al., 1997; Kleindienst et al., 2004). These mini-pumps are implantable and require no external power as they are driven by the pressure developed from osmotic difference between osmolytes in the pump and interstitial fluid of the body. The capability to continuously infuse drugs at a rate of microliters per hour from 1 day to a month renders osmotic mini-pump a powerful tool to evaluate the in vivo efficacy and toxicity of agents that have a short half-life, like proteins and peptides, though subcutaneous implantation of the pump is needed to minimize infection and allow unrestrained movement of the subject.



Nanocarriers

In addition to osmotic pumps, encapsulation of drugs in micro- or nano- particles is emerging as promising ways to allow sustained and controlled delivery of therapeutics in TBI research. Both natural and synthetic polymers have been successfully used as drug depots, which share common features of being biocompatible, biodegradable, generally inert, as well as capable of attaching to or encapsulating small molecules and proteins (Orive et al., 2009). While biopolymer-based drug delivery systems have been applied in many tissues and organs, reports of their use in TBI treatment is limited (Heile and Brinker, 2011; Guan et al., 2013; Khalin et al., 2016). Turkoglu et al. (2010) have administered cyclosporine A-loaded natural chitosan microspheres into brain ventricles after TBI induction in rats. While it successfully reduced mitochondrial damage and lowered lipid peroxidation, the beneficial effect was, in fact, comparable to that of the control group where cyclosporine A alone was intraperitoneally injected (Turkoglu et al., 2010). This could have been due to the sub-optimal formulations of chitosan microspheres, dosage of the drug and route of administration. Other natural biopolymers commonly used for drug encapsulation include alginate and gelatin (Orive et al., 2009). One of the most popular synthetic biopolymers used as nanocarriers for drug delivery purposes is the family of poly (D,L-lactide-co-glycolide; PLGA), polylactic acid (PLA) and polyglycolic acid (PGA). Notably, these polymers are approved by the Food and Drug Administration in the US and are confirmed to be compatible with the nervous system. Depending on the application, PLGA polymers can be prepared in different dosage forms by using specific techniques (Anderson and Shive, 1997; Soppimath et al., 2001). The emulsification solvent evaporation method, for instance is widely used in fabricating PLGA microspheres (Jain, 2000). Recently, the electrospinning technique has been developed to produce nanofibers (Li et al., 2002). Both of these methodologies allow high efficiency of drug incorporation during the production process. Tan et al. (2007) have demonstrated >80% loading efficiency in the encapsulation of the recombinant protein Tat-C3 transferase, a potent RhoA inhibitor that freely enters cells, in PLGA microspheres using the water-in-oil-in-water emulsification method (Tan et al., 2007). Alternatively, drugs can be adsorbed onto pre-fabricated polymer particles.

Drug release from PLGA-based depot involves gradual degradation of the polymer when hydrogen and covalent bonds are hydrolyzed by water to form lactic and glycolic acids, which can be metabolized by Krebs cycle in the body (Park, 1995). Manipulating the ratio of lactide to glycolide monomers in the polymer allows modulation of the degradation profile, hence the rate of drug release. A higher glycolide content, for instance, correlates with faster hydrolysis and drug release. Other contributing factors include physico-chemical properties of the polymer such as solubility, porosity and molecular weight (Anderson and Shive, 1997). In addition, polymers that are end-capped with esters are more resistant to hydrolytic degradation than those with free carboxylic acid. In the in vitro study by Tan et al. (2007), PLGA polymers carrying uncapped (free carboxyl) and capped (lauryl ester) end groups were blended at various ratios to determine the optimal release profile for the encapsulated recombinant protein Tat-C3. Release kinetics analysis revealed that the formulation of 30% capped-70% uncapped PLGA allowed a mild initial burst while maintaining constant rate of protein release over a period of 28 days. The protein release characteristics were a result of balanced degradation rate of capped and uncapped PLGA, as well as the concomitant gradual increase in porosity of the microspheres due to formation of new internal pores within existing pores as revealed by scanning electron microscopy (Tan et al., 2007).

Since in vivo application of biopolymer-based drug delivery systems involves direct and prolonged contact with tissues, one of the major concerns is their biocompatibility, which can be determined according to the inflammatory responses induced after implantation into different sites of the brain, such as the striatum, lateral ventricles, frontal lobe and substantia nigra (Fournier et al., 2003; Lampe et al., 2011). While PLGA polymers are generally known to be biocompatible, some studies have reported that they induce acute inflammatory responses, as detected by immunohistochemical staining of astrocytes though it could be a non-specific consequence of mechanical trauma (Emerich et al., 1999; Lampe et al., 2011). A known issue of PLGA polymers is their adverse effects on the stability of encapsulated proteins or peptides. Loss of protein activity or integrity during the controlled released process can be attributed to protein adsorption to the polymer, or to a greater extent protein denaturation due to acidification when PLGA polymers break down to lactic and glycolic acids. The stability of encapsulated bioactive agents can be improved by incorporating pH modifiers such as calcium carbonate or magnesium hydroxide during the encapsulation process (Houchin and Topp, 2008). Similarly, proton scavengers/sponge that are basic amines, such as 1–8-bis-(dimethylamino)naphthalene can be added as excipients (Houchin et al., 2007). Furthermore, recent studies have reported inactivation of encapsulated peptides by an acylation reaction of their reactive amines with the ester bonds of PLGA (Domb et al., 1994). PEGylation of the peptide prior to encapsulation can prevent these undesirable covalent interactions with PLGA (Na and DeLuca, 2005). The resulting PEGylated peptides also exhibit reduced immunogenicity.



Extracellular Vesicles for Drug Delivery

Exosomes are lipid bilayer membrane vesicles released by almost all cell types. Cargoes carries by exosomes are mainly molecules derived from endosomes, ranging from mRNAs, microRNAs, proteins to lipids, which vary based on cell origin (Chopp and Zhang, 2015). Recently, exosomes derived from MSCs have received attention due to their effect in promoting functional recovery in animal models of TBIs (Zhang et al., 2015). Although the underlying mechanism is not fully understood, miRNAs transferred from exosomes seemingly play a pivotal role in mediating the beneficial effect (Taylor and Gercel-Taylor, 2013). Importantly, the unique property of exosomes as natural lipid-based nanovesicles that show high biocompatibility, low immunogenicity, efficient permeability across BBB and cell membrane renders them promising candidates to be developed as novel drug delivery system for CNS (Xiong et al., 2017). Accumulating evidence suggests that exosomes transverse through membranes via ligand-receptor binding and internalization. Macrophage exosomes, for instance, express the integrin lymphocyte function-associated antigen 1 (LFA-1) on surface, which interacts with the highly upregulated intracellular adhesion molecule 1 (ICAM-1) on endothelial cells of BBB in inflamed brain. Intravenous administration of macrophage exosomes pre-loaded with BDNF has been shown to successfully deliver the protein to the brain (Yuan et al., 2017). Exosomes derived from choroid plexus epithelial cells express folate receptor α (FRα), which interacts with ependymal cells and mediates transverse through the CSF-brain barrier before being taken up by astrocytes and neurons in the brain (Grapp et al., 2013). These observations suggest that receptor-mediated transcytosis of exosomes can be a promising way for drug delivery to the CNS. Apart from using natural exosomes which intrinsically expressing protein or lipid ligands that bind to intended recipient cells, exosomes can also be engineered to target particular cell types or tissues by ectopic expression of specific ligands or homing peptides. Alvarez-Erviti et al. (2011) forced expressed a fusion protein between the exosomal membrane protein Lamp2b and the neuron-specific RVG peptide in exosomes isolated from dendritic cells. Purified exosomes were then loaded with siRNA directed against GAPDH and systemically introduced into mice via intravenous injection. Strikingly, exosome-mediated delivery of these siRNAs was found to successfully downregulate the target mRNA in neurons, microglia, and oligodendrocytes in the brain (Alvarez-Erviti et al., 2011). Since exosomes are stable and can preserve the conformation and bioactivity of proteins and nucleic acids, they serve as ideal natural vehicles for targeted drug delivery to the CNS.



Cell Penetrating Peptides to Facilitate Cell Entry of Drugs

While the issues of sustained and controlled delivery of drugs can be resolved by various approaches described above, therapeutic agents such as peptides or proteins directed against intracellular targets often encounter difficulties in gaining access into cells because of their low membrane permeability. To improve the efficiency of cell entry, these proteins can be fused to a peculiar class of proteins known as cell penetrating proteins (CPPs), which are capable of traversing biological membranes and act as cellular delivery vehicles (Koren and Torchilin, 2012; Guidotti et al., 2017). CPPs, also commonly known as protein transduction domains, are small amphipathic peptides that contain mainly positively charged amino acids like arginine and lysine. Different unique properties and nature of these CPPs allow non-invasive internalization of conjugated peptides or small molecules through the plasma membrane (Gupta et al., 2005; Foged and Nielsen, 2008). Despite extensive characterizations of these CPPs, the exact mechanism through which they permeate the plasma membrane is still controversial and remains to be determined. Multiple mechanisms of cellular internalization have been proposed in CPPs, and the efficiency of translocation appears to be dependent on the nature of individual CPP (Koren and Torchilin, 2012). For instance, CPPs conjugated with target peptides can directly translocate across lipid bilayer through the formation of pores at the membrane. Alternatively, CPP-mediated internalization can be via energy-dependent endocytosis. Lastly, the CPP-cargo fusion proteins can form vesicles and inverted micelles which are capable of destabilizing cell membrane, thus releasing the conjugated proteins into cell. Specific cationic CPPs can bind to cell surface proteoglycans (heparin sulfates) for internalization of the cargo (Foged and Nielsen, 2008; Sebbage, 2009). Both in vitro and in vivo studies of CNS injuries have demonstrated successful cellular translocation of different proteins by conjugating to various CPPs, including trans-activating transcription (Tat) factor, penetratin, membrane translocating sequences, transportan and Pep-1 (Lindgren et al., 2000). Nonetheless, the concerns about cytotoxicity and specificity of these CPPs remain controversial. While majority of studies have indicated a low level of toxicity of CPPs at low concentrations, high cytotoxicity has been reported in rat neuronal cultures (Antoniou and Borsello, 2010). Further validation of the biocompatibility of CPPs is therefore required.




DISCUSSION

Research in traumatic injuries in the CNS has significantly expanded our understanding of the underlying pathophysiology and molecular mechanisms. While primary injuries in TBI are largely irreversible, the ensuing secondary damages that develop and progress over months to years are amenable to therapeutical interventions. Since this delayed phase of injury involves a plethora of events, which include excitotoxicity, apoptotic cell death, inhibition of axonal regeneration, neuroinflammation and oxidative stress, the devise of efficacious therapeutic strategies will need to target multiple mechanisms over an extended period. The availability of depot systems for regulated and sustained delivery of therapeutic agents that are capable of entering cells by permeating the plasma membrane will apparently allow further improvement of the bioavailability of existing drugs. More importantly, it will offer the opportunity to explore the therapeutic potential of novel agents against druggable targets. In fact, this therapeutic approach has been applied in the treatment of many neurodegenerative disorders such as Alzheimer’s disease, Huntington’s disease and Parkinson’s disease (Popovic and Brundin, 2006; Saraiva et al., 2016). While the feasibility of this strategy in the management of TBI has yet to be established, it seems promising due to the slow progression of events during secondary damages in TBI, which require continuous availability of therapeutic agents in bioactive form at non-cytotoxic concentration. TBI has become a major health and socioeconomic problem throughout the world, which imposes a significant healthcare burden to modern societies that call for more effective therapeutic means. It also represents a valid issue in defense science because of a drastic increase in subtle CNS injuries among the military when they are better protected from fatality by modern technologies.
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Microvascular complications are often associated with slow and progressive damage of various organs. Pericytes are multi-functional mural cells of the microcirculation that control blood flow, vascular permeability and homeostasis. Whereas accumulating evidence suggests that these cells are also implicated in a variety of diseases, pericytes represent promising targets that can be manipulated for therapeutic gain. Here, we review the role of pericytes in angiogenesis, blood-brain barrier (BBB) function, neuroinflammation, tissue fibrosis, axon regeneration failure, and neurodegeneration. In addition, we outline strategies altering pericyte behavior to point out problems and promises for axon regeneration and central nervous system (CNS) repair following injury or disease.
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INTRODUCTION

Lack of neurological recovery following central nervous system (CNS) trauma and disease is associated with long-term consequences that impair basic body functions including sensation, cognition, locomotion, vision, bladder and bowel movements, all of which negatively impact the independent quality of life. Axon sprouting, regeneration and de novo circuit formation can restore function by reconnecting denervated regions of the brain and spinal cord. Revascularization and vascular normalization of these regions is crucial to ensure adequate delivery of oxygen and nutrients needed to sustain the high metabolic demands of performing daily activities essential for maintaining independent living. Under normal physiological conditions, however, axon growth and regeneration are extremely limited in the adult mammalian CNS (He and Jin, 2016; Tran et al., 2018). In fact, the poor regeneration ability of adult CNS neurons (Liu et al., 2010; Tedeschi and Bradke, 2017) and the hostile environment that develops as a result of trauma or disease (Geoffroy and Zheng, 2014; Schwab and Strittmatter, 2014; Chen et al., 2018; Dias et al., 2018) are major obstacles to neurological recovery. Moreover, aberrant reorganization of the microvascular structure and perivascular cell function also interferes with physiological recovery following injury and neurodegenerative disease (Hall et al., 2014; Li et al., 2017; Nortley et al., 2019). In spite of new discoveries and technological applications that allow reprogramming adult mammalian neurons into a growth-competent state and to eliminate extracellular growth inhibitors (O’Donovan et al., 2014; Wang et al., 2015, 2018; Cartoni et al., 2016; Tedeschi et al., 2016, 2019; Fink et al., 2017; Kim et al., 2018; Bray et al., 2019; Kumamaru et al., 2019; Sekine et al., 2019), other extrinsic neuronal factors such as pericytes and pericyte regulation of vascular structure and function have received less attention. Here, we discuss the role of pericytes in health and disease, and then outline strategies altering pericyte behavior that may be considered to leverage significant improvement of neurological outcome in the context of CNS injury and neurodegeneration.



PERICYTES AND ANGIOGENESIS

Angiogenesis is the growth of blood vessels from the existing vasculature in both health and disease (Figure 1; Carmeliet, 2003). In all metabolically active tissues, blood capillaries are necessary for the diffusion of nutrients and metabolites as well as the elimination of waste materials. The communication between endothelial cells and pericytes is key for new blood vessel formation, maturation and maintenance. Previously known as “Rouget cells” after the French physiologist Charles Marie Benjamin Rouget who discovered them, pericytes were first named by Zimmermann in 1923. Pericytes directly communicate with endothelial cells via physical contact and paracrine signaling (Bergers and Song, 2005). While gap junctions provide direct connections between pericytes and endothelial cells, adhesion plaques and peg-and-socket contacts (e.g., membrane invaginations extending from either cells) allow pericytes to transfer contractile forces to the endothelium (Allt and Lawrenson, 2001; Bergers and Song, 2005). Given that a single pericyte can establish contacts with multiple endothelial cells, pericyte coverage can vary based on blood vessel function and location (Hirschi et al., 1999; Armulik et al., 2005, 2011). During development, transforming growth factor β 1 (TGF-β1) promotes differentiation of pericyte progenitor cells expressing platelet derived growth factor receptor beta (PDGFRβ). These cells are then attracted in the capillary plexus by endothelial cells expressing platelet derived growth factor subunit B (PDGF-B; Hellstrom et al., 1999). PDGF-B is secreted as PDGF-BB homodimers (Andrae et al., 2008). Upon binding to PDGFRβ, PDGF-BB leads to receptor dimerization and phosphorylation thereby activating a number of downstream signaling pathways including phosphoinositide 3-kinase (PI3K), RasGAP and ERK that control cell proliferation and migration (Tallquist and Kazlauskas, 2004). Blood vessels are maintained in a stable equilibrium by Notch-dependent contact inhibition between pericytes and endothelial cells that prevents the latter from proliferating and migrating (Hellstrom et al., 1999; Taylor et al., 2002; Leslie et al., 2007). The importance of PDGF-B in mediating pericyte recruitment to angiogenic vessels is highlighted by experimental data showing that capillaries in PDGF-B null mice show pericyte loss that leads to renal, cardiovascular and hematological abnormalities as well as perinatal death (Leveen et al., 1994). Blocking the recruitment of mural cells (e.g., vascular smooth muscle cells and pericytes) to developing retinal vessels in neonatal mice through daily intraperitoneal injection of a monoclonal antibody directed against PDGFRβ causes detrimental changes in vascular architecture of the retina (Uemura et al., 2002). Of interest, intraocular administration of recombinant angiopoietin-1, a secreted protein produced by pericytes, in these mice partly restores the network of growing blood vessels and vascular function in the absence of mural cells (Uemura et al., 2002). Both angiopoietin-1 and its tyrosine kinase receptor Tie2 expressed in endothelial cells are key to angiogenesis, not only during development, but also in response to injury (Davis et al., 1996; Suri et al., 1996; Jeansson et al., 2011). Once formed, the capillary plexus undergoes extensive structural remodeling through processes of angiogenesis, structural adaptation, sprouting and pruning (Gerhardt and Betsholtz, 2003; Bergers and Song, 2005).
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FIGURE 1. Steps in angiogenesis. Schematic illustrates the quiescent, sprouting and invasion phases that characterize the growth of new blood vessels from the existing vasculature. Upon the release of angiogenic factors, receptor-ligand coupling activates endothelial cells that undergo migration and proliferation. The upregulation of protease expression allows the degradation of the basement membrane and pericyte detachment. Specialized endothelial cells called “tip cells” migrate along the angiogenic gradient where tubule formation is controlled by the Tie-2/angiopoietin axis. Another type of specialized endothelial cells called “stalk cells” proliferates to support the main body of the new vessel. By dissolving the extracellular matrix, proteases contribute to structural remodeling of the tubular network. Pericytes are then recruited to stabilize newly formed blood vessels. Created with biorender.com.



Originally described as an endothelial cell-specific mitogen, the secreted polypeptide vascular endothelial growth factor (VEGF) initiates angiogenesis (Leung et al., 1989). VEGF stimulates endothelial cells to degrade the vascular basement membrane (Daubon et al., 2016), allowing these cells to then invade the extracellular space and migrate along a VEGF gradient (Bergers and Song, 2005). Under hypoxic conditions, pericytes produce VEGF (Shweiki et al., 1992; Darland et al., 2003), detach from the vasculature prior to the migration of endothelial cells and secrete VEGF to create a gradient to guide endothelial cells (Krueger and Bechmann, 2010; Wong et al., 2015). VEGF null mouse embryos display abnormal blood vessel development resulting in embryonic death at mid-gestation (Carmeliet et al., 1996). A similar phenotype is also observed in embryos lacking the VEGF receptor tyrosine kinase Flk-1 (Shalaby et al., 1995), further confirming the importance of VEGF signaling during early vasculogenesis.

Pericytes are among the first cells to invade the lesion site in experimental models of brain and spinal cord injury (SCI; Göritz et al., 2011; Birbrair et al., 2014; Dias et al., 2018; Hesp et al., 2018), presumably contributing to the remodeling of the vasculature after trauma. PDGFRβ is one of the major keys to angiogenesis and pericyte function after injury. In fact, endothelial cells secrete PDGF-BB that binds the PDGFRβ expressed on pericytes, stimulating pericyte proliferation and migration to the lesion site (Gaceb et al., 2018a). Human brain pericytes treated with PDGF-BB increase the production of neuroprotective and angiogenic growth factors, including brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor (FGFb) and VEGF (Gaceb et al., 2018b). In contrast, stimulation with lipopolysaccharide (LPS), which is the major component of the outer membrane of Gram-negative bacteria, promotes the secretion of high amounts of proinflammatory cytokines (Gaceb et al., 2018b). Thus, environmental changes profoundly affect pericyte’s functions. Five days after a controlled cortical impact, a well-characterized experimental model that reproduces pathophysiological changes observed in human traumatic brain injury, the proliferation marker Ki67 increases together with PDGFRβ at the lesion core (Zehendner et al., 2015). Similarly, an increase in PDGFRβ/CD13/Ki67 positive cells is observed at the lesion site 5 days after transient focal cerebral ischemia in mice (Fernández-Klett et al., 2013). Other than pericytes, myeloid cells (e.g., monocytes, macrophages, basophils, neutrophils and eosinophils), dendritic cells, epithelial cells of the kidney, small intestine and respiratory tract also express CD13. Increased pericyte density is also observed in glioblastomas and fibrosarcomas, where blood vessels exhibit abnormalities like poor organization, serpentine trajectories and branching irregularities (Nagy et al., 2009). Blocking PDGFRβ signaling using a receptor tyrosine kinase inhibitor in a mouse model of pancreatic islet carcinogenesis causes pericyte detachment and regression of tumor blood vessels (Bergers et al., 2003). Following a cervical contusion injury of the mouse spinal cord, elimination of proliferating pericytes completely abolishes angiogenesis at the site of injury (Hesp et al., 2018; Figure 2), thereby providing further evidence of pericytes being involved in angiogenesis not only in health but also injury and disease.
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FIGURE 2. Pericyte/NG2+ glia depletion and its effects on the pathophysiology of spinal cord injury (SCI). Ablation of pericytes and NG2+ glia impairs angiogenesis, dampens astrogliosis and completely abolishes fibrotic scar formation at the lesion site. Under such pathophysiological conditions, a greater axon regrowth into the lesion is observed. Created with biorender.com.



The proliferation of pericytes after injury and their role in angiogenesis may help axons regenerating across the lesion site by providing vascular bridging and growth permissive substrates for axon growth. Under physiological conditions, however, pericytes do not support axon growth (Göritz et al., 2011). Nonetheless, experimental evidence has shown that upon reactivation of axon growth programs, several classes of regeneration-competent axons including dorsal column sensory, rubrospinal, nociceptive and propriospinal axons preferentially associate with NG2 and CD13 (e.g., common markers for pericytes) positive cells. This provides a tangible prospect of using pericyte bridges to encourage axon regeneration through the lesion site (Jones et al., 2003; McTigue et al., 2006; Anderson et al., 2018). Implementation of chronic multiphoton imaging strategies of the mouse spinal cord allows changes in vascular and axonal networks to be monitored over the course of days and months after injury (Farrar et al., 2012; Fenrich et al., 2012; Tedeschi et al., 2016). Repetitive imaging of the injured spinal cord shows a transient increase in blood vessel density at the site of injury, where interaction with growing axons can be observed within the first 2 weeks after trauma (Dray et al., 2009). In mice, axons growing on blood vessels are eight times longer on average compared to those not following vessels (Dray et al., 2009). Unlike mammals, lower vertebrate species such as zebrafish retain the ability to regenerate injured tissues including the brain, retina and spinal cord (Gemberling et al., 2013; Rasmussen and Sagasti, 2017). In zebrafish larvae, peripheral macrophages promote successful axon regeneration and spinal cord repair by dynamically controlling the expression of the proinflammatory cytokines interleukin-1 β (IL-1β) and tumor necrosis factor-α (TNF-α; Tsarouchas et al., 2018). In mammals, macrophage-induced blood vessels are key for nerve regeneration in the peripheral nervous system (Cattin et al., 2015).

There has long been an interest in exploiting neurovascular interaction to guide axon growth and regeneration. Under appropriate conditions, certain types of pericytes may indeed serve as a primer to promote revascularization at the lesion site, as well as improve axon viability and regeneration.



PERICYTES, THE BLOOD-BRAIN BARRIER, AND NEUROVASCULAR INFLAMMATION

The ability of pericytes to adapt to their local environment, either by releasing VEGF in response to hypoxia or by secreting growth factors in response to PDGF-BB, is evidence of their versatility and all-encompassing responsibilities (Rustenhoven et al., 2017; Gaceb et al., 2018b). The adaptability of these cells also includes responding to and mediating inflammatory signals (Rustenhoven et al., 2017).

Pericytes release low levels of chemokines spontaneously (Kovac et al., 2011; Göritz et al., 2011). After being treated by inflammatory signals such as LPS or TNF-α, pericytes significantly increase their production of chemokines and cytokines, such as the chemokine (C-X-C motif) ligand 1 (CXCL1) and interleukin-6 (IL-6), as well as increasing the number of receptors for inflammatory signals, such as Toll-Like Receptor 4 (TLR4; Stark et al., 2013; Guijarro-Muñoz et al., 2014). Pericyte stimulation with LPS causes translocation of the nuclear factor kappa-B (NF-kB) protein complex, a prototypical pro-inflammatory signaling pathway (Lawrence, 2009), into the nucleus with consequent activation of its downstream effectors (Guijarro-Muñoz et al., 2014). The upregulation of inflammatory receptors and activation of key pro-inflammatory pathways indicate that pericytes not only respond to inflammation but also are critical modulators that can directly affect inflammation. However, pro-inflammatory modulation is not always in the best interests of the surrounding environment: pericytes conditioned by TNF-α activate neutrophils and monocytes, also engaging with and activating microglia (Proebstl et al., 2012; Stark et al., 2013). All these are actions that have potential neurodegenerative effects.

In addition to secreting and responding to inflammatory signals, pericytes also have the ability to directly interact with inflammatory cells such as monocytes and leukocytes (Rustenhoven et al., 2017). When pericytes are placed in an inflammatory environment in vivo, they upregulate expression of adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), that allow binding and transmigration of leukocytes across the blood-brain barrier (BBB; Yang et al., 2005; Persidsky et al., 2016). Chemokines such as C-C motif chemokine (CCL)2 and CCL3 released from pericytes actively attract and recruit monocytes and T cells, thus encouraging the flow of inflammatory cells to the area (Rustenhoven et al., 2017). The cells then bind to pericytes through upregulated adhesion molecules and are transferred across the BBB (Rustenhoven et al., 2017). A study researching the function of brain pericytes in human immunodeficiency virus (HIV) positive individuals, a disease characterized by chronic neuroinflammation, has discovered that these individuals show decreased pericyte number and expression of pericyte markers PDGFRβ and CD13 (Persidsky et al., 2016). Such a decrease in pericyte number coincides with a typical increase in activated microglia when compared to healthy controls (Persidsky et al., 2016), identifying pericytes as a significant component of chronic neuroinflammation in HIV-positive individuals. These results suggest that pericytes may contribute to control neuroinflammation; perhaps through indirect relationships with microglia, as the decrease in pericytes is followed by an increase in activated microglia (Persidsky et al., 2016). Further evidence of pericytes being able to modulate neuroinflammation is described in a study that researched the effects of human APOE4, a major genetic risk factor for Alzheimer’s Disease (AD), and a lack of murine Apoe on proinflammatory cyclophilin A expression (Bell et al., 2012). Both animal models display an inability to control cyclophilin A expression in pericytes, resulting in an increased activation of NF-kB and matrix metalloproteinase 9, which in turn leads to BBB breakdown (Bell et al., 2012). BBB dysfunction is a treatable insult, as antagonists for all three components of the cyclophilin A/NF-kB/matrix metalloproteinase 9 pathway in pericytes reverse the leaky BBB phenotype (Bell et al., 2012), identifying pericytes as a promising therapeutic target.

The healthy CNS has restricted leukocyte access under homeostatic conditions. During an inflammatory response, however, leukocytes move more freely across the BBB or blood spinal cord barrier (Rustenhoven et al., 2017). The ability of leukocytes to move more freely may rest with how pericytes react to the inflammatory response. The BBB is regulated by the neurovascular unit comprised of vascular cells (e.g., endothelial, pericytes and vascular smooth muscle cells), glial cells (e.g., microglia, astrocytes, and oligodendroglia) and neurons (Zlokovic, 2011). Although pericytes’ involvement in the neurovascular unit is traditionally thought of as exclusive to capillaries, they are also present on post-capillary venules (Attwell et al., 2016). In particular, pericytes and endothelial cells form tight junctions that allow specific movement of molecules across this barrier, with pericytes playing a vital role in the maintenance of these junctions (Daneman et al., 2010). Transmigration of neutrophils from the vascular lumen into the surrounding tissues is not only an important response for the host’s defense but also a major cause of inflammation. Multidimensional imaging using intravital microscopy shows neutrophils using pericytes for crawling purposes on the endothelium, thereby providing convincing evidence of direct interactions between these two cell types in vivo (Proebstl et al., 2012). As mentioned above, pericytes stimulation with TNF-α significantly upregulates ICAM-1. When a blocking antibody directed against ICAM-1 is added in vivo, neutrophil crawling on pericytes significantly decreases, suggesting that adhesion between the neutrophils and pericytes is essential in neutrophil migration (Proebstl et al., 2012). Pericytes do not solely act as a “railway” for migrating neutrophils. TNF-α stimulation for 24 h increases gaps between pericytes and endothelial cells, therefore allowing more neutrophils to breach the venule wall (Proebstl et al., 2012; Stark et al., 2013). Furthermore, neutrophils that interact with pericytes move more quickly and directly to their final destination (Proebstl et al., 2012; Stark et al., 2013), demonstrating that pericytes are not just passive cellular players in neuroinflammation, but actively instruct inflammatory cells.

The integrity of the BBB is critical for maintaining a homeostatic environment in the CNS to allow normal functionality (Zlokovic, 2011). Of the cells comprising the neurovascular unit, recent studies have emphasized the importance of pericytes in developing and maintaining its structure (Armulik et al., 2010; Daneman et al., 2010; Villaseñor et al., 2017). Astrocytes’ major contribution to BBB formation is well established (Janzer and Raff, 1987). However, BBB tight junction molecules such as occludin, claudin 5 and zonula occludens-1 (ZO-1) are expressed as early as embryonic day 12 in mice, as is the BBB influx transporter Glut-1 (Daneman et al., 2010). Given that the majority of astrocytes are produced after birth, these results challenge the concept that astrocytes are the only cellular source responsible for inducing endothelial cells to form the tight junction’s characteristic of the BBB. Research into the effects of pericyte deficiency, often using transgenic PDGFβret/ret mice (c.a. 80% reduction in pericyte coverage) where PDGF-B binding to heparan sulfate proteoglycans is disrupted and PDGFRβF7/F7 mice which have approximately 40% of the pericytes coverage of control littermates, have elucidated the impact that loss of pericytes has on the BBB (Lindblom et al., 2003; Armulik et al., 2010; Daneman et al., 2010; Nikolakopoulou et al., 2017). PDGFRβ null mice are embryonically lethal as these mice completely lack CNS pericytes (Leveen et al., 1994). In contrast to null mice, mice that are PDGFRβ deficient still produce CNS pericytes but at a much lesser volume than healthy controls. Interestingly, PDGFRβF7/F7 mice, an experimental model with impaired downstream PDGFRβ signaling, display a reduction in microcirculation, BBB breakdown and extravascular increase in IgG, fibrinogen and fibrin deposits in the CNS (Bell et al., 2010; Nikolakopoulou et al., 2017; Montagne et al., 2018). These studies also highlight a negative correlation between the number of pericytes and BBB breakdown measurements, all evidence of BBB damage upon pericyte depletion. Increased vascular permeability in PDGFRβ deficient mice is partly due to the increase in transcytosis across the BBB (Rustenhoven et al., 2017). This phenomenon may not be surprising, especially considering the importance of pericytes in forming tight junctions with endothelial cells. Yet, the PDGFβret/ret mice express normal levels of tight junction molecules (Villaseñor et al., 2017). Instead, only morphological abnormalities are observed in these mice, as they display increased width at pericyte-endothelial junctions (Armulik et al., 2010; Daneman et al., 2010). The effects of deficient pericyte coverage and BBB integrity have also been corroborated in humans using post-mortem brain tissues of AD patients. Analysis of these tissues highlights accelerated pericyte loss in AD tissues when compared to controls, which correlates with the degree of BBB damage and extravascular accumulation of the plasma proteins IgG and fibrin (Halliday et al., 2016). Exposure to cytokines also affects BBB stability as this enhances pericytes migration, a phenomenon observed after rat middle cerebral artery occlusion whereby pericytes detach from blood vessels 1 h post occlusion (Duz et al., 2007). Pericyte detachment may compromise BBB integrity, which in turn causes increased transcytosis of potentially harmful substances such as fibrin and fibrinogen into the CNS, activating microglia and ultimately causing an elevated state of neuroinflammation (Nikolakopoulou et al., 2017; Rustenhoven et al., 2017).

Looking at the multitude of studies regarding pericyte activities during an inflammatory state, it is clear that pericytes play numerous roles in neuroinflammation, making them an attractive therapeutic target to promote neuronal survival by tuning neuroinflammation. Augmenting their anti-inflammatory responses, such as the release of interleukin 33 (IL-33) and trophic factors, may be an avenue worth exploring (Rustenhoven et al., 2017). Nonetheless, more research needs to be completed to devise selective and translational treatments for neuroinflammation.



PERICYTES, FIBROTIC SCARRING AND AXON REGENERATION FAILURE

The fibrotic tissue that develops following CNS trauma and disease is the result of the evolutionarily conserved, ubiquitous, multicellular wound healing process that, under pathological conditions, becomes uncontrolled, thereby causing irreversible fibrosis (Wynn, 2008). On the one hand, the scar tissue allows restoration of tissue continuity. On the other, it acts as a neuronal extrinsic barrier that limits neuroplasticity, axon regeneration and remodeling of neural circuits (Tran et al., 2018). Although described as the absolute barrier to axonal regeneration after SCI, the fibrotic scar has been largely under-researched until recently.

Infiltrating immune cells and stromal cells, like fibroblasts and pericytes, mainly contribute to the formation of the fibrotic scar. Of the different components of the fibrotic scar, pericytes have recently become the subject of intense investigation (Göritz et al., 2011; Fernández-Klett et al., 2013; Birbrair et al., 2014; Dias and Göritz, 2018). However, pericyte identification has often been challenging due to a lack of specific pericyte markers and definitive criteria for pericyte definition (Armulik et al., 2011; Attwell et al., 2016). Using vascular single-cell transcriptomics, a recent study has unraveled a molecular blueprint along the arteriovenous axis. Surprisingly, brain pericytes were not found to form subclusters, thereby suggesting pericytes in the brain are not heterogeneous (Vanlandewijck et al., 2018). Nonetheless, pericyte heterogeneity exists between organs. In fact, lung pericytes do not express CD13 (Vanlandewijck et al., 2018), a commonly used marker for brain pericytes. In light of such an unbiased pericyte classification in the brain vasculature, controversy may arise in the work we discuss below on pericyte heterogeneity and classification in the context of injury and disease.

After tissue damage, pericytes detach from capillaries, extensively proliferate and migrate to the interstitial space where they participate in tissue fibrosis (Göritz et al., 2011; Dias et al., 2018). Stimulated after CNS trauma, such as brain and SCI, macrophages and neutrophils respond quickly to eliminate tissue debris and dead cells (Kono and Rock, 2008). These cells also produce chemokines and cytokines that promote vascularization of the fibrotic scar. By using multiphoton laser ablation of blood vessels followed by time-lapse imaging, a recent study in zebrafish has shown that recruited macrophages extend filopodia and lamellipodia that adhere to both ends of a severed blood vessel and generate pulling forces that help repair cerebrovascular ruptures (Liu et al., 2016). In mice, the number of pericytes associated with sprouting blood vessels increases three to 5 days after SCI (Göritz et al., 2011; Dias et al., 2018). Given that reorganization of the vasculature ensures an adequate supply of oxygen and nutrients to meet the high metabolic demand of regenerating tissues, impaired revascularization may result in delayed formation of the fibrotic scar. Indeed, thymidine kinase/ganciclovir-mediated loss of NG2+ cells impairs angiogenesis and completely abolishes fibrotic scar formation after SCI (Hesp et al., 2018; Figure 2). It is important to note that both proliferating pericytes and NG2+ glia express NG2. However, pericytes proliferate earlier than NG2+ glia following CNS injury. In addition, pericytes and NG2+ glia participate in the formation of the fibrotic and glial scar respectively. Whereas lesion sites are enlarged and extended edemas are present 7 days after injury, cell ablation resulted in greater axon regrowth into the lesion 3 weeks after injury (Hesp et al., 2018). When axons are immunolabeled and not traced, however, it is not possible to distinguish between regenerating axons and collateral sprouts from uninjured axons.

Scar formation involves extensive communication between multicellular components (Eming et al., 2014). Therefore, any alteration of one cellular compartment is sufficient to perturb the architecture of the scar that develops after injury. Elimination of proliferating pericytes and NG2+ glia impairs the formation of the glial scar as shown by the reduced glial fibrillary acidic protein expression and the presence of discontinuous, loosely entwined astrocytic borders that surround the lesion site 11 days after SCI in mice (Hesp et al., 2018).

Another study has demonstrated that genetic ablation of PDGFRβ+ and Glast+ (a membrane protein expressed by astrocytes) pericyte, also known as type A, significantly reduces fibrotic scar formation and impairs wound closure after SCI (Göritz et al., 2011), often leaving the lesion site unsealed. Thus, far, it is not known whether the same genetic manipulation may result in the reduction of the astroglial scar. Nonetheless, attenuation of pericyte-derived fibrosis has been recently shown to promote the regeneration of raphespinal and corticospinal tracts after SCI (Dias et al., 2018). Of note, corticospinal axons that regenerate across the site of injury in transgenic mice with attenuated pericyte-derived scarring integrate into functional circuits, effectively improving recovery of sensorimotor function over the course of months after SCI (Dias et al., 2018). The fact that regeneration of the corticospinal tract can be promoted in adulthood by partially eliminating a cellular component of the fibrotic scar is striking, especially considering the lively debate on the extent to which scarring can be beneficial to axon regeneration and functional recovery (Narang and Zheng, 2018).

Pericytes function in a tissue- and context-dependent manner (Holm et al., 2018). In aged skeletal muscle, two types of pericyte subtypes exist. Whereas type-1 (Nestin-GFP−/NG2-DsRed+) are fibrogenic and participate in scar formation, type-2 (Nestin-GFP+/NG2-DsRed+) pericytes are myogenic and aid skeletal muscle repair (Birbrair et al., 2013b). Pericyte transplantation has been recently shown to improve skeletal muscle recovery in a mouse model of disuse-mediated muscle atrophy (Munroe et al., 2019). Notably, type-1 pericytes are also present in other tissues including lung, kidney, heart, brain and spinal cord where they proliferate and cluster at the injury site (Birbrair et al., 2014). However, the ability of type-1 pericytes to produce fibrous material such as collagen fibers seems to be organ-dependent (Birbrair et al., 2014), further suggesting pericyte behavior is tightly regulated in a context-dependent manner.

Originally thought to emerge from meningeal cells, the fibrotic scar that develops after contusive SCI more likely originates from collagen 1α1 positive perivascular fibroblasts (Soderblom et al., 2013). Pericytes can differentiate into myofibroblasts and may promote wound contraction, allowing closure of the site of injury. The extent to which collagen 1α1 positive perivascular fibroblasts may be similar to, or originate from, a pericyte lineage awaits confirmation from in vivo fate mapping studies. When cultured in a fibrogenic medium, type-1 pericytes originating from skeletal muscle resemble a fibroblast-like morphology (Birbrair et al., 2013a), suggesting that environmental factors like those present at the site of injury may induce certain pericytes to differentiate into fibroblast-like cells. Subretinal fibrosis represents the end stage of age-related neovascular macular degeneration, a risk factor for vision impairment (Lim et al., 2012). Cell lineage tracing following an experimental model of laser-induced photocoagulation in reporter mice expressing collagen 1α1 fused with green fluorescent protein has demonstrated that pericytes associated with choroidal microvasculature infiltrate into the subretinal space between 3 and 7 days after injury, acquire stellate morphology and upregulate expression of fibrogenic molecules, thereby participating in fibrotic scarring (Luo et al., 2018). In light of recent evidence, targeting collagen 1α1 expressing pericytes may represent a valuable therapeutic strategy to preserve vision by suppressing subretinal fibrosis.

Both pericytes and fibroblasts express fibronectin and laminin, permissive substrates for axon growth that also constitute the extracellular matrix of the growth-inhibitory fibrotic scar. Three days after contusive SCI, fibronectin expression increases throughout the lesion site even though fibroblasts are not present in large numbers (Zhu et al., 2015). As fibronectin expression is rather confined around blood vessels at this time, it is likely that pericytes represent the major source of fibronectin early after SCI. By day 7, however, the number of fibroblasts significantly increases and closely matches fibronectin expression (Zhu et al., 2015). Fibronectin transcript is subjected to alternative splicing, generating up to 20 main variants in humans (Kornblihtt et al., 1996). The fibronectin isoform containing the extra domain A has been implicated in pathological fibrosis in experimental models of wound healing (Muro et al., 2003). Genetic elimination of this isoform causes a reduction of fibrotic scarring at chronic vs. acute stages after SCI (Cooper et al., 2018). The elimination also increases axonal density around and within the lesion site, as well as promotes motor recovery after SCI in mice (Cooper et al., 2018). Following contusive SCI, moderate microtubule stabilization through systemic administration of Epothilone B, a drug used for the treatment of cancer, reduces fibrotic scar formation by abrogating polarization and migration of scar-forming fibroblasts (Ruschel et al., 2015). Both laminin deposition and expression of NG2 proteoglycan diminish at the lesion site in rats administered with Epothilone B (Ruschel et al., 2015). Given that pericytes may represent the major source of NG2 expressing cells within the lesion epicenter, it is tempting to speculate that Epothilone B may also affect pericyte behavior after SCI. Indeed, a recent study has demonstrated that Epothilone B administration at 1 and 15 days after complete transection of the thoracic spinal cord in rats causes a reduction in the number of pericytes and extracellular matrix deposition at the injury site (Zhao et al., 2017). The mechanisms underlying changes in pericyte behavior upon Epothilone B administration are not fully understood and deserve attention in future investigation.

Pericytes also express the extracellular matrix protein periostin, a key player in fibrotic scarring. Periostin expression peaks 7 days after SCI, and localizes predominantly in scar-forming pericytes (Yokota et al., 2017). Periostin is thought to promote scar formation by facilitating the recruitment of infiltrating macrophages that, in turn, produce inflammatory cytokines and chemokines that positively regulate pericyte proliferation. Genetic deletion of periostin has been shown to reduce fibrotic scarring and collagen deposition by inhibiting pericyte proliferation through impaired TNF-α signaling (Yokota et al., 2017). Periostin deficiency increases the number of axons within and below the lesion site and promotes some degree of functional recovery over the course of 6 weeks after SCI (Yokota et al., 2017). Moreover, the administration of the periostin neutralizing antibody has proven similarly effective in suppressing the formation of the fibrotic scar as well as promoting recovery after SCI (Yokota et al., 2017).

Thus, accumulating evidence suggests that pericytes play a crucial role in fibrotic scarring and axon regeneration failure. A number of studies demonstrate that a decrease in pericyte proliferation causes a decrease in fibrotic scarring, thus creating more favorable conditions for structural plasticity, axon regeneration as well as recovery of function after CNS trauma and disease. Taking into consideration pericytes heterogeneity and their seemingly contradictory behaviors, a more comprehensive view of the role of pericytes in health and disease may expand their therapeutic landscape.



PERICYTES AND NEURODEGENERATIVE DISEASES


Diabetic Retinopathy

Pericytes are involved in a vast network of communication with vascular and non-vascular, parenchymal cells under normal and pathological conditions. Pericytes are associated with non-healing wounds, such as those seen in diabetic retinopathy (Dulmovits and Herman, 2012). Diabetic retinopathy holds a considerable public health burden, affecting nearly one hundred million people worldwide. Although only about one-third of diabetic patients develop proliferative, or sight-threatening diabetic retinopathy (Yau et al., 2012), it is still considered the leading cause of blindness globally in working-aged adults (Armulik et al., 2011). It occurs when damaged blood vessels in the retina cause fluid to leak into the macula, the portion of the eye responsible for clear central vision, ultimately causing blurry vision and loss of eyesight (Heng et al., 2013; Hendrick et al., 2015; Figure 3). Individuals with poor management of their diabetes as well as hypertension are considered at high risk of developing diabetic retinopathy. The course of the disease is irreversible, but there are various treatments used to slow or stop diabetic retinopathy from progressing into later stages such as improving diabetes management through blood sugar control and blood pressure normalization, stopping or slowing the leakage of blood and fluid into the eye using photocoagulation, blood removal through vitrectomy and injecting medication (e.g., anti-VEGF agents) directly into the eye (Hendrick et al., 2015).
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FIGURE 3. Diabetic retinopathy. During the early stages of diabetic retinopathy, pericytes loss weakens blood capillaries in the retina, causing the formation of microaneurysms, fluid spill and bleeding into the macula. As diabetic retinopathy progresses, the growth of new and irregular blood vessels leads to the formation of a scar tissue that causes blurry vision and loss of eyesight. Created with biorender.com.



The vast majority of the blood in the eye is supplied by the outer blood-retinal barrier, which separates the neural retina from the choroidal vasculature. Endothelial cells, glial cells, and pericytes together comprise the inner blood-retinal barrier (Cunha-Vaz et al., 2011; Park et al., 2017). The retina has the highest pericyte density in the body (Hammes et al., 2002). Not surprisingly, pericyte death has detrimental consequences for retinal function. Mizutani et al. (1996) has demonstrated a relationship between retinal microvascular cell death in human and experimental diabetic retinopathy. Indeed, retinal pericytes nuclei in diabetic patients show fragmentation and pale chromatin staining indicative of ongoing degeneration causing loss of pericytes from the capillary wall (Mizutani et al., 1996). In the absence of adequate pericyte coverage, vascular walls weaken and vessel integrity is lost. Such detrimental structural changes may increase the susceptibility of blood vessels to develop microaneurysms (Wilkinson-Berka et al., 2004).

Numerous studies have attempted to explain the relationship between loss of pericytes and the initiation and progression of the disease. Using transgenic mice with endothelium-restricted ablation of PDGF-B to circumvent prenatal lethality of mice with no pericytes, Enge et al. (2002) have found an inverse correlation between pericyte density and microvascular abnormalities in the retina. Strikingly, a 50% reduction in pericyte coverage sets the stage for the development of proliferative retinopathy (Enge et al., 2002). Of note, similar abnormalities found in experimental models of diabetic retinopathy, such as those used by Enge et al. (2002) are observed in diabetic humans. Therefore, the use of mouse models is crucial to explore basic pathophysiological mechanisms associated with neurodegenerative conditions in the retina. Only by understanding these mechanisms can novel and more effective treatment options be developed.

Hyperglycemia affects individuals with diabetes (Alam et al., 2014). Hyperglycemia is linked to mitochondrial oxidative stress, which in turn causes pericyte death in a mouse model of type 1 diabetes (Price et al., 2012). Bovine and human retinal pericytes cultured in high ambient glucose undergo apoptosis (Beltramo et al., 2004; Suarez et al., 2015). The presence of hyperglycemia in PDGF-B+/– mice (e.g., mice that have lesions similar to those that develop early in a diabetic retina) exacerbates retinopathy with increased density of acellular capillaries and formation of microaneurysms (Hammes et al., 2002). Reduced pericyte coverage also alters angiogenesis in the retina under hypoxic conditions (Hammes et al., 2002). In response to progressive capillary occlusion, the retina responds with either an increase of vascular permeability or with the formation of new immature blood vessels (Campochiaro, 2015). Increasing vascular permeability leads to macular edema, and hypoxic conditions promote excessive neovascularization of the retina (Aiello et al., 1995; Pe’er et al., 1995; Shima et al., 1995; Stone et al., 1995). Members of the VEGF family provide the molecular signals that control vascular permeability and vessel growth. Along this line, expression of the potent angiogenic factor VEGF and its receptor have been shown to increase in diabetic retinas (Penn et al., 2008). Under hypoxic conditions, the half-life of VEGF mRNA dramatically increases (Shima et al., 1995). Neutralization of VEGF currently represents the first line of treatment option to prevent excessive neovascularization and macular edema.

Pericyte death in diabetic retinopathy alters the blood-retinal barrier. This tight barrier keeps the eye as an immune-privileged site to protect vision from inflammatory insults. PDGF-B and PDGFRβ signaling actively controls pericyte recruitment to growing retinal vessels (Park et al., 2017). This necessary step is crucial for the formation and maturation of the blood-retinal barrier. Whereas pericyte loss from mature retinal vessels does not cause disruption of the blood-retinal barrier, it triggers the sensitization of endothelial cells to VEGF-A, leading to Forkhead Box O1 (FOXO1)-mediated upregulation of angiopoietin-2 in these cells (Park et al., 2017). This series of steps fuels a positive feedback loop that increases susceptibility to leakage and vascular damage, ultimately ending with a breakdown of the blood-retinal barrier seen in diabetic retinopathy (Park et al., 2017). In mice, genetic ablation of angiopoietin-2 as well as administration of a blocking antibody directed against angiopoietin-2 results in the reduction of microaneurysm and vascular leakage (Park et al., 2017).

Current treatment options for diabetic retinopathies are invasive, have limited effectiveness and mostly address the chronic stages of the disease with minimal improvement in repairing vision (Heng et al., 2013; Hendrick et al., 2015). Management of glucose, blood pressure, and lipid levels along with regular checkups represent the best way to prevent diabetic retinopathy. Even with early diagnostic methods in place, many of those with diabetes will still develop diabetic retinopathy. A direct mechanism has yet to be found on how diabetes causes pericyte death in the retina, but chronic hyperglycemia is currently a key suspect (Hammes et al., 2002).



Alzheimer’s Disease

AD already affects 11% of people aged 65 and older and 32% of people aged 85 and over (Alzheimer’s Association, 2015). Due to our aging society, this figure is only set to increase with the incidence of AD expected to double by 2050 (Hebert et al., 2001; Alzheimer’s Association, 2015). AD comes with a plethora of pathophysiological abnormalities such as BBB breakdown, microvasculature irregularities and neurodegeneration (Figure 4; De Strooper and Karran, 2016; Kisler et al., 2017a).
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FIGURE 4. Pericytes’ role in Alzheimer’s disease (AD) pathogenesis. Pericyte degeneration causes neurovascular uncoupling and blood-brain barrier (BBB) breakdown. Through the accumulation of blood products, BBB disruption triggers vascular-mediated secondary neuronal injury, degeneration and cognitive impairment in AD. Given that pericytes are able to clear Aβ, pericyte loss also results in Aβ accumulation in the brain. Aβ can cause constriction of brain capillaries at pericyte locations. Created with biorender.com.



BBB breakdown is present in many neurological diseases, such as motor neuron diseases, multiple sclerosis, stroke and AD (Rustenhoven et al., 2017). The cognitive deficits that AD patients experience have been recently attributed to the breakdown in the BBB (Nation et al., 2019). Numerous studies researching BBB breakdown in AD have discovered a link between pericyte density and BBB integrity (Sengillo et al., 2013; Halliday et al., 2016; Nation et al., 2019). In the brain, pericytes and vascular smooth muscle cells represent the major cellular source expressing PDGFRβ. In individuals with mild cognitive impairment, as well as in PDGFRβ+/– mice, soluble PDGFRβ (sPDGFRβ) increases in the cerebrospinal fluid (CSF) following pericyte loss (Montagne et al., 2015), suggesting sPDGFRβ may serve as a biomarker for pericyte death. Interestingly, human brain pericytes shed sPDGFRβ during cell injury such as hypoxia (Sagare et al., 2015). A significant increase in CSF sPDGFRβ is observed in AD patients with a more advanced clinical dementia rating (Nation et al., 2019). sPDGFRβ remains a reliable indicator of cognitive dysfunction even when controlling for Amyloid-β (Aβ) and Tau deposits (Nation et al., 2019), the two classical markers of AD (Ittner and Götz, 2011). Another study has found a negative correlation between BBB leakage and neurological scores (mini-mental state examination). AD patients and individuals with mild cognitive impairments had increased BBB leakage compared to healthy controls (Skoog et al., 1998; van de Haar et al., 2016). These results display the importance of a fully functioning BBB and the therapeutic potential of increasing pericyte viability for the treatment of mild cognitive impairments. The scores from the clinical dementia rating can report very mild (0.5) and mild (1) cognitive impairments and sPDGFRβ is the only consistent predictor of progression through the scoring, as Aβ42 differences can only be found in scores between 0.5 and 1 (Nation et al., 2019), suggesting that pericyte coverage may be used as early biomarker when assessing cognitive deficits.

Pericytes play a role in regulating cerebral blood flow by acting on capillaries (Peppiatt et al., 2006). In order to function properly, the CNS requires the cerebral blood flow to match the neuronal output, also known as neurovascular coupling (Kisler et al., 2017b). Throughout the release of messengers including prostaglandin E2, neuronal activity and the neurotransmitter glutamate can dilate capillaries by relaxing pericytes (Hall et al., 2014). In contrast, buffering astrocyte Ca2+ effectively inhibits neuron evoked capillary dilation (Mishra et al., 2016). Although the research does show overwhelming evidence for pericyte’s contribution to cerebral blood flow, as with anything relating to pericytes, the heterogeneity of these cells can provide issues. The differing morphology and protein expression can hint towards a variety of functions; for example, pericytes closer to the arteriole end of the capillary bed express more α-smooth muscle actin and have more circumferential processes, suggesting a more contractile role than pericytes that are in the middle of the capillary bed and express less α-smooth muscle actin (Attwell et al., 2016). However, through extensive animal studies, a strong relationship between pericytes and cerebral blood flow has been identified, if not free from all doubt. PDGFRβ+/– mice display a moderate loss of pericyte coverage of the brain capillary wall (Bell et al., 2010). Using these mice, a recent study has addressed the extent to which pericyte degeneration affects neurovascular coupling. Interestingly, PDGFRβ+/– mice show a global reduction in cerebral blood flow response to neuronal stimuli, leading to neurovascular uncoupling (Kisler et al., 2017b). Focal changes at the capillary level are also observed, as PDGFRβ+/– mice take significantly longer to reach 50% dilation compared to control littermates (Kisler et al., 2017b). This phenomenon is not seen in the arterioles where pericytes are not present, suggesting that the decrease in capillary dilation time and reduction of global cerebral blood flow is a consequence of pericyte deficiency. AD and other dementia patients frequently show focal changes in brain microcirculation which have been associated with cognitive impairments; PDGFRβ+/– mice have significantly reduced capillary length which also coincides with an age-dependent decrease in memory and learning tasks (Bell et al., 2010; Leeuwis et al., 2017). As pericyte death reliably indicates very mild cognitive impairments (Nation et al., 2019), it is likely that pericyte death is not only a symptom of AD but may also be a potential cause of AD. Hypoxia influences amyloid precursor protein (APP) mechanisms that lead to an increased production of β- and γ-secretase and therefore increased Aβ production (Zlokovic, 2011). This suggests that pericyte loss may be an early event in the progression of AD, as pericyte loss reduces cerebral blood flow, thus creating potential hypoxic areas throughout the brain. Although young PDGFRβ+/– mice do not display any difference in neuronal excitability compared to control littermates, older mutants (6–8 months old) with progressive pericyte loss show abnormalities in cortical depolarization, peak amplitude and response latency (Kisler et al., 2017b). Furthermore, these mice also exhibit a decrease in neuron density in the S1 cortex and CA1 hippocampal region and changes in burrowing and nest-building behavior that are considered early signs of AD in mice (Deacon, 2012; Kisler et al., 2017b). Using a genetic mouse model to directly ablate pericytes with diphtheria toxin, Nikolakopoulou et al. (2019) recently showed that loss of pericytes caused BBB breakdown, loss of blood flow and neuronal death with consequent behavioral deficits in 2–3-months-old mice. Ablating pericytes reduced the levels of the neurotrophic growth factor pleiotrophin. When pleiotrophin was restored through CSF infusions, the neuronal loss and behavioral deficits observed were prevented (Nikolakopoulou et al., 2019), highlighting a potential neuroprotective element that pericytes may possess. This is further evidence of the entrenched relationship between the vasculature and nervous system and opens a possible avenue for research regarding neurodegenerative illnesses and pericytes depletion.

Another study found that Aβ causes constriction of brain capillaries at pericyte locations in both human brains as well as in the somatosensory cortex of a transgenic mouse model of AD. Specifically, the application of soluble Aβ1–42 oligomers to human brain slices is sufficient to evoke capillaries constriction (Nortley et al., 2019). Capillary constriction is mediated through NADPH oxidase 4 (NOX4)-mediated production of reactive oxygen species in pericytes (Nortley et al., 2019). Further analysis suggests that reactive oxygen species evoke constriction through activation of the endothelin-1 receptor (Nortley et al., 2019).

Together, recent evidence demonstrates a strong association between the neurodegeneration that AD patients experience and a disrupted microvasculature, thereby corroborating an old hypothesis about potential causes of AD (Kimura et al., 1991; de la Torre and Mussivand, 1993; Thomas et al., 1996).

Additional evidence for pericyte importance in protecting from AD lays in common genes that have been identified as risk factors for AD. Apolipoprotein E4 (APOE4) is associated with late-onset AD and carriers of the gene have significantly less pericyte coverage compared to APOE3/2 carriers (Halliday et al., 2016). Presenilin 1/2 (PSEN1/2) are the most frequent genes associated with autosomal dominant AD and carriers of these genes have less PDGFRβ mRNA and less PDGF-BB binding sites (Sweeney et al., 2016). Thus, it is no coincidence that genes that are most commonly associated with various types of AD impact pericyte density and survival.

To now, we have only discussed indirect roles that loss of pericytes and capillary constriction can have in the pathogenesis of AD. Pericytes also have direct actions in clearing Aβ via the low-density lipoprotein receptor-related protein 1 (LRP1) protein (Sagare et al., 2013; Sweeney et al., 2016; Ma et al., 2018). When intracellular Aβ accumulation overrides the clearance capacity of pericytes, it causes a loss of pericytes that results in an increase in Aβ preventing mesenchymal stem cells from transitioning into pericytes (Xu et al., 2018). In this instance, pericytes offer an attractive possibility as a therapeutic target. If a drug is devised that could target pericytes and prevent cell death or increase the number of mesenchymal stem cells transitioning to pericytes, a greater amount of Aβ protein may be cleared, hence slowing down neurodegeneration in AD. The potential of targeting pericytes or mesenchymal stem cells as a treatment option is evidenced in a recent study where mesenchymal stem cells are differentiated into pericytes and stereotaxically injected into the brains of 18–20 months old APP/PS1 mice (Tachibana et al., 2018), a mouse model of AD. Under such experimental conditions, transplantation of differentiated pericytes results in an increase in the microcirculation in the ipsilateral compared to the contralateral side and reduces insoluble levels of Aβ40/42 (Tachibana et al., 2018). When LRP1 is knocked down in pericytes, the reduction in insoluble Aβ40/42 is substantially less, but a decrease is still observed suggesting that pericytes may use multiple methods of clearing Aβ (Tachibana et al., 2018).

All this information taken together paints pericytes as an integral cell type in the pathogenesis and progression of AD. Due to the multitude of effects that pericytes have in different functional areas of the brain such as the BBB, cerebral blood flow and clearing Aβ, they are becoming an attractive target for potential treatments of AD.




CONCLUSIONS

After being neglected for many years, pericytes have recently become the focus of an emerging field of research indicating that pericyte dysfunction plays a role in the onset and progression of neurodegenerative diseases as well as tissue fibrosis and lack of motor recovery after SCI (Mizutani et al., 1996 ; Göritz et al., 2011; Li et al., 2017; Nation et al., 2019; Nortley et al., 2019). Despite the development of new genetic tools and cutting-edge imaging techniques that allow labeling and visualization of pericytes “at play” (Proebstl et al., 2012), studying pericyte behaviors remains complicated due to lack of specific markers and definitive criteria for pericyte definition. Ontogeny, localization, morphology and gene signature are all variables that contribute to a variety of complex pericyte behaviors (Vanlandewijck et al., 2018). To date, the extent to which these variables influence pericyte behavior following CNS injury and disease remains fragmentary (Sidebar A). In response to CNS injury and inflammatory mediators, pericytes can constrain blood capillaries (Hall et al., 2014; Li et al., 2017), participate in immune responses (Stark et al., 2013) and contribute to BBB disruption and tissue fibrosis (Göritz et al., 2011; Hesp et al., 2018). Whereas these conditions may not foster neurological recovery, pericytes also play a crucial role in blood vessel formation and maintenance. Vascular normalization of the injury site may be necessary to improve blood flow and perfusion, not only allowing the diffusion of oxygen and nutrients but also the elimination of toxic waste materials to support the functional reorganization of neural networks following injury and disease. Vascular bridging across the lesion site may also provide a permissive substrate to enhance axonal growth and regeneration. As pericytes are plastic and motile during vascular development, they may also serve as carriers for the delivery of therapeutic agents directly at the injury site. In the presence of appropriate stimuli (Gaceb et al., 2018b), pericytes can secrete trophic factors beneficial to repair and restore function to injured neurons. In turn, we hope to encourage a more comprehensive view of the role of pericytes and stimulate work aimed at understanding how to modulate pericyte behavior either alone or in combination with other approaches for therapeutic gain.


SIDEBAR 1. In Need of Answers

1.  How many different classes of pericytes really exist through the CNS?

2.  What are the gene signatures of injury and disease-associated pericyte populations in the brain and spinal cord?

3.  How is pericyte behavior controlled in a context-dependent manner?

4.  Provided with the appropriate stimuli, do pericytes promote axon regeneration and CNS repair following injury and disease?
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Traumatic spinal cord injury (SCI) results in persistent functional deficits due to the lack of axon regeneration within the mammalian CNS. After SCI, chondroitin sulfate proteoglycans (CSPGs) inhibit axon regrowth via putative interactions with the LAR-family protein tyrosine phosphatases, PTPσ and LAR, localized on the injured axon tips. Unlike mammals, the sea lamprey, Petromyzon marinus, robustly recovers locomotion after complete spinal cord transection (TX). Behavioral recovery is accompanied by heterogeneous yet predictable anatomical regeneration of the lamprey’s reticulospinal (RS) system. The identified RS neurons can be categorized as “good” or “bad” regenerators based on the likelihood that their axons will regenerate. Those neurons that fail to regenerate their axons undergo a delayed form of caspase-mediated cell death. Previously, this lab reported that lamprey PTPσ mRNA is selectively expressed in “bad regenerator” RS neurons, preceding SCI-induced caspase activation. Consequently, we hypothesized that PTPσ deletion would reduce retrograde cell death and promote axon regeneration. Using antisense morpholino oligomers (MOs), we knocked down PTPσ expression after TX and assessed the effects on axon regeneration, caspase activation, intracellular signaling, and behavioral recovery. Unexpectedly, PTPσ knockdown significantly impaired RS axon regeneration at 10 weeks post-TX, primarily due to reduced long-term neuron survival. Interestingly, cell loss was not preceded by an increase in caspase or p53 activation. Behavioral recovery was largely unaffected, although PTPσ knockdowns showed mild deficits in the recovery of swimming distance and latency to immobility during open field swim assays. Although the mechanism underlying the cell death following TX and PTPσ knockdown remains unknown, this study suggests that PTPσ is not a net negative regulator of long tract axon regeneration in lampreys.
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INTRODUCTION

Spinal cord injury (SCI) results in persistent functional deficits in mammals because injured CNS axons fail to regenerate. This failure results from both inhibitory factors in the extracellular environment and intrinsic limitations to regenerative capacity (Tran et al., 2018). Among the most potent and well-described environmental factors are the chondroitin sulfate proteoglycans (CSPGs), which are abundantly expressed around CNS lesion as a key component of the glial scar (Stichel et al., 1999). Digesting CSPGs with chondroitinase increases axon outgrowth on a CSPG substrate in vitro, promotes sprouting of spared fibers in vivo and enhances functional recovery from SCI in animal models (Zuo et al., 1998; Bradbury et al., 2002; Barritt et al., 2006; Houle et al., 2006).

The LAR-family of receptor-type protein tyrosine phosphatases (RPTPs), including LAR and PTPσ, have been identified as putative CSPG receptors in mammals (Shen et al., 2009; Fisher et al., 2011). Consisting of approximately 1.9 × 103 amino acids for their longest splice variants, these transmembrane receptors are structurally highly similar (Chagnon et al., 2004). Starting from the extracellular N-terminal, they contain three Ig-like domains, the first of which interacts with CSPGs via conserved lysine residues. These domains are followed by a number of fibronectin type III (FNIII) repeats, which vary depending on splicing. Intracellularly, there are two phosphatase domains, D1 and D2. D1 is generally believed to be active while D2 is considered structurally inactive and may serve in a more regulatory role. Genetic deletion or peptide inhibition of LAR and PTPσ has been reported to enhance CNS axon regeneration after SCI, likely via RhoA-dependent mechanisms (Shen et al., 2009; Fisher et al., 2011; Lang et al., 2015; Ohtake et al., 2016). Notably, LAR and PTPσ often colocalize within the same neuronal populations. In mammalian studies, targeting LAR or PTPσ in isolation was sufficient to elicit pro-regenerative functional effects, but inhibiting both receptors simultaneously additively enhanced axon outgrowth in vitro (Ohtake et al., 2016).

Nevertheless, the role of LAR-family RPTPs in long tract regeneration remains unclear. Although, PTPσ knockdown has been reported to enhance corticospinal tract axon regeneration, the use of partial injury models and the complexity of the mammalian CNS make it difficult to distinguish true regeneration from compensatory sprouting of spared fibers (Fry et al., 2010). Moreover, the effects of receptor inhibition on axon regeneration appear to be context-dependent. Following sciatic nerve crush, an early report found PTPσ deletion enhanced sensory axon regeneration but increased pathfinding errors (McLean et al., 2002). However, other studies using sciatic nerve injury models reported that deletion of LAR or PTPδ, a third LAR-family RPTP member, reduced sensory axon regeneration and worsened outcomes (Xie et al., 2001; Van der Zee et al., 2003). As a further complication, RPTPs have been reported to modulate the immune responses to CNS injury, as well as the survival and differentiation of local oligodendrocyte precursors and neural progenitors (Dyck et al., 2015, 2018, 2019; Ohtake et al., 2017).

Unlike mammals, sea lampreys (Petromyzon marinus) recover robustly from complete spinal cord transection (TX) despite the presence of a CSPG-rich scar that forms around the TX site. In lampreys, peak CSPG expression occurs approximately 2 weeks after TX and then slowly returns to normal levels by 10 weeks post-TX (Lurie et al., 1994; Zhang et al., 2014). Behavioral recovery is accompanied by true regeneration of reticulospinal (RS) axons, which facilitate descending control of locomotion. The RS system comprises approximately 2,000 neurons in total that are distributed within the hindbrain and posterior aspect of the midbrain. Of these, there are 18 pairs of large identified neurons, which project to at least the level of the cloaca. Following complete TX, all descending connections are severed. However, after a period of retraction, RS axons begin to regenerate, reaching the TX scar by approximately 3 weeks (Yin and Selzer, 1983). This regeneration is heterogeneous but predictable. Approximately half of the identified neurons will reliably regenerate to at least 5 mm beyond the TX, while the other half fail to regenerate and undergo a severely delayed form of apoptosis that peaks between 12 and 16 weeks post-TX (Shifman et al., 2008). As the regeneration probability for each identified neuron is broadly stable across studies, they can be semi-permanently classified as “good” or “bad” regenerators (Table 1). However, the exact definitions can vary depending on the study. In this report, neurons with regeneration probabilities >50% were considered “good” regenerators.

TABLE 1. Regeneration probabilities for the identified reticulospinal (RS) neurons.
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Recently, this lab reported that the CSPG-receptor, PTPσ, is expressed preferentially in bad regenerators, both before and after TX (Zhang et al., 2014). Consequently, we hypothesized that knocking down PTPσ with antisense morpholino oligomers (MOs) would promote regeneration and reduce retrograde neuronal death after TX.



MATERIALS AND METHODS


Animals and Surgery

Wild-caught larval sea lampreys, approximately 8–12 cm in length (3–5 years old), obtained from the streams of Lake Michigan were maintained in freshwater tanks at room temperature until use. All animal procedures described in this report were performed with approval from Temple University’s Institutional Animal Care and Use Committee. The total number of animals used is summarized in Table 2.

TABLE 2. Summary of animal experiments.
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Lampreys were anesthetized by immersion in 0.1% tricaine methanesulfonate (MS-222, Western Chemical Inc., Washington, DC, USA) in Ringer’s solution and the spinal cords were exposed by a small longitudinal incision along the dorsal midline in the gill region. Spinal cords were completely transected with Castroviejo scissors at the level of the 5th gill. The completeness of the TX was confirmed by visual inspection of the severed spinal cord stumps. To retrogradely transfect RS neurons, a small gel foam pledget soaked with 1 μl of 1 mM fluorescein-tagged MOs was gently inserted on top of the severed spinal cord immediately after the injury. RS neurons that were successfully transfected could then be identified by their fluorescent labeling. Afterward, the animals were allowed to recover on ice for 2 h; then the gel foam was removed and the animals placed in cold water tanks overnight. The following day, animals were returned to room temperature tanks until needed.

To evaluate true axon regeneration beyond the lesion, some lampreys received a second complete TX, 5 mm caudal to the first, at 10 weeks post-(1st) transfection. Regenerated RS neurons were retrogradely labeled by applying a gel foam pledget soaked in 1 μl of a solution of 5% dextran tetramethylrhodamine (DTMR, 10,000 MW; Em. 550 nm, Ex. 580 nm; Invitrogen, D1817) in Tris-HCl buffer (pH 7.4) to the lesion. Animals were euthanized 1 week later by immersion in saturated benzocaine and brains were dissected, fixed in 4% paraformaldehyde, and imaged under widefield fluorescent (Nikon 80i, 4× objective) or confocal (Nikon C2, 10× objective) microscopy. Morphant identified neurons were assessed individually based on position and morphology. A neuron was counted as “regenerated” if the cell was double positive for fluorescein-conjugated MO and dextran dye. Statistical analysis was performed with GraphPad Prism 8 using a two-tailed student’s t-test.

To assess TX-induced caspase activation, lampreys were euthanized at 2, 4, 7, 10, or 20 weeks post-TX and processed for fluorochrome-labeled inhibitors of caspase activation (FLICA) as previously described (Barreiro-Iglesias and Shifman, 2012; Hu et al., 2013). Briefly, freshly dissected brains were immersed in sulforhodamine poly caspase FLICA reagent (SR-VAD-FMK; Ex. 570 nm, Em. 590 nm; Image-IT Live Red Poly Caspases Detection Kit, Cat I305101, Thermo Fisher Scientific, Waltham, MA, USA), which irreversibly binds activated caspases 1, 3, 4, 5, 6, 7, 8, and 9, then thoroughly washed, flat-mounted and fixed with 4% paraformaldehyde. Brains were imaged by wide-field fluorescence microscopy (Nikon 80i, 4× objective). Morphant- and FLICA-positive identified neurons were counted, and the results were analyzed with GraphPad Prism 8 using one-way ANOVA with Sidak post hoc multiple comparisons tests.



Antisense Morpholino Oligomers

Lamprey LAR-family RPTPs are not annotated in the lamprey reference genome (P.marinus_7.0). However, by aligning PTPσ DNA sequences from mammals to lampreys using basic local alignment search tools (BLAST), genome regions encoding PTPσ were identified and partially cloned from cDNA (Zhang et al., 2014). Introns were identified by comparing genomic sequences with the cDNA exonic sequence. Using Gene Tools LLC custom oligomer design service, we designed a splice acceptor and splice donor pair of MOs complementary to the exon-intron junctions flanking an exon encoding a region near the 3rd Ig-like domain of lamprey PTPσ ([image: image]; GL479748:15741-15933; splice acceptor MO sequence, 5′-AGA GCC TGC GGC AAG TCA GGC AGA A-3′; splice donor MO sequence, 5′-CTG CTG CTG CGT ATC CTC ACC CTT C-3′). For optimal efficiency, a 1:1 suspension of splice acceptor and splice donor oligomers were used for all experiments (approximately 0.5 mM each suspended in water). The Gene Tools LLC Standard Control MO (MOCtrl) was selected for the negative control (MO sequence, 5′-CCT CTT ACC TCA GTT ACA ATT TAT A-3′). This MO targets a rare mutation at position 705 in human beta-globin pre-mRNA and is recommended by Gene Tools LLC for having minimal biological activity. All MOs used in this study were covalently bound at the 3′ end to fluorescein (Ex 501.5 nm, Em 524.5 nm).



Open Field Behavioral Assay

Naïve and TX’d lamprey locomotion was assessed 3 days per week, beginning 1 week before injury until 10 weeks post-injury. Individual animals were gently placed in a Nalgene pan shallowly filled with aquarium water and monitored by an overhead camera for 2 min of free swim. Swimming quality was assessed on a semiquantitative “movement” score: (0) no movement below lesion; (1) spastic movements below lesion; (2) brief forward movements; (3) persistent abnormal swimming, <80% of time with dorsal side up; (4) persistent abnormal swimming, >80% of time dorsal side up; and (5) normal swimming, 100% of time dorsal side up. Videos were processed with ANY-maze animal tracking software (Stoelting) to quantify swimming parameters including total distance traveled, maximum swimming speed, time spent mobile, and latency to immobility. Statistical analysis of weekly averages was performed with Graphpad Prism 8 using two-way ANOVA with a post hoc Sidak multiple comparisons test.



Western Blot

To determine protein expression levels, freshly dissected lamprey brains or spinal cords (from the 2nd gill to 5 mm distal to the TX) were snap-frozen in liquid nitrogen and stored at −80°C until use. Frozen lamprey specimens were thawed on ice and suspended in cold lysis buffer (CelLytic MT; Sigma–Aldrich, St. Louis, MO, USA, Cat C3228) supplemented with a cocktail of protease and phosphatase inhibitors (Halt Protease and Phosphatase Inhibitor Cocktail 100×, Thermo Fisher Scientific, Waltham, MA, USA) and homogenized by sonication. Supernatants were collected following brief centrifugation to remove debris and protein concentration was assessed by Bradford Assay (Bio-Rad, Cat 500-0006). The samples, containing 25 μg of protein supplemented with reducing reagent (Invitrogen, Cat NP0004) and loading buffer (Invitrogen, NP0007), were denatured by heating at 75°C. Denatured samples were loaded into a 4–12% NuPage Bis-Tris mini-gel (Invitrogen, Cat NP0321BOX), separated by electrophoresis, then wet-transferred onto a PVDF membrane.

After transfer, PVDF membranes were washed thoroughly with TBS, blocked with 5% non-fat milk, and incubated with primary antibody diluted in 1% non-fat milk overnight at 4°C. The following day, membranes were washed thoroughly with TBS, and incubated with near-IR secondary antibodies in PBS Blocking Buffer (Li-Cor, Cat 927-40000) with 0.1% Tween-20 and 0.01% SDS final concentrations. Membranes were imaged with an Odyssey CLx Imaging System (Li-Cor). To assess additional proteins, the immunoblotting procedure was sequentially repeated.

Signal intensity was measured and blots were processed for presentation using Image Studio Lite (version 4.0, Li-Cor). Statistical analysis was performed on signal intensity values with GraphPad Prism 8 using two-tailed student’s t-tests. Primary antibodies used in this study include: rabbit anti-phospho-Akt mAB (T308; 1:1,000; Cell Signaling Technology, Danvers, MA, USA, Cat 2965; RRID:AB_2255933), rabbit anti-pan-Akt mAB (1:3,000; Cell Signaling Technology, Danvers, MA, USA, Cat 4691; RRID:AB_915783), rabbit anti-p53 (1:1,000; AbClonal, Cat A5761; RRID:AB_2766515) and mouse anti-Actin mAB (1:10,000; Millipore, Kankakee, IL, USA, Cat 1501; RRID:AB_2223041). Primary antibodies were detected with IRDye 680 or IRDye 800 secondary antibodies (1:20,000, Li-Cor).



Immunofluorescence

Flat-mounted, PFA fixed, lamprey brains were dehydrated, embedded in paraffin, horizontally sectioned on a microtome (10 μm section thickness), and mounted on ColorFrost Plus slides. The samples were then processed for immunofluorescence as follows: rehydrated to PBS; incubated with Citrate Buffer (pH 6.0) for antigen retrieval (20 min boiling then 20 min RT); blocked with PBS with 0.1% bovine serum albumin and 0.2% Triton X-100 for 1 h RT; incubated with rabbit anti-p53 primary antibody diluted in blocking buffer overnight at 4°C (1:200; AbClonal, Cat A5761; RRID:AB_2766515); incubated with anti-rabbit AlexFluor+ 594 secondary antibody for 1 h RT in the dark (1:400; Invitrogen, Cat A32740; RRID:AB_2762824); and mounted under glass coverslips with Fluoromount-G (Southern Biotech, Birmingham, AL, USA). The samples were thoroughly washed with PBS between each step. Fluorescence images were captured via confocal microscopy (Nikon C2 microscope, 10× objective) and processed with NIS-Elements and Adobe Photoshop.



Microglia Staining

To assess the effects of PTPσ knockdown on the local immune response to SCI, at 2 weeks pTX, microglia were stained by isolectin B4 –HRP (1:200; Sigma–Aldrich, St. Louis, MO, USA, Cat# L5391) and DAB histochemistry was performed on 10 μm horizontal sections (i.e., cut parallel to the dorsal surface) of fixed, paraffin-embedded lamprey spinal cord. For each spinal cord, the number of labeled microglia were recorded from each of four serial sections proximal to the injury, near the median plane. Macrophages or microglia residing within the central canal were excluded. The region assessed included the TX site and extended 600 μm Rostralward. Statistical analysis was performed on the mean number of microglia observed per horizontal section (for MO, n = 2 animals × 4 sections = 8; for MOCtrl, n = 3 animals × 4 sections = 12) using a two-tailed student’s t-test.



In situ Hybridization

Free-floating, fixed wholemount lamprey brains were imaged by widefield fluorescence microscopy (Nikon 80i), then processed for ISH with a custom lamprey PTPσ RNA probe as previously described (Swain et al., 1994; Zhang et al., 2014). Briefly, brains were washed with PBS containing 0.1% Tween-20 and processed as follows: (1) immersed in hybridization solution (50% Formamide, 5× SSC, 100 μg/μl Torula-Yeast RNA, 100 μg/μl Wheat germ tRNA, 50 μg/μl Heparin, 0.1% Tween-20; 1 h at 50–55°C); (2) incubated with biotinylated PTPσ riboprobe (1.5 μg/ml) in hybridization solution (overnight at 50–55°C); (3) washed with hybridization solution (4× for 30 min at 50–55°C); (4) washed with a 1:1 mix of hybridization solution and PBS with 0.1% Tween-20 (2× for 15 min at 50–55°C); (5) washed with PBS containing 0.1% Tween-20 (2× for 30 min); (6) incubated in blocking solution (PBS containing 0.1% BSA Fraction V and 0.2% Triton X-100; 4× for 30 min); (7) incubated with streptavidin-AP (1:1000; Roche, Cat 11093266910) in blocking solution (overnight at 4°C); (8) washed with blocking solution (4× for 30 min); (9) washed with SMT buffer (100 mM NaCl, 50 mM MgCl2, 100 mM Tris pH 9.5, 0.1% Tween-20; 4× for 30 min); (10) incubated with ice-cold chromogen (NBT/BCIP, Roche, Cat 11681451001; 10 min) in SMT buffer; (11) washed with PBS (3× for 5 min); and (12) mounted on glass slides with PBS and imaged under reflected light stereomicroscopy.

Fluorescent and brightfield images were superimposed in Adobe Photoshop. Since, the images were taken under different conditions, cells did not perfectly overlap but could still be identified from position and morphology. Single and double-labeled cells were counted and the resulting values were analyzed statistically with GraphPad Prism 8. To provide a complete overview of PTPσ expression after TX with MOCtrl or [image: image] treatment, a contingency analysis on all counted cells was performed using Fisher’s exact test [α = 0.05; categories: [image: image]-treated, PTPσ(+); [image: image]-treated, PTPσ(−); MOCtrl-treated, PTPσ(+); and MOCtrl-treated, PTPσ(−)]. As a complementary analysis, the mean number of PTPσ positive neurons per lamprey with MOCtrl or [image: image] treatment was assessed with a two-tailed student’s t-test.




RESULTS


MOs Reduced PTPσ Expression Among RS Neurons

Antisense MOs, which bind complementary target RNA via Watson-Crick base paring, have proven to be reliable vectors for inducing protein knockdown in lampreys (Zhang et al., 2015; Hu et al., 2017; Sobrido-Cameán et al., 2019). Importantly, MOs applied to the spinal cord stumps after TX are readily taken up by severed axons and retrogradely transported to their cell bodies in the brain (Zhang et al., 2015). MOs targeting lamprey PTPσ (MO) were designed to interact with intron-exon junctions flanking an exon encoding a region in the 3rd Ig-like domain towards the N-terminal. This was predicted to induce an exon skipping event to reveal a premature stop codon, at which point the transcript would be degraded via nonsense-mediated decay mechanisms.

Although the half-life of PTPσ in lampreys is unknown, the half-life of human PTPσ is estimated to be between 16 h and 2 days (Cohen et al., 2013; Xiao and Wu, 2017). Thus, PTPσ must be continually synthesized to maintain expression levels. Previous studies demonstrated that MOs applied to the cut ends of lamprey RS axons immediately after TX reach their perikarya in the brain within 1 week of injury and are effective in reducing protein expression of their target RNAs (Zhang et al., 2015; Hu et al., 2017). After an initial 10-day period of retraction, axons of the identified RS neurons begin to regenerate, reaching the edge of the CSPG-rich scar by 3 weeks post-TX (Yin and Selzer, 1983). Therefore, it is likely that inhibiting the translation of PTPσ will reduce its protein expression in axon tips at time points relevant to regeneration (Lurie et al., 1994).

To analyze PTPσ mRNA expression at the level of individual RS neurons, 2 weeks after TX, we performed in situ hybridization in wholemount lamprey brains, using biotinylated riboprobes designed to hybridize to the fibronectin-III domain of lamprey PTPσ (Figure 1). This region was chosen for specificity because it has low homology to the closely related LAR-family RPTPs, LAR and PTPδ (Zhang et al., 2014). Contingency analysis with Fisher’s exact test, using the total counts of identified neurons, demonstrated that [image: image] lampreys had significantly fewer PTPσ positive RS neurons compared to MOCtrl (***p = 0.0006). Reductions in PTPσ expression were most evident among “bad regenerator” identified RS neurons, where PTPσ is most highly expressed. [image: image] reduced the number of PTPσ-expressing “bad regenerator” RS neurons per lamprey by approximately 43% (*p = 0.03). Non-significant reductions in PTPσ were observed among “good regenerator” identified RS neurons (25% reduction, p = 0.25). Although knockdown was not complete, these results demonstrated that MO reduced PTPσ expression as designed.


[image: image]

FIGURE 1. Splice-blocking morpholino oligomers (MOs) reduce PTPσ mRNA expression at 2 weeks post-transection (TX). (A) Schematic of wild type lamprey PTPσ with the genomic sequence targeted by the MOs. (B) Schematic of morphant PTPσ showing the premature stop codon produced by exon skipping. (C) Schematic of flat-mounted larval lamprey brain showing the identified RS neurons (“good regenerators,” blue; “bad regenerators,” red). (D,E) Representative micrographs of wholemount brain in situ hybridization using a PTPσ RNA probe at 2 weeks post-TX. (F) Contingency analysis with Fisher’s Exact Test on all counted cells. Significantly fewer RS neurons treated with [image: image] were positive for PTPσ mRNA than controls. (G–I) Analysis with student’s t-tests revealed that significantly fewer bad regenerators treated with [image: image] (n = 8) were positive for PTPσ than were those treated with MOCtrl (n = 7). Error bars show SEM. *p < 0.05; ***p < 0.001; n.s., non-significant.





PTPσ Knockdown Impaired Axon Regeneration

To assess axon regeneration following TX and PTPσ knockdown, we utilized a double-labeling strategy. Ten weeks after the initial TX, a second TX was made 5 mm caudal to the first and a fluorescent dextran tracer was applied to retrogradely label neurons with regenerated axons (Figure 2). Using this approach, unexpectedly, we observed significantly fewer regenerated identified RS neurons per lamprey following PTPσ knockdown relative to controls (~29% fewer regenerated neurons, **p < 0.01; Figure 2C). Interestingly, this impaired regeneration appeared to be largely due to reduced long-term neuron survival beginning around 10 weeks post-injury and worsening over time. By 20 weeks post-TX, 35% fewer identified RS neurons survived following PTPσ knockdown relative to controls (***p < 0.001; Figure 4B).


[image: image]

FIGURE 2. PTPσ knockdown impaired axon regeneration and long-term neuron survival. (A) Schematic of retrograde labeling procedure. At 10 weeks after TX and MO application, lampreys were subjected to a second TX, 5 mm caudal to the first, and regenerated axons were back labeled with DTMR. (B) Representative whole mounted brain maximum intensity projection confocal micrographs of MO-Ctrl or [image: image] (green) and DTMR (red) labeled RS neurons (n = 10–12 animals). Scale, 100 μm. (C–D) Quantification of identified RS neuron regeneration (DTMR) and survival (MO-fluorescein). Statistical analysis performed with two-tailed student’s t-tests. Error bars show SEM. **p < 0.01; ***p < 0.001.




[image: image]

FIGURE 3. Morpholino labeling is a persistent proxy for cell survival. (A) Representative micrographs of fluorescent-MO labeling among RS neurons, 1 month after TX and MO application. (B) Experiment schematic for labeling surviving RS neurons. Six months after TX and transfection with [image: image] (n = 2) or MOCtrl (n = 3), a second TX was made rostral to the first, close to the brain, and surviving RS neurons were back labeled with DTMR. (C) Representative micrographs of whole mounted lamprey brains showing MO transfected RS neurons (1st TX) and surviving RS neurons labeled by DTMR (2nd TX). Scale, 100 μm. (D) At 1 month post-TX, RS neurons transfection efficiency between MOCtrl (n = 9) and [image: image] (n = 8) are comparable, approximately 72–80% of identified neurons. However, at 6 months post-TX, MOCtrl persists in 70% of RS neurons while MO is present in only 32%. The analysis was performed with two-way ANOVA with a post hoc Sidak test. Error bars show SEM. ***p < 0.001. (E) Pearson’s correlation analysis revealed a strong positive correlation between labeling from the 1st and 2nd TX at 6 months. Thus, the reduction in [image: image] labeling is from genuine cell loss and not degradation of the MO. **p < 0.01; n.s., non-significant.




[image: image]

FIGURE 4. PTPσ knockdown-mediated reduction in neuronal survival was not accompanied by enhanced caspase activation. (A) Representative whole mounted brain widefield fluorescence micrographs of RS neurons labeled with MOCtrl or [image: image] (green) and poly caspase FLICA (red) after TX. Scale bar, 200 μm. Quantification of MO labeling (B) and MO+FLICA double-labeling (C) among all identified RS neurons (n = 5–9 lampreys per group per time point). Despite exacerbated cell loss, enhanced caspase activation was not detected following TX and PTPσ KD. Statistical analysis performed with two-way ANOVA and Sidak post hoc multiple comparisons test. Error bars show SEM. *p < 0.05; ***p < 0.001; n.s., non-significant.



In these studies, cell survival was assessed using labeling by fluorescently-tagged MOs. By design, MOs are persistent and extremely resistant to degradation by endonucleases. At 1 month post-TX, both control and PTPσ MOs transfected the identified RS neurons with comparable efficiency (Figure 3). To confirm whether MO labeling persisted over long time periods, a small cohort of lampreys administered [image: image] or MOCtrl were subjected to a second TX, 6 months after the first, and back labeled with DTMR. Importantly, this TX was made rostral to the first, at the level of the third gill, so as to label surviving identified RS neurons. The analysis revealed that the MO fluorescence almost perfectly co-labeled with the dextran dye. Quantitatively, this manifested as a strong positive correlation between the numbers of neurons labeled during each TX (r = 0.97, n = 5 lampreys total). This confirmed that the MO labeling persists even at extended time points, supporting the use of MO labeling as a proxy for cell survival. Since transfection efficiency was comparable between the control- and PTPσ-targeting MOs at 1-month post-TX, loss of MO-labeling at extended timepoints reflected genuine cell loss, and was not a result of differences in labeling efficiency or stability.



PTPσ Knockdown Did Not Enhance TX-Induced Caspase Activation

In lampreys, TX induces a delayed form of apoptotic retrograde death among “bad regenerator” identified RS neurons (Shifman et al., 2008). Because the reduction in cell survival observed among [image: image] lampreys was highly unexpected, we assessed the post-TX time course of apoptosis signaling to determine if the observed cell loss was due to enhanced caspase activity. After PTPσ knockdown, we processed wholemount lamprey brains for activated caspases with poly caspase FLICA at 2, 4, 7, 10 and 20 weeks post-TX (Figure 4). In this cohort, significant identified RS neuron loss was seen in MO animals at 20 weeks post-TX, but not at earlier time points. Surprisingly, this cell loss was not preceded by enhanced caspase activation.



PTPσ Knockdown Did Not Enhance Akt Phosphorylation or p53 Abundance

The molecular intermediaries in the LAR-family RPTP signaling pathway are still not completely known. The primary downstream effect of CSPG-PTPσ signaling is believed to be activation of the small GTPase, RhoA, which regulates cytoskeletal dynamics via its associated kinase, ROCK (Ohtake et al., 2016). An additional, but important consequence of CSPG-induced LAR-family RPTP activation is inhibition of the pro-survival, pro-growth Akt pathway, likely via ROCK but potentially through RhoA-independent mechanisms. This second effect may be particularly important because, at least in lampreys, axon regeneration in the CNS appears to be accomplished in the absence of F-actin-filled growth cones (Lurie et al., 1994). Moreover, since Akt regulates cell survival following PTPσ knockdown, its activity is especially relevant, given the observed loss of axotomized RS neurons following PTPσ knockdown. To assess Akt activity, Western blots were performed on lamprey brains and spinal cords. Contrary to our original hypothesis, but consistent with RS neuronal loss, we did not observe increases in phospho-Akt (Thr308) levels among [image: image]-treated lampreys, 2 weeks post-TX, in both brains and spinal cords extending from approximately the second gill to 0.5 cm below the TX. If anything, in both the brain and spinal cord, the relative abundance of activated Akt was reduced, though this did not reach statistical significance (Figure 5). Additionally, total Akt levels were unchanged relative to controls.


[image: image]

FIGURE 5. PTPσ KD did not promote Akt phosphorylation. (A) Representative Western Blot images and quantification for phospho-Akt, pan-Akt, and Actin in lamprey brain homogenates (n = 5) or spinal cord (n = 4–5) 2 weeks post-TX. (B) Analysis of relative signal intensities was performed with two-tailed student’s t-test (p > 0.05 for all comparisons). Error bars show SEM; n.s., non-significant.



Given the unexpectedness of PTPσ knockdown-associated cell death, it was important to consider off-target effects. In zebrafish, off-target MO toxicity typically is p53-dependent (Bedell et al., 2011; Gerety and Wilkinson, 2011). Although p53 is complexly regulated, a major consequence of activation is a several-fold increase in protein half-life (Giaccia and Kastan, 1998). Thus, to assess p53 activation in our model, we assessed p53 abundance with Western Blot and immunofluorescence 2 weeks after TX and MO transfection (Figure 6). Overall, p53 abundance in lamprey brains was low, with expression primarily restricted to the ependymal cells lining the ventricles. No appreciable differences were observed between animals treated with the control or PTPσ-targeting MO. Likewise, Western Blot analysis showed similar levels of p53 expression between both groups of brain homogenates. Although these results cannot conclusively rule out all potential off-target effects, they do exclude the most common pathway for cell-autonomous MO toxicity. Additionally, the long delay between confirmed MO biological activity in this study (i.e., within 2 weeks post-TX) and neuron loss (10–20 weeks post-TX) seems uncharacteristic of acute toxicity. Finally, it is important to note, that MOs have been used repeatedly in lamprey studies, and, to date, no off-target effects have been reported (Zhang et al., 2015; Hu et al., 2017; Sobrido-Cameán et al., 2019).
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FIGURE 6. [image: image] transfection did not promote p53 activation. (A) Representative Western Blot image and quantification for p53 and actin in lamprey brain homogenates (n = 4–5). (B) Representative confocal maximum intensity projections of p53 immunofluorescence in lamprey hindbrain sections (v., 4th ventricle; arrows, ependyma; *reticulospinal neurons).





PTPσ Knockdown Attenuated the Local Immune Response to TX

Although MO transfection in the brain was limited to those RS neurons whose axons extended to at least the 5th gill, it was possible that PTPσ-expressing cells adjacent to the TX, including resident microglia and infiltrating macrophages, were incidentally transfected. As perturbations to the inflammatory response could contribute to the RS cell loss observed after PTPσ knockdown, we assessed the number of microglial profiles present in horizontal spinal cord sections, extending 600 μm rostral of the TX, 2 weeks after injury (Figure 7). Unexpectedly, we observed a significant reduction in the number of microglial profiles in the spinal cords of lampreys treated with [image: image]. This suggests that PTPσ knockdown may have attenuated the inflammatory response to SCI.


[image: image]

FIGURE 7. PTPσ knockdown attenuated the local immune response to TX. (A,B) Representative micrographs of IB4 staining in rostral horizontal spinal cord sections from MOCtrl (A,a’) and MOPTPσ (B,b’) lampreys 2 weeks pTX. Infiltrating macrophages in the central canal (c’) were excluded from the analysis. (C) On mean, fewer IB4+ microglia were present in sections from MO spinal cords (n = 2 animals, eight sections) than MOCtrl spinal cords (n = 3 animals, 12 sections). Analysis was performed with a two-tailed student’s t-test. Error bars show SEM. ***p < 0.001. Scale, 200 μm (A,B), 20 μm (a’,b’). *TX.





PTPσ Knockdown Modestly Impaired Behavioral Recovery From TX

In lampreys, behavioral recovery of coordinated swimming after TX is mediated by true axon regeneration (Selzer, 1978). However, the role of the identified RS neurons in restoring locomotion is less clear. Although under certain conditions, stimulation of these neurons may elicit movement, partial injury models suggest that they are not necessary to initiate locomotion (Rovainen, 1967; McClellan, 1988). Thus, it is not currently possible to associate behavioral recovery with anatomical regeneration of specific neurons. Nevertheless, swimming recovery after TX is a useful correlate for regenerative and plastic processes in toto, as well as a reflection of overall animal health.

One of the more common approaches to assess swimming recovery is the use of semiquantitative locomotion scales, which vary slightly from study-to-study (Ayers, 1988; Herman et al., 2018). In the present report, locomotion quality was assessed during 2 min of free swim recorded 3 days per week, 1 week before the injury and up to 10 weeks after TX, using a locomotion recovery scale, which assessed qualitative aspects of lamprey swimming on a five point scale (Figure 8). Uninjured lampreys are efficient swimmers and consistently maintained an upright dorsal-ventral posture (score 5). After injury, lampreys were paralyzed below the injury (score 0) but, during the first few weeks of recovery, experienced tonic body flexion movements below the lesion (score 1) and gained the ability to propel themselves forward short distances (stage 2). By 4 weeks post-injury, lampreys recovered the ability to swim but are unable to maintain proper dorsal-ventral posture (scores 3 and 4). Although dorsal-ventral posture improved gradually, swimming remained abnormal for at least 10 weeks post-TX. No differences in swimming quality were observed between MOCtrl and [image: image] lampreys.
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FIGURE 8. PTPσ knockdown modestly impaired behavioral recovery from TX. (A) Semiquantitative movement recovery score: see text. Immediately after TX, lampreys were paralyzed below the injury but over the course of 4 weeks recovery coordinated swimming. However, postural deficits persisted beyond 10 weeks of injury. No differences in swimming quality were observed between MO-Ctrl and MO-PTPσ treated lampreys. (B–D) Quantitative swimming parameters assessed by AnyMaze animal tracking software during 2 min of open field swim. Deficits are observed after TX but slowly trend towards baseline over the course of 10 weeks. PTPσ KD modestly reduced recovery on Total Distance Traveled, and Latency to Immobility. However, PTPσ KD slightly outperformed controls on maximum swimming speed. Analysis was performed with two-way ANOVA. Error bars show SEM. *p < 0.05; **p < 0.01; n.s., non-significant.



To increase the sensitivity of our swimming assay, we used ANY-maze software (Stoelting) to quantify kinematic parameters including maximum speed, total distance traveled, and latency to immobility. Notably, our observation of the maximum swimming speed of approximately three body lengths seconds−1 in uninjured lampreys was consistent with previous reports (Gemmell et al., 2016). As with the semiquantitative assessment, deficits were clearly observed immediately following TX but improved over the following weeks. Interestingly, during late recovery, maximum speed approximated control levels despite persistent deficits in the righting response. Total distance traveled remained minimal after TX until 4 weeks when swimming ability returned but continued to remain below baseline for the duration of the study. Latency to immobility showed deficits before 4 weeks but afterward approximated baseline. Although modest deficits were observed in total swim distance and latency to immobility, it is clear that PTPσ knockdown did not grossly alter behavioral recovery following TX.




DISCUSSION

Contrary to our original hypothesis, knocking down lamprey PTPσ with antisense MOs reduced, rather than improved, RS axon regeneration and cell survival after TX. Indeed, beginning at 10 weeks post-TX, PTPσ knockdown significantly reduced survival of the identified RS neurons. This delay in effect is comparable to the long delay in TX-induced apoptosis previously reported among the poorly-regenerating RS neurons (Shifman et al., 2008). Typically, this injury-induced supraspinal cell death is preceded by activation of caspases, which can be detected within cell bodies as early as 2 weeks post-TX (Barreiro-Iglesias and Shifman, 2012; Hu et al., 2013). However, in the present study, exacerbated cell death following PTPσ knockdown was not accompanied by a similar increase in the activation of caspases. Although effects on swimming recovery were modest, the changes were in the same direction as the reduction in cell survival and axon regeneration. PTPσ knockdown did not induce significant changes in Akt phosphorylation in the brain or spinal cord lysates.

Although this study did not identify the mechanism by which PTPσ knockdown enhanced TX-induced cell death, the findings indicate that PTPσ does not significantly suppress RS axon regeneration in lampreys. This interpretation runs contrary to the putative role of PTPσ as an important receptor mediating the axon growth-inhibiting effects of CSPGs in mammalian SCI. However, there are a number of on-target cell-autonomous and non-autonomous mechanisms that may explain our findings, as discussed below.


PTPσ Interactions With CSPGs and HSPGs

Like SCI in mammals, lamprey TX results in “scar” formation around the lesion. In mammals, the scar is characterized by a glia limitans of reactive astrocytes surrounding a fibrotic core (Wanner et al., 2013). In lampreys, the primary feature of the lamprey scar is an enlarged central canal and realignment of glial processes from a transverse to longitudinal alignment, which bridges proximal and distal spinal stumps (Yin and Selzer, 1983; Lurie et al., 1994). In both cases, the scar is rich in growth-inhibiting CSPGs (Lander et al., 1998; McKeon et al., 1999; Stichel et al., 1999; Thon et al., 2000; Jones et al., 2002, 2003; Zhang et al., 2014). Receptors on axon tips, including the LAR-family RPTPs, PTPσ, and LAR; as well as the myelin-associated inhibitor receptors, NgR1 and NgR3, are believed interact with extracellular CSPGs to induce growth cone collapse, halting axon outgrowth (Shen et al., 2009; Fisher et al., 2011; Dickendesher et al., 2012). PTPσ and LAR generally colocalize among lamprey bad regenerator RS neurons (Zhang et al., 2014; Rodemer et al., 2015). Lamprey RS neurons also express an NgR homolog, although its distribution has yet to be well characterized (unpublished observations). Thus, it possible that any regeneration promoting effects of PTPσ KD was compensated for by other CSPG receptors.

Alternatively, HSPGs compete with CSPGs for PTPσ binding. Unlike growth-inhibitory CSPGs, HSPGs—PTPσ interactions promote neurite outgrowth, although the mechanism remains unclear. In vitro studies suggest PTPσ—HSPG interactions stabilize the receptor in tight clusters on the plasma membrane resulting in uneven distribution of intracellular phosphatase activity (Coles et al., 2011). However, other studies suggest both CSPGs and HSPGs induce clustering but that HSPGs interact with PTPσ via a secondary binding site (Katagiri et al., 2018). Regardless of the exact mechanism, HSPGs—PTPσ interactions may predominate the lamprey spinal cord resulting in PTPσ having a net pro-growth, pro-survival role after TX. Moreover, the sulphation patterns on the CSPG GAG side chains are believed to greatly influence receptor interactions. Notably, PTPσ has been shown to preferentially interact with di-sulfated CSPGs and only weakly interact with mono-sulfated CSPGs, including CS-C, the dominant CSPG species in the glial scar (Katagiri et al., 2018; Tadai et al., 2018). While CSPGs in the mammalian glial scar may contain sufficient GAG diversity to preserve PTPσ binding, CSPGs in lampreys remain largely uncharacterized. Thus, depending on sulphation patterns, it is possible that lamprey PTPσ does not strongly interact with the CSPG scar.



The Role of PTPσ in Non-neuronal Cells

Although most studies on PTPσ have focused on neuron-intrinsic effects, PTPσ is also expressed in non-neuronal cells. Reports have suggested that CSPGs antagonize neural progenitor and oligodendrocyte precursor cell survival, proliferation, and differentiation, which can be rescued by deleting PTPσ or inhibiting receptor function with peptides (Dyck et al., 2015, 2019; Zhong et al., 2019). Notably, PTPσ is also expressed within the immune system among subpopulations of dendritic cells and, in lower levels among T-cells and microglia (Bunin et al., 2015; Ohtake et al., 2017). While the lamprey immune system is unique, it includes analogs to mammalian immune components including B- and T-like cells, and microglia (Laramore et al., 2011; Hirano et al., 2013). In this study, MO-transfection in the brain was clearly limited to neurons with projections extending at least to the 5th gill. However, it was possible that the application of MO to the spinal cord stump incidentally transfected local populations, reducing PTPσ expression on those cells and, consequently, altering their response to TX. Using isolectin B4 staining, we observed a significant reduction in the number of microglial profiles present in the spinal cord at, and adjacent to the TX in PTPσ knockdown lampreys, which suggests a possible attenuated immune response to injury. However, our approach did not distinguish small microglial cell bodies from large, transversely sectioned microglial processes, so the apparent reduction in microglia number might be due to differences in the activation state of microglia, rather than to reductions in microglial proliferation or infiltration. Moreover, the question of whether this perturbation to the immune response is beneficial or detrimental to neuron survival and regeneration is not yet determined.

Interestingly, there are conflicting reports in mammals as to whether PTPσ inhibition reduces or promotes inflammation. In a mouse MOG-induced model of experimental allergic encephalomyelitis (EAE), genetic deletion of PTPσ exacerbated inflammation within the spinal cord, resulting in increased infiltration of CD4+ T-cells, activation of macrophages, and upregulation of the pro-inflammatory cytokines, which led to enhanced axon damage and worsened clinical outcome (Ohtake et al., 2017). However, in another EAE report, which utilized intraperitoneal injection of blocking peptides, PTPσ inhibition reduced inflammation and improved clinical EAE scores (Luo et al., 2018). In a rat clip-compression model of SCI, PTPσ blocking peptides shifted immune response from pro- to anti-inflammatory, including upregulation of anti-inflammatory cytokines and increased activation of “M2” microglia and T-regulatory cells (Dyck et al., 2018). In that study, while there was a shift in the microglial activation state towards M2, no change was observed in total microglia number. In the present study, although the exact significance of the reduction in microglial density associated with PTPσ knockdown has not yet been established, the findings suggest that non-autonomous processes at the site of injury may have contributed to impaired supraspinal RS neuron survival following PTPσ knockdown.



Alternative Cell-Autonomous Effects

During neural development, LAR-family RPTPs, including PTPσ, function as important organizers of excitatory synaptogenesis (Han et al., 2018; Südhof, 2018; Bomkamp et al., 2019). In vitro and biochemical studies suggest that presynaptic PTPσ forms a trans-synaptic adhesion complex with postsynaptic proteins via its Ig-like and fibronectin-type III extracellular domains. These postsynaptic proteins include NGL-3, TrkC, IL1RAPL1, IL1RAcP, Slitrk 1-6, and SALM-3 (Takahashi et al., 2011; Yoshida et al., 2011, 2012; Um et al., 2014; Li et al., 2015). Although studies with primary neuronal cultures have shown that PTPσ impairs synapse formation in vitro, evidence has been lacking in vivo (Han et al., 2018). Notably, in a recent study using an AP-tagged fusion construct in mouse brain tissue slices, PTPσ interacted directly with neurons, and binding persisted even after CSPGs and HSPGs were enzymatically digested (Yi et al., 2014). Although it remains unclear whether PTPσ deficiency impairs regenerative synaptogenesis in vivo, it is possible that this may have contributed to the neuron loss observed in our model via trophic deprivation.

Alternatively, an RNAi screen in U2OS cells has implicated PTPσ as a negative regulator of autophagy (Martin et al., 2011). In these cells, PTPσ inhibition hyperactivated both constitutive and induced autophagic pathways by relieving downregulation of phosphatidylinositol-3-phosphate (PtdIns3P), a critical lipid involved in the formation of autophagic vesicles. Although cell death was not reported in that study, it is possible that prolonged PTPσ deficiency promotes aberrant hyperactivation of autophagy pathways in vivo. Thus, non-apoptotic, autophagy-dependent mechanisms may have driven cell death following PTPσ knockdown in our model (Denton and Kumar, 2019). Obviously, further investigations will be needed to test these hypotheses.




CONCLUSION

The results from this study suggest that PTPσ is not a net negative regulator of axon regeneration in the RS neurons of lamprey. Although this result is not consistent with the putative role of PTPσ in mammal axon regeneration, it can potentially be explained by known cell-autonomous or non-autonomous mechanisms. In this report, PTPσ knockdown significantly reduced regeneration and antagonized RS neuron survival beginning between 10 and 20 weeks post-TX. This cell loss was not accompanied by enhanced caspase activation. To our knowledge, PTPσ deletion has not been previously implicated in neuron death; nor, however, has it been shown to be neuroprotective. For example, following optic nerve crush, PTPσ deletion reportedly improved axon regeneration but did not prevent retinal ganglion cell death (Sapieha et al., 2005). The lack of activated caspases and long latency suggest the possibility that enhanced supraspinal neuron death following MO-induced PTPσ knockdown resulted from non-apoptotic mechanisms.
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The adult mammalian central nervous system (CNS) has very limited regenerative capacity upon neural injuries or under degenerative conditions. In recent years, however, significant progress has been made on in vivo cell fate reprogramming for neural regeneration. Resident glial cells can be reprogrammed into neuronal progenitors and mature neurons in the CNS of adult mammals. In this review article, we briefly summarize the current knowledge on innate adult neurogenesis under pathological conditions and then focus on induced neurogenesis through cell fate reprogramming. We discuss how the reprogramming process can be regulated and raise critical issues requiring careful considerations to move the field forward. With emerging evidence, we envision that fate reprogramming-based regenerative medicine will have a great potential for treating neurological conditions such as brain injury, spinal cord injury (SCI), Alzheimer’s disease (AD), Parkinson’s disease (PD), and retinopathy.
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INTRODUCTION

A functional central nervous system (CNS) consists of both neurons and glial cells. While neurons are responsible for generating and communicating electrical and chemical signals essential for neural networks, their activities are supported and modulated by surrounding glial cells (Rasband, 2016). Both neurons and glia can be affected by pathological conditions such as neural injuries and degenerative diseases. Disruption of functional neural networks is frequently permanent and is the underlying mechanism for many pathological symptoms for which no effective therapeutics exists. An unmet challenge is how to promote neural regeneration for CNS repair after various pathological conditions.

New neurons can be generated in the adult mammalian brain through a process of neurogenesis, which is positively or negatively regulated by pathological conditions (Zhao et al., 2008). However, innate neurogenesis is temporally and spatially restricted and is generally not sufficient for functional neural repair.

In vivo neural reprogramming is emerging as a promising new strategy for regenerative medicine (Chen et al., 2015; Smith and Zhang, 2015; Li and Chen, 2016; Smith et al., 2017; Torper and Götz, 2017; Barker et al., 2018; Wang and Zhang, 2018). This strategy employs genetic and epigenetic methods to reprogram resident glial cells into neuronal progenitors and mature neurons in living animals. Unlike neurons that are frequently lost in response to pathological conditions, glial cells rather become activated and can form glial scars (Dixon, 2017; Gitler et al., 2017; Hayta and Elden, 2018). Though reactive glial cells may initially play beneficial roles, their persistent activation and scar formation are in general believed to hinder neural regeneration and may cause secondary damage to the surrounding tissues (Oyinbo, 2011; Freire, 2012; Anderson et al., 2016). In vivo fate reprogramming may turn reactive glial cells into useful neurons for damaged tissues.

Here, we will briefly review pathological regulations of innate neurogenesis and then focus on cell fate reprogramming for induced neurogenesis in the adult mammalian CNS (Figure 1).
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FIGURE 1. Innate and induced neurogenesis in the adult central nervous system. (A) Innate adult neurogenesis mainly occurs in the subgranular zone (SGZ) of the hippocampal dentate gyrus and the subventricular zone (SVZ) of the lateral ventricle. Neural stem cells in these regions generate neurons under physiological and certain pathological conditions. Neurons generated in the SGZ remain in the dentate gyrus, whereas neurons originated from SVZ migrate along the rostral migratory stream (RMS) into the olfactory bulb. (B) Induced adult neurogenesis occurs through cell fate reprogramming in multiple regions of the brain, spinal cord, and retina. Resident glial cells can be directly reprogrammed into mature neurons or progenitors. The induced progenitors can expand through proliferation and eventually give rise to mature neurons. These induced neurons may integrate into the neural networks and promote functional recovery following neural injury or degeneration.





PATHOLOGICAL MODULATION OF THE INNATE NEUROGENESIS

Decades of research showed that neurogenesis persists in restricted adult brain regions of many mammalian species: the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG; Zhao et al., 2008; Ziemka-Nałecz and Zalewska, 2012; Obernier et al., 2018). The adult neurogenesis process could be modulated by neural injuries and pathological conditions.

Traumatic brain injury (TBI) triggers rapid cell death predominantly in the cerebral cortex followed by secondary tissue loss in the hippocampus. TBI-induced changes in adult neurogenesis are well observed in rodents (Urrea et al., 2007; Wang X. et al., 2016). Such changes are further shown to be dependent on TBI severity (Wang X. et al., 2016). Both mild and moderate TBI are not sufficient to induce new neurons through neurogenesis, even though moderate TBI can promote the proliferation of innate neural stem cells. Only severe TBI can lead to enhanced neurogenesis indicated by both neural stem cell proliferation and the formation of new neurons. Very interestingly, studies of 11 human brain specimens showed that TBI induced proliferation of cells expressing markers for neural stem cells in the perilesional cortex of human brains, although whether new neurons are generated remains to be determined (Zheng et al., 2013).

Disruption of adult brain neurogenesis may represent a critical feature in many neurological diseases. Epilepsy, for example, modulates many cellular steps of adult neurogenesis including stem cell proliferation and migration and integration of newborn neurons (Jessberger and Parent, 2015). Adult neurogenesis was observed to be enhanced in the hippocampus of human patients with Alzheimer’s disease (AD) and a mouse AD model (Jin et al., 2004a,b), whereas other mouse AD models rather showed decreased hippocampal neurogenesis (Donovan et al., 2006; Zhang et al., 2007). Adult hippocampal neurogenesis is similarly dysregulated in human Parkinson’s disease (PD) and mouse models of PD (Desplats et al., 2012; Winner et al., 2012; He and Nakayama, 2015).

Unlike the brain in which the phenomenon of adult neurogenesis is well-established, the spinal cord lacks any intrinsic ability to generate new neurons in adulthood (Horner et al., 2000). Spinal cord injury (SCI) can lead to the proliferation of multiple cell types including astrocytes and NG2 glia (also known as oligodendrocyte progenitor cells). However, none of these cells has been convincingly shown to generate mature neurons in vivo (Yamamoto et al., 2001; Horky et al., 2006). SCI also induces the proliferation of ependymal cells lining the central canal. When isolated and cultured in vitro, these cells exhibit stem cell-like properties that can form neurospheres and give rise to neurons, astrocytes, and oligodendrocytes (Meletis et al., 2008). Nevertheless, only astrocytes and oligodendrocytes are produced from injury-activated ependymal cells under in vivo conditions (Barnabé-Heider et al., 2010). It should be noted that, however, such a stem cell-like role of ependymal cells was recently questioned. The data from using more stringent genetic lineage tracing mouse lines rather showed that ependymal cells in either the adult brain or spinal cord lack any properties of stem cells and rarely contribute new cells to the injury site (Ren et al., 2017; Muthusamy et al., 2018; Shah et al., 2018).



INDUCED NEUROGENESIS THROUGH FATE REPROGRAMMING IN VIVO

Because of the restricted neurogenesis in the adult brain and a lack of any neurogenesis in the adult spinal cord, new strategies are devised to promote neural regeneration under neuropathological conditions. One emerging regenerative strategy is to reprogram the cell fate in vivo for the generation of new neurons. Such in vivo reprogramming is largely driven by ectopic expression of fate-determining transcriptional regulators. Functionally mature new neurons can be generated through this approach in several regions of the adult CNS (Table 1).

TABLE 1. Induced neurogenesis in the adult central nervous system.

[image: image]


Induced Neurons After Brain Injury

Through in vivo screens of eight transcription factors (ASCL1, BRN2, KLF4, MYC, MYT1L, OCT4, SOX2, and ZFP521) and four microRNAs (miR9, miR124, miR125, and miR128), the stem cell factor SOX2 was identified to be sufficient to reprogram resident astrocytes into functional neurons in the adult mouse striatum (Niu et al., 2013). These induced neurons fire action potentials and make synaptic connections with other local neurons. Subsequent studies revealed that SOX2-mediated in vivo reprogramming passes through an expandable neural progenitor stage that is capable of generating multiple neurons from a single reprogrammed glia (Niu et al., 2015). Mechanistically, SOX2 induces the expression of transcription factors Ascl1 and Tlx, each of which is essential to the reprogramming process (Islam et al., 2015; Niu et al., 2015). In addition to astrocytes, Sox2 alone is also sufficient to convert cortical NG2 glia into neurons especially following stab wound injury (Heinrich et al., 2014).

Glial cells can also be directly converted into neurons without passing through an expandable progenitor stage in the adult brain after injury. Such reprogramming is achieved by ectopic expression of transcription factors that are shown to play key roles during normal neurogenesis. Retrovirus-mediated expression of Neurod1 can efficiently convert cortical astrocytes or NG2 glia into functional neurons after brain injury (Guo et al., 2014). Very interestingly, cortical astrocytes were mainly converted into glutamatergic neurons, while NG2 glia were reprogrammed into both glutamatergic and GABAergic neurons. On the other hand, striatal microglia was recently shown to be reprogrammed by Neurod1-expressing lentivirus into DARPP32+ medium spiny neurons (Matsuda et al., 2019). Together, these results indicate that cellular context has a great influence on the identity of the induced neurons.

Recent data further showed that the efficiency of Neurod1-mediated in vivo reprogramming of astrocytes could be significantly enhanced when Neurod1 was delivered through an AAV system (Zhang et al., 2018; Chen et al., 2020). Both endothelin1-induced ischemia cortical stroke and stab wound-induced cortical injury were shown to be nearly completely repaired. Remarkably, the regenerated neurons exhibited cortical layer-specific identities, formed functional neural circuits and rescued motor and memory deficits. Neurod1-mediated efficient neuronal conversion of astrocytes also leads to the regeneration of beneficial astrocytes, restoration of blood-brain-barriers, and reduction of neuroinflammation. Such broad and remarkable effects of Neurod1-dependent reprogramming of resident astrocytes, if confirmed, will revolutionize the therapeutic strategies for brain injuries.

Other neurogenic factors including Neurog2 and Ascl1 are also individually capable of inducing new neurons in the adult mouse brain (Grande et al., 2013; Liu et al., 2015; Gascon et al., 2016). The Neurog2-mediated in vivo reprogramming could be significantly enhanced by local exposure to growth factors or by co-expression of Bcl-2 and anti-oxidative treatments (Grande et al., 2013; Gascon et al., 2016). The latter treatments were revealed to act through inhibition of the lipid peroxidation-mediated ferroptosis pathway (Gascon et al., 2016). In addition to single factor-mediated fate reprogramming, the combination of Ascl1 with Brn2 and Myt1l through AAV-mediated expression also led to the conversion of striatal astrocytes or NG2 glia to neurons that could functionally integrate into the local circuits (Torper et al., 2013; Pereira et al., 2017). Upon stab wound injury, AAV-mediated expression of Neurog2 and Nurr1 in a Cre-dependent manner can robustly convert cortical astrocytes into functional pyramidal neurons (Mattugini et al., 2019). Remarkably, these induced pyramidal neurons exhibit cortical layer-specific identity indicated by lamina-specific marker expression and long-distance axonal projections. It will be extremely interesting to investigate whether these new cortical neurons can lead to functional improvements after TBI.

After TBI and retrovirus-mediated ectopic expression of the reprogramming OSKM factors (Oct4, Sox2, Klf4, and cMyc), cells resembling induced pluripotent stem cells (iPSCs) could be induced from reactive glial cells in the injured cortex (Gao et al., 2016). These cells extensively proliferated and spontaneously differentiated into neural stem cells and neurons. Such extensive proliferation and neural differentiation of iPSCs may be needed to fill in the cavity caused by TBI; however, tumorigenesis and simultaneous generation of non-neural cells in the brain need to be prevented for this approach to be useful for brain repair.



Induced Neurons for Alzheimer’s Disease

Because of the progressive and pleiotropic neurodegeneration observed in AD, local induction of new neurons as a therapeutic approach may be challenging for this type of neurologic disease. Nonetheless, in vivo reprogramming of reactive glial cells into neurons were attempted in mouse models of AD. Similar to acute brain injuries, AD and other neurodegenerative diseases are frequently accompanied by reactive astrocytosis. The reactive astrocytes were capable of being reprogrammed into neurons by ectopic expression of Neurod1 in the cortex of 5xFAD mice (Guo et al., 2014). Electrophysiological recordings of induced neurons in 5xFAD brain slices showed that the induced neurons were functional and made synaptic connections with surrounding neurons. Interestingly, the number of Neurod1-induced neurons was higher in aged and diseased brains than in young and healthy ones, suggesting that more reactive glial cells observed in aged and diseased brains might provide more cells for reprogramming in vivo (Guo et al., 2014). In another AD mouse model that was induced by intraventricular injection of streptozocin, miR-302/367 ectopic expression in combination with valproate treatment was reported to induce neurons from reactive astrocytes in the dentate gyrus (Ghasemi-Kasman et al., 2018). Such treatments also led to improved performance on a behavioral task measuring spatial learning and memory, implicating a new therapeutic strategy for AD patients.



Induced Neurons for Parkinson’s Disease

The cellular basis for PD is the loss of dopaminergic neurons in the midbrain. Transplantation of this type of neurons ameliorated many pathological symptoms associated with PD. This raised the possibility that new dopaminergic neurons derived from fate reprogramming in vivo may be a therapeutic alternative to cell transplantation. Several studies explored the feasibility of inducing new dopaminergic neurons in the adult mouse brains. A combination of Ascl1, Lmx1a, and Nurr1 (ALN) was shown to be sufficient to reprogram mouse fibroblasts and astrocytes into dopaminergic neurons in culture (Addis et al., 2011; Caiazzo et al., 2011). When this combination was introduced into the adult mouse striatum, however, it completely failed to induce any dopaminergic neurons from either astrocytes or NG2 glia (Torper et al., 2015). Subsequent studies further revealed that ALN or many other combinations of fate-determining factors also failed to induce dopaminergic neurons, although they could very robustly convert resident NG2 glia into interneurons in the striatum (Pereira et al., 2017).

In contrast, in a mouse PD model that was induced by 6-hydroxydopamine (6-OHDA), striatal astrocytes were reported to be directly converted into dopaminergic neurons when a cocktail of four transcription factors (Neurod1, Ascl1, Lmx1a, and miR218) was delivered into the ipsilateral striatum (Rivetti di Val Cervo et al., 2017). The in vivo induced dopaminergic neurons were excitable and ameliorated some aspects of motor deficits such as gait impairments. Using a different set of transcription factors (Ascl1, Pitx3, Lmx1a, and Nurr1) and in combination with electromagnetic gold nanoparticles (AuNPs) and the presence of specific electromagnetic fields, Yoo et al. (2017) reported that dopaminergic neurons could be converted from resident striatal astrocytes in MPTP- or 6-OHDA-induced PD mouse models. Importantly, such combinatorial treatments also alleviated locomotor deficits that were observed in these mouse PD models. Results of the above two reports showed the therapeutic potential of in vivo reprogrammed dopaminergic neurons for PD.

Taking a slightly different strategy, Niu et al. (2018) reported that functional dopaminergic neurons could also be generated in the adult mouse striatum. Unexpectedly, systematic lineage mappings in several transgenic mouse lines rather discovered that these induced dopaminergic neurons were originated from resident striatal neurons but not from any glial cells. Such phenotypic reprogramming revealed unprecedented plasticity of mature neurons and implicated an alternative strategy to rewire brain circuits in the adult. It will be interesting to determine the biological effect of such reprogrammed dopaminergic neurons in PD.



Induced Neurons After Spinal Cord Injury

Spinal cord injuries (SCI) lead to the disruption of neural circuits and the loss of propriospinal neurons. The addition of new neurons may well serve as relays that could form neural circuits for functional improvements. Ectopic expression of SOX2 induced DCX+ neuroblasts in the adult spinal cord after injury (Su et al., 2014). Lineage tracing confirmed an astrocyte origin for the induced neuroblasts. These neuroblasts could expand through proliferation and eventually become mature neurons that formed connections with spinal motor neurons. Through in vivo screens of additional 17 factors, the p53-p21 signaling pathway was identified to be critical for controlling the expansion of SOX2-induced neuroblasts in the adult spinal cord (Wang L. L. et al., 2016). Downregulation of either p53 or p21 led to a greatly increased number of SOX2-induced neuroblasts and mature neurons. The ability to expand the number of induced neurons may be therapeutically advantageous since a SCI frequently leads to the death of many propriospinal neurons. Interestingly, a majority of these SOX2-induced neurons are VGLUT2+ excitatory interneurons (Wang L. L. et al., 2016), which are in sharp contrast to those in the striatum that are mainly GABAergic interneurons (Niu et al., 2015). VGLUT2+ interneurons are essential components of the locomotor circuitry and play an important role in the proper organization of the spinal locomotor network (Borgius et al., 2014). As such, it is conceivable that the induced VGLUT2 excitatory interneurons may well be capable of forming relay circuits (Courtine et al., 2008; Abematsu et al., 2010) with ascending and descending pathways that are frequently disrupted by SCI.



Induced Neurons for Retinopathy

Müller glial cells (MGs) are the major glial cells in the retina, an integral part of the mammalian CNS that lacks any neurogenesis under both physiological and pathological conditions. Ectopic Ascl1 in young transgenic mice renders MGs to generate retinal neurons including amacrine and bipolar cells and photoreceptors after injury (Ueki et al., 2015). However, such Ascl1-mediated reprogramming of MGs is restricted to the first 2 weeks after birth. An epigenetic barrier may account for the reprogramming failure of adult MGs since the chromatin is less accessible in these cells than those young MGs (Ueki et al., 2015). Indeed, when treated with a histone deacetylase inhibitor that leads to increased histone acetylation and an open chromatin structure, ectopic Ascl1 can reprogram MGs to generate retinal neurons after retinal injury in the adult mice (Jorstad et al., 2017). Importantly, these induced neurons can make synapses with resident neurons and respond to light stimulation, indicating functional integration into the neural network. It is not clear, though, why the induce neurons are mainly bipolar cells, since lineage tracing shows that Ascl1-expressing progenitors can give rise to multiple neuronal subtypes during retinogenesis (Brzezinski et al., 2011).

Taking a two-step approach, Yao et al. (2018) show that activated MGs can be directly reprogrammed into functional rod photoreceptors in the adult mice. AAV-mediated ectopic expression of β-catenin enables the adult MGs to proliferate without prior injury (Yao et al., 2016). However, a majority of these activated MGs undergo cell death and rarely generate any new retinal neurons. Remarkably, subsequent AAV-mediated expression of Otx2, Crx, and Nrl in these activated MGs allows them to produce rod photoreceptors, which are capable of restoring visual responses in a mouse model of congenital blindness (Yao et al., 2018). It will be certainly interesting to examine whether other retinal cell types, such as retinal ganglion cells, can be similarly reprogrammed from MGs by using a different set of fate-determining factors.




THE INFLUENCE OF CELLULAR CONTEXT ON FATE REPROGRAMMING

Emerging evidence indicates that cellular contexts, such as senescence, mitochondria dynamics, and autophagy, play critical roles during the reprogramming process.


Senescence

Senescence is characterized by permanent cell cycle arrest. Cells in senescence secrete inflammatory cytokines, chemokines, and growth factors that are together referred to as the senescence-associated secretory phenotype (SASP; Childs et al., 2015). Senescence plays critical roles in tissue repair, embryonic development, as well as aging-related diseases (Loeser, 2009; Storer et al., 2013; Demaria et al., 2014). In a transgenic mouse model expressing the reprogramming OSKM factors for iPSCs, the extent of cell senescence is found to be positively correlated with the efficiency of cell reprogramming in vivo (Mosteiro et al., 2016). OSKM-induced senescent cells secrete interleukin-6, which creates a favorable microenvironment that facilitates reprogramming in adult mice. Mechanistic studies further reveal that Ink4a is critical for the induction of cell senescence and reprogramming; however, it is dispensable when p53 is removed (Mosteiro et al., 2018). Consistent with a positive role of cell senescence, the frequency of OSKM-induced reprogramming is increased in aged mice (Mosteiro et al., 2016).



Mitochondrial Dynamics

Mitochondrion plays critical roles in many cellular processes, such as metabolism, energy production, generation of reactive oxygen species (ROS), cell signaling, and apoptosis (Sarsour et al., 2009; Osellame et al., 2012). It is also emerging as a key player in cell fate determination, maintenance of pluripotency, and cell reprogramming (Folmes et al., 2012; Maryanovich and Gross, 2013; Prieto and Torres, 2017). Mitochondrial respiratory dysfunction triggered by mutant mtDNAs blocks cellular reprogramming, though it does not affect the maintenance of the pluripotent state (Yokota et al., 2015). Direct reprogramming of somatic cells to neurons induces a metabolic switch that leads to high levels of oxidative stress and ferroptosis-dependent cell death. As such, reduction of ROS through Bcl-2 ectopic expression or treatments with antioxidants potently promote neuronal reprogramming both in culture and in a mouse model of TBI (Gascon et al., 2016). On the other hand, mitochondrial fission accompanies the early phase of cell reprogramming (Prieto et al., 2016). Blocking the pro-fission factor Drp1 hinders the production of iPSCs. It should be interesting to examine whether mitochondria dynamics are associated with neural reprogramming in the adult CNS.



Autophagy

Autophagy is a cellular process that degrades cytoplasmic components and organelles by the lysosome to maintain cellular homeostasis (Mizushima and Levine, 2010). Recent in vitro and in vivo studies reveal critical roles of autophagy in the regulation of adult neurogenesis and reprogramming (Tang, 2013; Wang et al., 2015). Conditional deletion of Fip200, an essential gene for the induction of mammalian autophagy, leads to impaired autophagy, increased mitochondrial number, and elevated ROS in postnatal mouse neural stem cells. Consequently, stem cell maintenance and neuronal differentiation are severely impaired in these mice; and, such impairments can be rescued by reducing ROS levels through treatments with an antioxidant (Wang et al., 2013). Beclin1, a gene required for autophagosome formation, is similarly required for adult neurogenesis in the lateral ventricle (Yazdankhah et al., 2014). On the other hand, iPSC reprogramming requires mitochondrial clearance mediated by the AMPK-dependent but Atg5-independent autophagic process (Ma et al., 2015). It remains to be determined what roles of autophagy play during neural reprogramming in vivo.




ISSUES TO CONSIDER

Despite the recent major progresses, several key issues require considerations to move forward the field of neural reprogramming in vivo.


Cell Origin for Reprogrammed Neurons

The cell origin for the induced neurons requires thorough investigation and confirmation. Unlike in vitro reprogramming that can start from a relatively pure population of cells and the fate-switch can be directly observed under a microscope, in vivo reprogramming occurs in a very complex microenvironment consisting of multiple cell types including resident neurons. It is essential to use well-established lineage tracing methods or time-lapse imaging to follow the reprogramming process and confirm the cell origin for the induced neurons (Niu et al., 2013, 2018; Heinrich et al., 2014; Pilz et al., 2018). If the induced neurons originate from reactive and proliferative glial cells, the BrdU- or EdU-based labeling method is a simple and validated way to confirm that the induced neurons are indeed newly generated (Grande et al., 2013; Niu et al., 2013; Heinrich et al., 2014; Wang L. L. et al., 2016; Mattugini et al., 2019). Based on our years’ experiences working with lentiviruses and AAVs, it is not reliable to use the virus-based reporters as a sole tracing method for in vivo induced neurons. Despite using cell-type-specific promoters (such as the human GFAP promoter), the attached sequences (such as GFP vs. reprogramming factors) can significantly affect cell specificity, consistent with a previous report in transgenic mice (Su et al., 2004). Retroviruses, on the other hand, can induce fusion of virus-transduced microglia with resident mature neurons (Ackman et al., 2006). As such, experiments should be conducted to exclude the possibility that resident neurons are mistakenly considered as induced neurons.



Molecular and Cellular Mechanisms Underlying Neural Reprogramming in vivo

Emerging evidence indicates that multiple pathways regulate the in vivo reprogramming process. The neurogenic factor Ascl1 and the nuclear receptor Tlx are found to be essential mediators of SOX2-dependent reprogramming of astrocytes in the adult brain (Niu et al., 2015). Through a series of in vivo screens, the p53-p21 pathway was identified to function as a critical checkpoint for glial reprogramming in the adult mouse spinal cord (Wang L. L. et al., 2016). Neurog2-mediated direct neuronal reprogramming can be remarkably promoted by a cocktail of growth factors or coexpression of Bcl-2 and anti-oxidative treatments in the adult brain (Grande et al., 2013; Gascon et al., 2016). Reprogramming of microglia by Neurod1 is accompanied by changes in the epigenetic landscape, which gradually leads to loss of microglial traits and acquisition of neuronal identity (Matsuda et al., 2019). Inhibition of histone deacetylases, which promotes chromatin accessibility, is required for Ascl1 to convert adult MGs into neurons in the injured retina (Jorstad et al., 2017). With recent advancements in Omics tools, such as scRNA-seq, ChIP-seq, and ATAC-seq, more molecular details on the reprogramming process are expected to emerge shortly. Cautions should be taken, however, when extrapolating results from cell culture models, since many of them might not be reproducible under in vivo conditions. For example, both mouse fibroblasts and astrocytes can be efficiently reprogrammed into dopaminergic neurons in culture (Addis et al., 2011; Caiazzo et al., 2011). These same reprogramming factors, nonetheless, completely failed to induce any dopaminergic neurons from glial cells in the adult mouse brain (Torper et al., 2015; Pereira et al., 2017).

Intriguingly, various glial cells can be efficiently reprogrammed by diverse factors into brain region-specific neuronal subtypes. For example, a combination of Neurog2 and Nurr1 reprograms adult astrocytes into diverse neuronal subtypes with cortical layer-specificity and precise long-distance axonal projections (Mattugini et al., 2019). Such feats can be similarly accomplished by ectopic expression of Neurod1 in the adult cortex with or without prior injury (Chen et al., 2020; Liu et al., 2020). In the adult striatum, Neurod1 can efficiently reprogram both astrocytes and microglia into mature striatal neurons (Matsuda et al., 2019; Liu et al., 2020). These striatal neurons can also be converted from oligodendrocytes by microRNA-mediated knockdown of Ptbp1 (Weinberg et al., 2017). How do these different reprogramming factors generate similar or identical subtypes of neurons from reactive or non-reactive astrocytes, microglia, and oligodendrocytes? How is region-specificity established for the glia-converted neurons? Do these diverse glial cells retain brain region-specificity that potentially mediates such phenomenal fate-switch when a neurogenic factor is ectopically expressed? If so, how could they still maintain region- and subtype-specificity after brain injury? How could microglia, which is not even derived from the neural lineage, be efficiently reprogrammed into neuronal subtypes as those from astrocytes by the same reprogramming factor such as Neurod1? Since most, if not all, of the developmental cues for axon guidance, are diminished in the adult CNS, how do these newly reprogrammed neurons make precise axonal projections especially after neural injuries? Answers to these questions will provide critical insights into the cellular mechanisms for neural reprogramming in vivo.



Biological Functions of Neural Reprogramming

In vivo neural reprogramming has shown promising biological functions for stroke-induced brain injury (Chen et al., 2020), chemical-induced PD (Rivetti di Val Cervo et al., 2017; Yoo et al., 2017), and a genetic mouse model of blindness (Yao et al., 2018). If confirmed, these advancements will bring unprecedented regeneration-based therapies for many other neural injuries and neurological diseases. Nonetheless, these new neurons may not lead to the recovery of lost memories, although they may help form new ones. It remains unclear what role of newly reprogrammed neurons play during functional recovery since the reprogramming of glial cells not only produces new neurons but also alters the microenvironment. After an injury or under degenerative conditions, reactive gliosis play critical roles in modulating tissue damage and neural regeneration (Okada et al., 2006; Sofroniew, 2009; Robel et al., 2011; Karimi-Abdolrezaee and Billakanti, 2012). Of note, scar formation and secretion of chondroitin sulfate proteoglycans (CSPG) by reactive glial cells are inhibitory for functional improvement post neural injury. Attenuation of reactive gliosis or reducing CSPG activity improves post-traumatic regeneration (Wilhelmsson et al., 2004; Lang et al., 2015), whereas increasing reactive gliosis worsens brain injuries (Mori et al., 2008). As such, it will be interesting to tease out the respective contributions of new neurons and the environmental changes to functional recovery post injuries or degenerations. On the other hand, it also remains to be determined whether glia-converted neurons play any detrimental effect, since these new neurons may well lead to disruption of preexisting neural circuits or formation of abnormal ones. Rehabilitation may be needed for the new neurons to incorporate into functional neural circuits.




CONCLUDING REMARKS

In vivo neural reprogramming has achieved impressive progress, ranging from generation of diverse glia-converted neurons in multiple CNS regions to functional improvements for certain neurological conditions. Such a reprogramming-based approach may kill two birds with one stone: regeneration of functional neurons and modulation of pathological microenvironment. Nonetheless, efforts should be taken to vigorously validate the cell origin for the claimed new neurons and to tease out the molecular and cellular mechanisms underlying the reprogramming progress. The results of these efforts will lay a solid scientific foundation to move in vivo cell fate reprogramming towards neural repair.
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The mouse optic nerve crush (ONC) model has been widely used to study optic neuropathies and central nervous system (CNS) axon injury and repair. Previous histological studies of retinal ganglion cell (RGC) somata in retina and axons in ON demonstrate significant neurodegeneration after ONC, but longitudinal morphological and functional assessment of RGCs in living animals is lacking. It is essential to establish these assays to provide more clinically relevant information for early detection and monitoring the progression of CNS neurodegeneration. Here, we present in vivo data gathered by scanning laser ophthalmoscopy (SLO), optical coherence tomography (OCT), and pattern electroretinogram (PERG) at different time points after ONC in mouse eyes and corresponding histological quantification of the RGC somata and axons. Not surprisingly, direct visualization of RGCs by SLO fundus imaging correlated best with histological quantification of RGC somata and axons. Unexpectedly, OCT did not detect obvious retinal thinning until late time points (14 and 28-days post ONC) and instead detected significant retinal swelling at early time points (1–5 days post-ONC), indicating a characteristic initial retinal response to ON injury. PERG also demonstrated an early RGC functional deficit in response to ONC, before significant RGC death, suggesting that it is highly sensitive to ONC. However, the limited progression of PERG deficits diminished its usefulness as a reliable indicator of RGC degeneration.

Keywords: neurodegeneration, RGC, ON, OCT, SLO, PERG


INTRODUCTION

The retinal ganglion cell (RGC) is the only neuronal type to relay visual information from retina to the brain through the optic nerve (ON), which is formed by the projection axons sent exclusively from RGCs and conveniently separated from RGCs’ cell bodies in the inner retina. The unidirectional axon pathway in the ON is highly vulnerable to injury, which is the basis of a group of ON diseases called optic neuropathies. Progressive RGC death and ON degeneration are the common features of optic neuropathies, which are the leading cause of irreversible blindness (Levin, 1997; Burgoyne, 2011; Carelli et al., 2017; DeBusk and Moster, 2018). ON injury can be replicated definitively in a mouse by ON crush (ONC), which lesions all of the RGCs’ axons and leads to ON degeneration and retrograde RGC death (Minzenberg et al., 1995; Chierzi et al., 1999). Because of its reproducibility and precisely controlled injury site, ONC is widely used as a model of optic neuropathy (Park et al., 2008; Moore et al., 2009; Yang et al., 2014; Miao et al., 2016; Benowitz et al., 2017; Huang et al., 2017, 2019). Since optic neuropathy can also be associated with other central nervous systems (CNS) neurodegenerative diseases (Carelli et al., 2017), ONC provides a CNS neurodegeneration model that can be used for studying degenerative mechanisms and evaluating neuroprotectants and regeneration therapies.

The reason that glaucoma is called a “silent killer of vision” is that it is often diagnosed at a very late stage when neurodegeneration is already very severe. Thus, in the clinic, early detection of RGC/ON neurodegeneration and/or functional changes is critical to prevent irreversible loss of vision. Also, to evaluate neuroprotectants and regeneration therapies, we need to be able to follow RGC morphology and function longitudinally over a period to properly appreciate the effects of treatment. Postmortem histological study of mouse ONC has demonstrated severe degeneration of RGC somata in retina and axons in ON, but there has been no longitudinal morphological and functional assessment of RGCs in living animals. These unmet clinical needs motivate us to develop reliable in vivo assays in a well-controlled animal model to demonstrate practical and reliable ways to longitudinally assess RGC morphology and function. This capability will provide essential clinically relevant information for early detection and monitoring of the progression of CNS neurodegeneration.

Thinning of the retinal nerve fiber layer (RNFL) measured by optical coherence tomography (OCT) serves as a marker for optic neuropathies in the clinic (Costello et al., 2006; Balcer et al., 2015; Aktas et al., 2016), but the mouse RNFL is too thin to be reliably measured. Instead, the thickness of the retinal ganglion cell complex (GCC), including RNFL, ganglion cell layer (GCL) and inner plexiform layer (IPL), is often acquired by OCT to indicate the integrity of the RGC/ON in diverse optic neuropathy models in mouse (Nagata et al., 2009; Guo et al., 2010; Nakano et al., 2011; Kumar et al., 2019; Zhang et al., 2019a,b). Despite the usefulness of OCT traverse images of the retina, direct visualization of RGCs would be more informative. Although not yet feasible in the clinic, scanning laser ophthalmoscope (SLO) can readily image live transgenic mice with fluorescence-labeled RGCs (Leung et al., 2011; Chauhan et al., 2012; Smith and Chauhan, 2015). And the pattern electroretinogram (PERG) offers an electrophysiological assessment of RGCs in living animals (Chou and Porciatti, 2012; Chou et al., 2014; Porciatti, 2015).

Here, we report time course studies of RGC morphology and function after ONC by SLO, OCT, and PERG. Not surprisingly, direct visualization of RGCs by SLO fundus imaging is the procedure that correlates best with the histological quantification of RGC somata and axons. OCT finds retinal swelling in the first 5 days post-ONC and thinning at late time points. PERG is very sensitive to ONC, demonstrating a significant deficit 1-day post-ONC but fails to reveal progressive impairments after the initial response.



MATERIALS AND METHODS


Mice

C57BL/6J WT mice were purchased from Jackson Laboratories (Bar Harbor, MI, USA). Thy1-YFP-17 transgenic mice were originally generated by Drs. Guoping Feng and Josh Sanes (Feng et al., 2000) and were acquired from Dr. Zhigang He (Sun et al., 2011; Belin et al., 2015). For all surgical and treatment comparisons, control and treatment groups were prepared together in single cohorts, and the experiment repeated at least twice. All experimental procedures were performed in compliance with animal protocols approved by the IACUC at Stanford University School of Medicine.



ON Crush

ON crush was performed 2 weeks following AAV injection (Yang et al., 2014; Miao et al., 2016): the ON was exposed intraorbitally while care was taken not to damage the underlying ophthalmic artery and crushed with a jeweler’s forceps (Dumont #5; Fine Science Tools, Foster City, CA, USA) for 5 s approximately 0.5 mm behind the eyeball. Eye ointment containing neomycin (Akorn, Somerset, New Jersey, NJ, USA) was applied to protect the cornea after surgery.



Immunohistochemistry of Whole-Mount Retina and RGC Counting

After transcardiac perfusion with 4% PFA in PBS, the eyes were removed, post-fixed with 4% PFA for 2 h, at room temperature, and cryoprotected in 30% sucrose overnight. Retinas were dissected out and washed extensively in PBS before blocking in staining buffer (10% normal goat serum and 2% Triton X-100 in PBS) for 30 min. RBPMS guinea pig antibody was custom made by ProSci Inc (Poway, CA, USA) and used at 1:4,000 as described before (Zhang et al., 2019b). Floating retinas were incubated with primary antibodies overnight at 4°C and washed three times for 30 min each with PBS. Secondary antibodies (Cy3) were then applied (1:200–400; Jackson ImmunoResearch, West Grove, PA, USA) and incubated for 1 h at room temperature. Retinas were again washed three times for 30 min each with PBS before a coverslip was attached with Fluoromount-G (SouthernBiotech, Birmingham, Alabama). RGC were counted, 6–9 fields randomly sampled from peripheral regions of each retina using a 40× lens and a Zeiss M2 epifluorescence microscope, and RBPMS+ RGCs were counted by Volocity software (Quorum Technologies Inc., Puslinch, ON, Canada). The percentage of RGC survival was calculated as the ratio of surviving RGC numbers in injured eyes compared to contralateral uninjured eyes. The investigators who counted the cells were blinded to the treatment of the samples.



ON Semi-thin Sections and Quantification of Surviving Axons

The detailed procedure has been described previously (Zhang et al., 2019b). Briefly, transverse semi-thin (1 μm) sections of ON were cut on an ultramicrotome (EM UC7, Leica, Wetzlar, Germany) and collected 2 mm distal to the eye (about 1.5 mm distal to the crushed site). The semi-thin sections were stained with 1% para-phenylenediamine (PPD) in methanol: isopropanol (1:1). Four sections of each ON were imaged through a 100× lens of a Zeiss M2 epifluorescence microscope to cover the entire area of the ON without overlap. Two areas of 21.4 μm × 29.1 μm were cropped from the center of each image, and the surviving axons within the designated areas were counted manually. After counting all the images taken from a single nerve, the mean of the surviving axon number was calculated for each ON. The mean of the surviving axon number in the injured ON was compared to that in the contralateral control ON to yield a percentage of axon survival value. The investigators who counted the axons were masked to the treatment of the samples.



Scanning Laser Ophthalmoscopy (SLO) Fundus Imaging and Quantification

After the pupil was fully dilated, the mouse retina was imaged by the SLO (Heidelberg Engineering GmbH, Heidelberg, Germany) at different time points under the same sensitivity (sensitivity 70), high-resolution mode (1,536 × 1,536 pixels) and 30 frames average with 480 nm excitation laser, 55° noncontact lens and the customized +10D contact lens (3.0 mm diameter, 1.6 mm BC, PMMA clear, Advanced Vision Technologies). The focal point position to the ON head, imaging area, and mouse position was fixed for every animal for reliable comparison. After ONC, the blue laser may cause the fully dilated pupil to contract during imaging, which will cause the fluorescence intensity to be lower than it actually is. Waiting a longer time to permit full pupil dilation will allow the best fundus fluorescence image to be acquired. The fluorescence intensity to radius measurement with the center at the optic disc was performed by ImageJ and the Concentric Circles Plugin as described (Wassmer et al., 2017). The summarized fluorescence intensity of each cycle to the radius was treated as an individual fluorescence intensity. The statistical analysis of the time course was based on the ratio of the ONC/naive eye.



Spectral-Domain Optical Coherence Tomography (SD-OCT) Imaging

After the mice were anesthetized, pupils were dilated by applying 1% tropicamide sterile ophthalmic solution (Akorn, Somerset, NJ, USA), and the customized +10D contact lens applied to the dilated pupil. The retina fundus images were captured with the Heidelberg Spectralis SLO/OCT system (Heidelberg Engineering GmbH, Heidelberg, Germany) equipped with an 870 nm infrared wavelength light source and a 30° lens (Heidelberg Engineering). The OCT scanner has 7 μm optical axial resolution, 3.5 μm digital resolution, and 1.8 mm scan depth at a 40 kHz scan rate. The mouse retina was scanned with the ring scan mode centered by the ON head at 100 frames average under high-resolution mode (each B-scan consisted of 1536 A-scans). The GCC includes RNFL, GCL and IPL. The average thickness of GCC around the ON head was measured manually with the aid of Heidelberg software. The mean of the GCC thickness in the injured retina was compared to that in the contralateral control retina to yield a percentage of GCC thickness value. The investigators who measured the thickness of GCC were blinded to the treatment of the samples.



Pattern Electroretinogram (PERG) Recording

Mice were anesthetized by xylazine and ketamine based on their body weight (0.01 mg xylazine/g + 0.08 mg ketamine/g). PERG recording of both eyes was performed at the same time with the Miami PERG system (Intelligent Hearing Systems, Miami, FL, USA) according to a published protocol (Chou et al., 2014). Briefly, mice were placed on a feedback-controlled heating pad (TCAT-2LV, Physitemp Instruments Inc., Clifton, NJ, USA) to maintain animal core temperature at 37°C. A small lubricant eye drop (Systane) was applied before recording to prevent corneal dryness. The reference electrode was placed subcutaneously on the back of the head between the two ears and the ground electrode was placed at the root of the tail. The active steel needle electrode was placed subcutaneously on the snout for the simultaneous acquisition of left and right eye responses. Two 14 cm × 14 cm LED-based stimulators were placed in front so that the center of each screen was 10 cm from each eye. The pattern remained at a contrast of 85% and a luminance of 800 cd/m2, and consisted of four cycles of black-gray elements, with a spatial frequency of 0.052 c/d. Upon stimulation, the independent PERG signals were recorded from the snout and simultaneously by asynchronous binocular acquisition. With each trace recording up to 1,020 ms, two consecutive recordings of 200 traces were averaged to achieve one readout. The first positive peak in the waveform was designated as P1 and the second negative peak as N2. P1 was typically around 100 ms. The amplitude was measured from P1 to N2. The mean of the P1-N2 amplitude in the injured eye was compared to that in the contralateral control eye to yield a percentage of amplitude change. The investigators who measured the amplitudes were blinded to the treatment of the samples.



Statistical Analyses

GraphPad Prism 6 was used to generate graphs and for statistical analyses. Data are presented as means ± SEM. One-way ANOVA with a post hoc test was used for multiple comparisons.




RESULTS


Postmortem Histology Shows Progressive RGC Death and ON Degeneration After ONC

To determine the progression of RGC soma and axon degeneration after ONC, we first performed a postmortem histological time-course study. Eight groups of mature mice underwent ONC and were sacrificed at 1, 3, 5, 7, 14, 28, 42 or 56 days post crush (dpc). We counted RGC somata labeled with RBPMS in wholemount retinas and RGC axons labeled with PPD in semithin ON cross-sections (Figure 1A): compared to contralateral naïve eyes, about 95%, 80%, 53%, 34%, 15%, 8%, 9% and 8% RGCs survived and 91%, 62%, 42%, 33%, 23%, 13%, 12% and 11% ON axon survived at 1, 3, 5, 7, 14, 28, 42 and 56 dpc (Figures 1A–C). RGC axons exhibited minimal but significant loss at 1 dpc, whereas RGC somata numbers at 1 dpc did not significantly differ from those in contralateral naïve eyes, indicating that the axon degeneration preceded soma degeneration. No significant RGC soma or axon degeneration occurred after 28 dpc. We can only confidently quantify RGCs in the peripheral retina, where RGC density is significantly lower than in central retina, although the peripheral RGC survival should represent the whole retina. In contrast, when quantifying ON cross-section, we examined the whole area of ON. In summary, ONC induces progressive RGC and axon loss in the first 4 weeks and no additional degeneration thereafter. Thus we focus on the first 28 days post crush in the following experiments.
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FIGURE 1. Histological study of progressive retinal ganglion cell (RGC) and ON degeneration after optic nerve crush (ONC). (A) Upper panel, confocal images of peripheral flat-mounted retinas showing surviving RBPMS positive (red) RGCs at different time points after ONC. Scale bar, 20 μm. Lower panel, light microscope images of semi-thin transverse sections of ON with para-phenylenediamine (PPD) staining. Scale bar, 10 μm. (B,C) Quantification of surviving RGCs (n = 6–10) and surviving axons in ON (n = 6) at different time points after ONC, represented as a percentage of ONC eyes compared to the contralateral naive eyes. Data are presented as means ± SEM *P < 0.05, ****P < 0.0001; one-way ANOVA with Tukey’s multiple comparisons test.





In vivo Longitudinal SLO Retinal Imaging Shows Progressive RGC Loss, Correlating With Postmortem Histological Studies

We used SLO to take retinal fluorescent fundus images of the same group of Thy1-YFP-17 mice, a transgenic mouse line labeling RGCs with YFP (Sun et al., 2011; Belin et al., 2015), at the same time points after ONC as the postmortem histological studies. SLO fundus images consistently demonstrated progressive total YFP signal loss, but ONC did not change the fluorescence intensities of the surviving RGCs (Figure 2A), indicating progressive RGC death. About 94%, 64%, 55%, 45%, 29% and 14% of RGCs survived at 1, 3, 5, 7, 14 and 28 dpc (Figures 2A,B). The decay curve based on fluorescence intensity was very similar to that of the RGC death curve acquired from the histological study (Figure 2C), confirming that SLO RGC imaging is a valid way to monitor RGC degeneration longitudinally.
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FIGURE 2. In vivo scanning laser ophthalmoscopy (SLO) fundus images showing progressive RGC lost after ONC. (A) Live SLO retina fundus images and enlarged SLO images of the same area showing YFP positive RGCs at different time points after ONC. Scale bar, 20 μm in the middle panel; 100 μm in the bottom panel. (B) Quantification of YFP fluorescence intensities at different time points after ONC, represented as a percentage of ONC eyes compared to the contralateral naive eyes (CL). Data are presented as means ± SEM, n = 5–7. ns: no significance, **p < 0.01, ****p < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. (C) The nonlinear regression decay curve fit of RGC fluorescence intensity acquired by SLO and RGC death quantification over the ONC time course from Figure 1B.





GCC Thickness as a Surrogate Marker for RGC Degeneration in Live Mice

GCC thickness measured by OCT is often used as a morphological readout of dynamic RGC changes (Nakano et al., 2011; Zhang et al., 2019b). To monitor the progression of neurodegeneration in vivo, the changes of GCC thickness were acquired at different time points after ONC: Interestingly, the initial response of the retina to ONC was an increase in GCC thickness to 110% at 1 dpc and 3 dpc followed by a return to normal thickness at 5 dpc and 7 dpc (Figures 3A,B). Significant decreases of GCC thickness were only detected at 14 dpc (82%) and 28 dpc (75%; Figures 3A,B). Early retinal swelling in response to ONC may mask degeneration and compromise the usefulness of GCC thickness as a readout for RGC degeneration. However, the correlation between GCC thickness and RGC survival was significant at 14 and 28 dpc (Figure 3C), suggesting that GCC thickness monitored by OCT is a valid biomarker for late stages of RGC degeneration.
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FIGURE 3. The dynamic change in ganglion cell complex (GCC) thickness detected by optical coherence tomography (OCT) in live mice after ONC. (A) Representative OCT images of mouse retina at different time points after ONC. The green circle indicates the OCT scan area surrounding the ON head; the red dashed box indicates the zoomed-in area shown in the right panel. GCC: ganglion cell complex, including retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), and inner plexiform layer (IPL) layers; indicated as double-end arrows. (B) Quantification of GCC thickness, represented as a percentage of GCC thickness in the ONC eyes, compared to the contralateral naive eyes (CL). n = 8–25. Data are presented as means ± SEM, ns: no significance, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. (C) Correlation analysis of RGC survival and GCC thickness at 14 and 28 dpc.





PERG Is Sensitive to ONC Initially but Unresponsive to Further RGC Degeneration Until the Late Stages

We measure PERG at the same time in both eyes (Chou et al., 2014) to normalize the injured eye with the contralateral control eye and minimize the variation inherent in electrophysiological recordings in live animals. The P1-N2 amplitude of the PERG decreased dramatically to 54% at 1 dpc (Figures 4A,B), indicating that PERG is very sensitive to ONC injury. However, the P1-N2 amplitude remained stable thereafter at 3, 5, and 7 dpc, and did not decrease further until a very late stage, when it became 28% at 14 dpc and 20% at 28 dpc (Figure 4B). The correlation between P1-N2 amplitude and RGC survival was very poor (Figure 4C).
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FIGURE 4. PERG is insensitive to RGC death in live animals after ONC. (A) Representative waveforms of PERG in the contralateral naive eyes (Naive, red lines) and the ONC eyes (ONC, black lines) at different time points after ONC. P1: the first positive peak after the pattern stimulus; N2: the second negative peak after the pattern stimulus. (B) Quantification of P1-N2 amplitude, represented as percentage of P1-N2 amplitude in the ONC eyes, compared to the contralateral naive eyes. n = 11. Data are presented as means ± SEM, ****p < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. (C) Correlation analysis of RGC survival and PERG amplitude at 14 and 28 dpc.






DISCUSSION


Direct RGC Visualization and GCC Thickness Are Reliable Biomarkers of RGC Neurodegeneration

Consistent with previous studies (Leung et al., 2011; Chauhan et al., 2012; Smith and Chauhan, 2015), we found that the retinal fundus imaging acquired by SLO can visualize and quantify the fluorescence-labeled RGCs directly; the quantification correlates highly with RGC death after ONC. Unfortunately, there is still no specific, safe way to fluorescently label RGCs in humans, which hinders the clinical application of this biomarker. Advancing imaging techniques to allow RGC visualization without fluorescent labeling or developing a non-toxic way to precisely label RGCs with fluorescence would help to solve this issue. RNFL thinning has been used in the clinic to indicate neurodegeneration in optic neuropathies. The GCC thinning that we observed at later time points after ONC reflects RGC degeneration and can serve as a biomarker for the ON injury-induced neurodegeneration. The dynamic changes in GCC thickness that we found in mouse retina after ONC, especially the early retinal swelling, are characteristic of diverse RGC/ON injuries; early GCC thickening has also been reported in mouse eyes after NMDA-induced RGC damage (Ohno et al., 2013) and in both mouse and human eyes with anterior ischemic optic neuropathy (Ho et al., 2013; Kupersmith et al., 2016). Monitoring these dynamic changes may provide a valuable biomarker for determining the retinal response to ON insult and neural repair treatment.



The Need for a Reliable Functional Readout of RGC Status After ON Injury

PERG has been demonstrated to provide a useful electrophysiological assessment of RGC function in experimental animals (Chou and Porciatti, 2012; Chou et al., 2014; Porciatti, 2015) and has been applied to evaluate the effect of treatment in patients with optic neuropathy (Feuer et al., 2016; Guy et al., 2017). We therefore used PERG to monitor RGC function longitudinally after ONC. However, PERG deficits did not correlate with the progression of RGC/ON degeneration. Although there is no RGC death at 1 dpc, the P1-N2 amplitude of PERG has already decreased to 54%. A similar PERG response to ONC has been reported before (Chou et al., 2013), which suggests that a normal PERG requires uninterrupted retrograde ON signaling. We also found that the decreased PERG amplitude remained unchanged for at least 7 days after ONC, despite significant RGC death during this period. Therefore, our results indicate that the PERG is not a useful indicator of RGC degeneration and that it cannot serve to monitor RGC function longitudinally after ON injury or diseases. A more reliable, sensitive and non-invasive RGC functional readout is still needed to assess RGC status in vivo.

In summary, our study suggests that direct visualization of RGCs and retinal thickness are useful biomarkers for longitudinally monitoring neurodegeneration in optic neuropathies, whereas the challenge remains to develop a better RGC functional readout than PERG.




DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee (IACUC), Stanford University.



AUTHOR CONTRIBUTIONS

YH, LLi, and HH designed the experiments. LLi, HH, LLiu, and FF performed the experiments and analyzed the data. YH, LLi, HH, and YS prepared the manuscript.



FUNDING

YH is supported by National Institutes of Health (NIH) grants (National Eye Institute) EY024932, EY023295, and EY028106 and grants from Glaucoma Research Foundation (Catalyst for a Cure Research Consortium-3; CFC3), BrightFocus Foundation, and RPB William and Mary Greve Special Scholar Award. Portions of this work were supported by NIH grants EY-25295, K08-EY022058, and grants VA CX001298, Ziegler Foundation for the Blind to YS, who is a Stanford Child Health Research Institute Laurie Kraus Lacob Faculty Scholar. We are grateful for an unrestricted grant from Research to Prevent Blindness and NEI P30-026877 to the Department of Ophthalmology.



ACKNOWLEDGMENTS

We thank M. Ali Shariati and Kenny Cheong for Heidelberg SD-OCT and SLO training.



REFERENCES

Aktas, O., Albrecht, P., and Hartung, H. P. (2016). Optic neuritis as a phase 2 paradigm for neuroprotection therapies of multiple sclerosis: update on current trials and perspectives. Curr. Opin. Neurol. 29, 199–204. doi: 10.1097/wco.0000000000000327

Balcer, L. J., Miller, D. H., Reingold, S. C., and Cohen, J. A. (2015). Vision and vision-related outcome measures in multiple sclerosis. Brain 138, 11–27. doi: 10.1093/brain/awu335

Belin, S., Nawabi, H., Wang, C., Tang, S., Latremoliere, A., Warren, P., et al. (2015). Injury-induced decline of intrinsic regenerative ability revealed by quantitative proteomics. Neuron 86, 1000–1014. doi: 10.1016/j.neuron.2015.03.060

Benowitz, L. I., He, Z., and Goldberg, J. L. (2017). Reaching the brain: advances in optic nerve regeneration. Exp. Neurol. 287, 365–373. doi: 10.1016/j.expneurol.2015.12.015

Burgoyne, C. F. (2011). A biomechanical paradigm for axonal insult within the optic nerve head in aging and glaucoma. Exp. Eye Res. 93, 120–132. doi: 10.1016/j.exer.2010.09.005

Carelli, V., La Morgia, C., Ross-Cisneros, F. N., and Sadun, A. A. (2017). Optic neuropathies: the tip of the neurodegeneration iceberg. Hum. Mol. Genet. 26, R139–R150. doi: 10.1093/hmg/ddx273

Chauhan, B. C., Stevens, K. T., Levesque, J. M., Nuschke, A. C., Sharpe, G. P., O’Leary, N., et al. (2012). Longitudinal in vivo imaging of retinal ganglion cells and retinal thickness changes following optic nerve injury in mice. PLoS One 7:e40352. doi: 10.1371/journal.pone.0040352

Chierzi, S., Strettoi, E., Cenni, M. C., and Maffei, L. (1999). Optic nerve crush: axonal responses in wild-type and bcl-2 transgenic mice. J. Neurosci. 19, 8367–8376. doi: 10.1523/JNEUROSCI.19-19-08367.1999

Chou, T. H., Bohorquez, J., Toft-Nielsen, J., Ozdamar, O., and Porciatti, V. (2014). Robust mouse pattern electroretinograms derived simultaneously from each eye using a common snout electrode. Invest. Ophthalmol. Vis. Sci. 55, 2469–2475. doi: 10.1167/iovs.14-13943

Chou, T. H., Park, K. K., Luo, X., and Porciatti, V. (2013). Retrograde signaling in the optic nerve is necessary for electrical responsiveness of retinal ganglion cells. Invest. Ophthalmol. Vis. Sci. 54, 1236–1243. doi: 10.1167/iovs.12-11188

Chou, T. H., and Porciatti, V. (2012). The bioelectric field of the pattern electroretinogram in the mouse. Invest. Ophthalmol. Vis. Sci. 53, 8086–8092. doi: 10.1167/iovs.12-10720

Costello, F., Coupland, S., Hodge, W., Lorello, G. R., Koroluk, J., Pan, Y. I., et al. (2006). Quantifying axonal loss after optic neuritis with optical coherence tomography. Ann. Neurol. 59, 963–969. doi: 10.1002/ana.20851

DeBusk, A., and Moster, M. L. (2018). Gene therapy in optic nerve disease. Curr. Opin. Ophthalmol. 29, 234–238. doi: 10.1097/icu.0000000000000473

Feng, G., Mellor, R. H., Bernstein, M., Keller-Peck, C., Nguyen, Q. T., Wallace, M., et al. (2000). Imaging neuronal subsets in transgenic mice expressing multiple spectral variants of GFP. Neuron 28, 41–51. doi: 10.1016/s0896-6273(00)00084-2

Feuer, W. J., Schiffman, J. C., Davis, J. L., Porciatti, V., Gonzalez, P., Koilkonda, R. D., et al. (2016). Gene therapy for leber hereditary optic neuropathy: initial results. Ophthalmology 123, 558–570. doi: 10.1016/j.ophtha.2015.10.025

Guo, L., Normando, E. M., Nizari, S., Lara, D., and Cordeiro, M. F. (2010). Tracking longitudinal retinal changes in experimental ocular hypertension using the cSLO and spectral domain-OCT. Invest. Ophthalmol. Vis. Sci. 51, 6504–6513. doi: 10.1167/iovs.10-5551

Guy, J., Feuer, W. J., Davis, J. L., Porciatti, V., Gonzalez, P. J., Koilkonda, R. D., et al. (2017). Gene therapy for leber hereditary optic neuropathy: low- and medium-dose visual results. Ophthalmology 124, 1621–1634. doi: 10.1016/j.ophtha.2017.05.016

Ho, J. K., Stanford, M. P., Shariati, M. A., Dalal, R., and Liao, Y. J. (2013). Optical coherence tomography study of experimental anterior ischemic optic neuropathy and histologic confirmation. Invest. Ophthalmol. Vis. Sci. 54, 5981–5988. doi: 10.1167/iovs.13-12419

Huang, H., Miao, L., Liang, F., Liu, X., Xu, L., Teng, X., et al. (2017). Neuroprotection by eIF2α-CHOP inhibition and XBP-1 activation in EAE/optic neuritiss. Cell Death Dis. 8:e2936. doi: 10.1038/cddis.2017.329

Huang, H., Miao, L., Yang, L., Liang, F., Wang, Q., Zhuang, P., et al. (2019). AKT-dependent and -independent pathways mediate PTEN deletion-induced CNS axon regeneration. Cell Death Dis. 10:203. doi: 10.1038/s41419-018-1289-z

Kumar, V., Mesentier-Louro, L. A., Oh, A. J., Heng, K., Shariati, M. A., Huang, H., et al. (2019). Increased ER stress after experimental ischemic optic neuropathy and improved RGC and oligodendrocyte survival after treatment with chemical chaperon. Invest. Ophthalmol. Vis. Sci. 60, 1953–1966. doi: 10.1167/iovs.18-24890

Kupersmith, M. J., Garvin, M. K., Wang, J. K., Durbin, M., and Kardon, R. (2016). Retinal ganglion cell layer thinning within one month of presentation for non-arteritic anterior ischemic optic neuropathy. Invest. Ophthalmol. Vis. Sci. 57, 3588–3593. doi: 10.1167/iovs.15-18736

Leung, C. K., Weinreb, R. N., Li, Z. W., Liu, S., Lindsey, J. D., Choi, N., et al. (2011). Long-term in vivo imaging and measurement of dendritic shrinkage of retinal ganglion cells. Invest. Ophthalmol. Vis. Sci. 52, 1539–1547. doi: 10.1167/iovs.10-6012

Levin, L. A. (1997). Mechanisms of optic neuropathy. Curr. Opin. Ophthalmol. 8, 9–15. doi: 10.1097/00055735-199712000-00003

Miao, L., Yang, L., Huang, H., Liang, F., Ling, C., and Hu, Y. (2016). mTORC1 is necessary but mTORC2 and GSK3β are inhibitory for AKT3-induced axon regeneration in the central nervous system. Elife 5:e14908. doi: 10.7554/eLife.14908

Minzenberg, M., Berkelaar, M., Bray, G., and McKerracher, L. (1995). Changes in retinal ganglion cell axons after optic nerve crush: neurofilament expression is not the sole determinant of calibre. Biochem. Cell Biol. 73, 599–604. doi: 10.1139/o95-065

Moore, D. L., Blackmore, M. G., Hu, Y., Kaestner, K. H., Bixby, J. L., Lemmon, V. P., et al. (2009). KLF family members regulate intrinsic axon regeneration ability. Science 326, 298–301. doi: 10.1126/science.1175737

Nagata, A., Higashide, T., Ohkubo, S., Takeda, H., and Sugiyama, K. (2009). in vivo quantitative evaluation of the rat retinal nerve fiber layer with optical coherence tomography. Invest. Ophthalmol. Vis. Sci. 50, 2809–2815. doi: 10.1167/iovs.08-2764

Nakano, N., Ikeda, H. O., Hangai, M., Muraoka, Y., Toda, Y., Kakizuka, A., et al. (2011). Longitudinal and simultaneous imaging of retinal ganglion cells and inner retinal layers in a mouse model of glaucoma induced by N-methyl-D-aspartate. Invest. Ophthalmol. Vis. Sci. 52, 8754–8762. doi: 10.1167/iovs.10-6654

Ohno, Y., Makita, S., Shimazawa, M., Tsuruma, K., Yasuno, Y., and Hara, H. (2013). Thickness mapping of the inner retina by spectral-domain optical coherence tomography in an N-methyl-D-aspartate-induced retinal damage model. Exp. Eye Res. 113, 19–25. doi: 10.1016/j.exer.2013.05.009

Park, K. K., Liu, K., Hu, Y., Smith, P. D., Wang, C., Cai, B., et al. (2008). Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway. Science 322, 963–966. doi: 10.1126/science.1161566

Porciatti, V. (2015). Electrophysiological assessment of retinal ganglion cell function. Exp. Eye Res. 141, 164–170. doi: 10.1016/j.exer.2015.05.008

Smith, C. A., and Chauhan, B. C. (2015). Imaging retinal ganglion cells: enabling experimental technology for clinical application. Prog. Retin. Eye Res. 44, 1–14. doi: 10.1016/j.preteyeres.2014.10.003

Sun, F., Park, K. K., Belin, S., Wang, D., Lu, T., Chen, G., et al. (2011). Sustained axon regeneration induced by co-deletion of PTEN and SOCS3. Nature 480, 372–375. doi: 10.1038/nature10594

Wassmer, S. J., Carvalho, L. S., György, B., Vandenberghe, L. H., and Maguire, C. A. (2017). Exosome-associated AAV2 vector mediates robust gene delivery into the murine retina upon intravitreal injection. Sci. Rep. 7:45329. doi: 10.1038/srep45329

Yang, L., Miao, L., Liang, F., Huang, H., Teng, X., Li, S., et al. (2014). The mTORC1 effectors S6K1 and 4E-BP play different roles in CNS axon regeneration. Nat. Commun. 5:5416. doi: 10.1038/ncomms6416

Zhang, J., Fang, F., Li, L., Huang, H., Webber, H. C., Sun, Y., et al. (2019a). A reversible silicon oil-induced ocular hypertension model in mice. J. Vis. Exp. 153:e60409. doi: 10.3791/60409

Zhang, J., Li, L., Huang, H., Fang, F., Webber, H. C., Zhuang, P., et al. (2019b). Silicone oil-induced ocular hypertension and glaucomatous neurodegeneration in mouse. Elife 8:e45881. doi: 10.7554/eLife.45881

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 © 2020 Li, Huang, Fang, Liu, Sun and Hu. 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.












	
	MINI REVIEW
published: 14 May 2020
doi: 10.3389/fncel.2020.00119





[image: image2]

Strategies to Promote Long-Distance Optic Nerve Regeneration

Shu-Guang Yang1,2, Chang-Ping Li1, Xue-Qi Peng1, Zhao-Qian Teng1, Chang-Mei Liu1* and Feng-Quan Zhou2,3*


1State Key Laboratory of Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing, China

2Department of Orthopaedic Surgery, The Johns Hopkins University School of Medicine, Baltimore, MD, United States

3The Solomon H. Snyder Department of Neuroscience, The Johns Hopkins University School of Medicine, Baltimore, MD, United States

Edited by:
Junfang Wu, University of Maryland, Baltimore, United States

Reviewed by:
Yuanyuan Liu, National Institute of Dental and Craniofacial Research (NIDCR), United States
Kai Liu, Hong Kong University of Science and Technology, China

* Correspondence: Chang-Mei Liu, liuchm@ioz.ac.cn
 Feng-Quan Zhou, fzhou4@jhmi.edu

Specialty section: This article was submitted to Cellular Neuropathology, a section of the journal Frontiers in Cellular Neuroscience

Received: 25 February 2020
 Accepted: 14 April 2020
 Published: 14 May 2020

Citation: Yang S-G, Li C-P, Peng X-Q, Teng Z-Q, Liu C-M and Zhou F-Q (2020) Strategies to Promote Long-Distance Optic Nerve Regeneration. Front. Cell. Neurosci. 14:119. doi: 10.3389/fncel.2020.00119



Mammalian retinal ganglion cells (RGCs) in the central nervous system (CNS) often die after optic nerve injury and surviving RGCs fail to regenerate their axons, eventually resulting in irreversible vision loss. Manipulation of a diverse group of genes can significantly boost optic nerve regeneration of mature RGCs by reactivating developmental-like growth programs or suppressing growth inhibitory pathways. By injury of the vision pathway near their brain targets, a few studies have shown that regenerated RGC axons could form functional synapses with targeted neurons but exhibited poor neural conduction or partial functional recovery. Therefore, the functional restoration of eye-to-brain pathways remains a greatly challenging issue. Here, we review recent advances in long-distance optic nerve regeneration and the subsequent reconnecting to central targets. By summarizing our current strategies for promoting functional recovery, we hope to provide potential insights into future exploration in vision reformation after neural injuries.
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INTRODUCTION

Retinal ganglion cells (RGCs) relay visual related information from the eye to the brain through their axons, which collectively form the optic nerve (Laha et al., 2017). Optic nerve injuries induced by trauma, glaucoma or neurodegenerative diseases often result in loss of visual functions and eventually blindness. Strategies promoting RGC survival and optic nerve regeneration are actively pursued to repair neural injury and restore visual function. As central nervous system (CNS) neurons, mature RGCs have greatly reduced intrinsic capacity to regenerate their axons after traumatic injuries or neurodegeneration, eventually leading to loss of vision (Chun and Cestari, 2017; Laha et al., 2017). Also, contrary to neurons in the peripheral nervous system (PNS), various extrinsic inhibitory molecules act to limit axon regeneration in the CNS, including the spinal cord and optic nerves (Geoffroy and Zheng, 2014). Previous studies showed that removing extracellular inhibitory factors, such as Nogo and its receptors, could induce mild optic nerve regeneration (Fischer et al., 2004; Su et al., 2008, 2009; Dickendesher et al., 2012). In contrast, deleting phosphatase and tensin homolog (Pten) in RGCs, which boosted the intrinsic axon regeneration capacity, promoted robust optic nerve regeneration, indicating promising new avenues for enhancing CNS axon regeneration (Park et al., 2008). During the past decade, manipulation of several genes in RGCs has been shown to significantly boost the intrinsic axon regeneration capacity of mature RGCs, such as Klf4/9 (Moore et al., 2009; Apara et al., 2017), Socs3 (Smith et al., 2009), B-RAF (O’Donovan et al., 2014), c-myc (Belin et al., 2015), GSK3β (Guo et al., 2016; Miao et al., 2016), Lin28 (Wang et al., 2018), and P53 (Ma et al., 2019). Although, these genes have been shown to regulate optic nerve regeneration, almost none of them alone could be manipulated to induce long-distance axon regrowth in vivo. To solve this problem, combinatorial strategies have been tried to extend the lengths of regenerative axons. Indeed, the synergistic or additive effects of multiple independent pathways on RGC axon regeneration were more dramatic and sustainable, such as Zymosan/cAMP/Pten-deletion (Kurimoto et al., 2010), CNTF/Pten-deletion/Socs3-deletion (Sun et al., 2011), c-Myc/CNTF/Pten-deletion/Socs3-deletion (Belin et al., 2015), and Lin28/Pten-deletion (Wang et al., 2018). In a few studies, it was reported that regenerating RGC axons could reach long distance, crossing the optic chiasm and entering the brain (Kurimoto et al., 2010; Sun et al., 2011; de Lima et al., 2012; Lim et al., 2016).

The next step after long-distance optic nerve regeneration should be exploring how visual function could be restored with proper axon guidance, synaptogenesis, and neural activity transmission. To date, de novo optic nerve regeneration across the chiasm appears to be the bottleneck for regenerating RGC axons to enter the brain. Therefore, only a few studies using combinatory approaches have reported very limited reconnection between injured optic nerve axons and their targets in the brain, such as the suprachiasmatic nucleus (SCN), the lateral geniculate nucleus (LGN), the superior colliculus (SC), and other visual areas with either longer period after the injury (de Lima et al., 2012; Bei et al., 2016; Lim et al., 2016) or performing the injury at the pre-chiasm (Li et al., 2015) or optic tract (Bei et al., 2016). Although further confirmation of these studies is still needed, the results provided some proof-in-principle evidence that visual function recovery is possible after optic nerve injury if each step of axon regrowth, guidance, synaptogenesis, and remyelination could be achieved. Here, we review recent progress in achieving the reconnection of the eye-to-brain pathways and discuss potential future strategies for rewiring the visual circuits after optic nerve injuries.



LONG-DISTANCE AXON REGENERATION CAN BE ACHIEVED VIA COMBINATORY MANIPULATION OF MULTIPLE GENES/PATHWAYS

To restore vision after optic nerve injury, injured axons must regenerate the full length of the eye-to-brain pathways, a distance of more than 8 mm from the injury site to LGN and SC in mice (Figure 1). Long-distance axon regeneration, as the first step of the eye-to-brain reconnection, is crucial in the restoration of visual function following optic nerve injury. To date, conditional knocking out Pten alone in RGCs led to probably the longest optic nerve regeneration at 2 weeks after injury (up to 3 mm distal to the lesion site; Park et al., 2008). Manipulations of other genes, as listed in Table 1, have been shown to promote modest regeneration of RGC axons reaching the medium region of the optic nerve after injury (Table 1). In addition to manipulation of gene expression in RGCs, the non-RGC-mediated release of CNTF (Leaver et al., 2006), oncomodulin in response to inflammation (Yin et al., 2006), or amacrine-specific Lin28-mediated IGF1 potentiation (Zhang et al., 2019), have all been shown to stimulate optic nerve regeneration, either alone or together with other factors. Moreover, an elevated level of zinc in amacrine cells upon optic nerve injury has been shown to contribute to RGC cell death and failed regeneration by slowly transferring into RGCs (Li et al., 2017). As a result, the zinc transporter ZnT-3 (encoded by gene slc30a3) knockout enhanced RGC survival and regeneration. Furthermore, an increased level of cAMP has been shown to enhance oncomodulin-induced optic nerve regeneration (Kurimoto et al., 2010). Lastly, a subtype of RGCs have shown to produce a secreted phosphorylated glycoprotein, osteopontin (OPN), which acts together with IGF1 or BDNF, to enhance optic nerve regeneration (Duan et al., 2015).
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FIGURE 1. The promoting capacity of known treatments on optic nerve regeneration in vivo. To regain visual function, regenerating optic nerve axons need to cross the optic chiasm (OX) and reach specific nuclei in the brain, including the suprachiasmatic nucleus (SCN), medial terminal nucleus (MTN), thalamic ventral or dorsal lateral geniculate nucleus (vLGN, dLGN), intergeniculate leaflet (IGL), the nucleus of the optic tract (NOT), olivary pretectal nucleus (OPN), and superior colliculus (SC). Manipulation of a single factor, such as Pten knockout (PTEN KO), IL6 expression, or Sox11 overexpression (SOX11 OE), is unlikely to enhance optic nerve regeneration to reach the OX. However, combinatorial approaches with multiple factors can induce longer distance axon regeneration to reach and cross the OX. In a few cases, it was reported that a combination of multiple factors, such as Pten/Socs3 co-deletion, inflammation/cAMP/Pten knockout, or Rheb1 overexpression/visual stimulation, could enhance optic nerve regeneration to reconnect with selected brain nuclei.



TABLE 1. Genetic manipulation for promoting optic nerve regeneration in mice.
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Although several approaches have been shown to promote substantial regeneration in vivo, the regrowth of sufficient numbers of axons through the entire optic pathway remains a major challenge. Thus, recent advances in RGC axon regeneration not only focused on identifying novel genes and pathways, but also revealed that combinatorial treatments with distinct underlying mechanisms resulted in additive or even synergistic effects (Table 2). Up to date, Pten deletion, together with manipulation of other RGC genes or extracellular factors, have been the dominant combinatory strategy for promoting long-distance optic nerve regeneration. For instance, Socs3 deletion (Sun et al., 2011), B-RAF activation (O’Donovan et al., 2014), c-Myc overexpression (Belin et al., 2015), DCLK2 overexpression (Nawabi et al., 2015), hIL-6 expression (Leibinger et al., 2016), STAT3/MEK activation (Luo et al., 2016), zinc chelation (Li et al., 2017), or Lin28 overexpression (Wang et al., 2018), has each been shown to have synergistic/additive effects with Pten deletion on optic nerve regeneration. Also, extracellular factors described above have all been combined with genetic manipulation of RGCs, such as cAMP/oncomodulin/Pten-deletion (Kurimoto et al., 2010), CNTF/Pten-deletion/Socs3-deletion (Sun et al., 2011). Furthermore, the additive or synergistic effects of other combinatorial strategies have also been shown, such as Klf9 knockdown combined with Zinc chelation (Trakhtenberg et al., 2018) and constitutively active CRMP2 combined with enhanced GSK3 activity (Leibinger et al., 2017). Such combinatory effects are believed to be due to different signaling pathways downstream of these genes and factors. Based on previous studies, several signaling pathways have been shown to play important roles in transducing the promoting effects of these genes/factors. For instance, the growth-factor related GSK3/mTOR signaling is activated downstream of Pten deletion (Park et al., 2008; Leibinger et al., 2019), osteopontin (Duan et al., 2015), melanopsin (Li et al., 2016), Akt (Guo et al., 2016; Miao et al., 2016), or Lin28 (Wang et al., 2018). Also, the MAPK pathway downstream of B-RAF (O’Donovan et al., 2014) or MEK (Luo et al., 2016) was involved. Moreover, the Jak-Stat cytokine signaling could be activated downstream of CNTF (Müller et al., 2007), Socs3 deletion (Smith et al., 2009), or Klf4 deletion (Qin et al., 2013). Furthermore, recent studies have revealed several novel signaling pathways functioning to promote optic nerve regeneration, such as the phosphatidic acid phosphatase (PAP) Lipin1 that induced regeneration through regulating glycerolipid metabolism (Yang et al., 2020), thrombospondin-1 that bound to syndecan to promote optic nerve regeneration (Bray et al., 2019), and the actin cross-linker muscle LIM protein (Levin et al., 2019). It is worth noting that many optic nerve regeneration regulatory genes can simultaneously regulate multiple downstream pathways and the downstream signaling pathways have also been shown to crosstalk with each other.

TABLE 2. Long-distance optic nerve regeneration in mice.
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Collectively, it is well recognized that the combination of molecules with different downstream pathways would result in longer distance axon regeneration. Thus, identifying new factors with novel signaling pathways, especially factors that can regulate multiple pathways, should still be one of the focused areas in the field. Besides, exploring the optimal combination of multiple factors based on their regulatory mechanisms is also very important. Lastly, it should be noted that the majority (>80%) of RGCs die a few weeks after optic nerve injury (Wang et al., 2018; Tran et al., 2019), making RGC survival a major obstacle for a sufficient number of regenerating axons necessary for visual function recovery. Intriguingly, several subtypes of RGCs have been shown to differ in their ability to survive or regenerate axons upon optic nerve injury (Duan et al., 2015; Norsworthy et al., 2017; Bray et al., 2019). Recently, a systematic study by using single-cell RNA-seq revealed the selective vulnerability of RGC subtypes following axonal injury and provided evidence that type-specific neuroprotective strategies could be critical for intervention (Tran et al., 2019). Thus, genes/pathways that act to protect RGCs or subtypes from cell death are equally important to be identified.



PROPER GUIDANCE OF REGENERATING AXONS PASSING THE OPTIC CHIASM AND ENTERING THE BRAIN

Although the combinatorial approaches after optic nerve injury could result in substantial long-distance optic nerve regeneration, the optic chiasm is emerging to be the major obstacle for regenerating axons to enter the brain and reach their original targeted nuclei. By analyzing axon regeneration at later time points after the nerve injury (i.e., 4–10 weeks), in several studies using combinatory approaches regenerating axons could reach and even cross the optic chiasm. For example, when Pten/Socs3 double knockout was combined with CNTF, 4 weeks (Sun et al., 2011) or 10 weeks (Luo et al., 2013) after nerve injury many regenerating axons could reach the proximal end of the chiasm but stopped growing. When c-Myc expression was added into the combination, more axons crossed the chiasm and grew into the optic tracts (Belin et al., 2015). Similarly, other combinatory approaches, such as cAMP/Zymosan/Pten-deletion (de Lima et al., 2012; Luo et al., 2013), Lipin1-deletion/CNTF (Yang et al., 2020), and Pten-deletion/MEK/STAT3 (Luo et al., 2016), could also induce optic nerve regeneration near or cross the optic chiasm.

One interesting observation from some of these studies was that many regenerating axons were turned back at the chiasm or derailed away from the optic tract after crossing the chiasm. This observation suggests that optic chiasm presents an inhibitory boundary and misguidance of axons occurs in the optic tract. Indeed, as aforementioned, deleting Nogo and its receptors in the visual system resulted in mild optic nerve regeneration, indicating the inhibitory nature of the mature visual system. In an early study (Pernet et al., 2013a), by using tissue clearing approach and confocal imaging of the whole mount optic nerve, the study found that many regenerating axons induced by CNTF showed irregular trajectories, with many U-turns within the optic nerve. In a later study from the same lab (Pernet et al., 2013b), regenerating RGC axons induced by active STAT3 also showed wandering trajectories with frequent U-turns. However, when the optic nerves were additionally treated with the Rho kinase inhibitor Y27632, the Stat3-induced regenerating axons became straighter and the U-rate was markedly reduced. Because Rho kinase inhibitor is well known to antagonize the inhibitory effects of myelin-based inhibitor (i.e., Nogo, MAG), these results confirmed the presence of extracellular inhibitory molecules in the optic nerve. In support, by using tissue clearing and advanced light-sheet fluorescence microscopy (LSFM), three studies (Luo et al., 2013; Yungher et al., 2015; Bray et al., 2017) performed high-resolution 3D imaging and detailed axonal morphological analyses at the single axon level. Specifically, the results found that within the optic nerve most regenerating axons had a meandering path and many of them made sharp turns. For axons reaching the chiasm, some axons turned back at the chiasm and enter the opposite uninjured optic nerve, confirming chiasm as an inhibitory barrier. For axons that managed to cross the chiasm, more axons were observed in the ipsilateral optic tract than in the contralateral tract, indicating axon misguidance. A few axons were identified in the SCN located directly above the chiasm and no axon was observed in the more distant visual targets, LGN or SC. Consistent with these findings, our recent study using tissue clearing and 3D imaging (Wang et al., 2018) showed that Lin28 overexpression-induced regenerating RGC axons also showed many U-turns within the optic nerve, which was reduced when Lin28 expression was combined with Pten knockdown. Moreover, our latest study (Wang et al., 2020) showed that knocking out myosin IIA/B in RGCs alone resulted in significant optic nerve regeneration. Interestingly, when axon trajectories were examined with tissue clearing and 3D imaging, in wild type mice the automatically regenerated short axons followed wandering trajectories with many U-turns, whereas in myosin IIA/B knockout mice the regenerating axons were much straighter with greatly reduced U-turns. More importantly, combining Lin28 overexpression with myosin IIA/B knockout led to long-distance optic nerve regeneration in 2 weeks after the nerve injury (up to 4.5 mm from the injury site). Because our previous study (Hur et al., 2011) showed that deleting myosin IIA/B allowed axon growth over two major inhibitory substrates, myelin debris, and CSPGs, the new results provided evidence that overcoming the inhibitory signals in the optic nerve was a promising approach for more efficient long-distance optic nerve regeneration.

Lastly, to better examine how regenerating axons behaved at the optic chiasm, one study (Li et al., 2015) used a pre-chiasm injury model, in which regenerating axons only needed to grow a short distance to reach the chiasm. The study demonstrated that at 4 weeks after the nerve injury, many axons entered and passed the chiasm, most of which occupied the ipsilateral side of the hypothalamus, including the SCN. At 8 weeks, more axons were found within the SCN. One important finding was that even at 4 months after the nerve injury, almost no regenerating axons reached brain targets further away from the optic chiasm, such as the OPN and the SC. This study further confirmed that without proper guidance cues, it is difficult for regenerating axons to reinnervate deeper brain targets.

In summary, these studies suggested that proper axon guidance mechanisms are necessary for regenerating RGC axons to reach their original targeted nuclei in the brain and the subsequent visual functional recovery. New experimental techniques, such as tissue clearing approaches (3DISCO, CLARITY, etc.) and advanced 3D imaging systems (multiphoton microscopy, LSFM, fMOST, etc.), are emerging to be useful tools for detailed analysis of axon trajectory in the brain.



AXON REGENERATION FROM THE EYE TO THE BRAIN RESCUING PARTIAL VISUAL BEHAVIORS

After regenerating axons reach their original brain targets, the next challenge is to achieve new synaptogenesis, remyelination, and the subsequent functional restoration of vision. To date, only a few studies have reported functional reconnection with brain nuclei after optic nerve crush. An early study showed that the combination of Pten deletion with Zymosan and cAMP resulted in long-distance axon regeneration crossing the optic chiasm and into brain structures, including SCN, dLGN, and SC, 10 weeks after the optic nerve injury. Histological evidence demonstrated that regenerating axon terminals appeared to form synapses within the targeted nuclei. Consequently, several innate visual behaviors were partially restored, such as depth perception, optomotor response, and circadian activity patterns (de Lima et al., 2012). In a later study in which the same combinatory approach was used (Luo et al., 2013), whole-mount tissue clearing and 3D imaging analysis with LSFM showed that regenerating axons were indeed observed into and beyond the optic chiasm. However, in contrast to the above study (de Lima et al., 2012), only some axons were observed reaching the SCN and no regenerating axons were found beyond the SCN. Many axons were observed in places that were not associated with the optic pathway, indicating axon misguidance. In the same study, Socs3/Pten double knockout, together with CNTF, were used to induce long-distance axon regeneration. Similarly, regenerating axons could reach and cross the optic chiasm and no axons could be found beyond the SCN. To rule out the possibility that the tissue clearing procedure might bleach the CTB tracer signal, regular coronal brain sections were examined. Similarly, CTB labeled regenerating axons were mainly found in the hypothalamus area, including the SCN, and no axons were identified in the more distant targets, LGN and SC.

In a recent study, by enhancing RGC neural activity and activating the mTOR signaling (Rheb1 overexpression) long-distance axon regeneration and correct pathfinding into all major visual targets were observed as early as 3 weeks after the optic nerve injury (Lim et al., 2016). Specifically, in mice receiving visual stimulation and Rheb1 overexpression treatment, newly formed connections could partially restore optomotor response by optokinetic reflex analysis (OKR), whereas failed to rescue pupil response, depth perception, and visual fear response (Lim et al., 2016). The study suggested that such partial functional recovery might reflect defects in synapse formation, insufficient numbers of regenerating axons, and/or low precision of within-target pathfinding. Together, to date, there are only very few studies (de Lima et al., 2012; Lim et al., 2016) reported long-distance optic nerve regeneration with partial visual function recovery, among which one study could not be repeated in a different study (Luo et al., 2013). Thus, additional studies are necessary to confirm if after intraorbital optic nerve injury regenerating RGC axons can be correctly guided to reach their original innervating targets in the brain.

Despite significant advances in promoting RGC axons beyond the optic chiasm into the brain after optic nerve injury, it is difficult to explore axon pathfinding across the chiasm and the subsequent target reinnervation due to the limited number of regenerating axons reaching the brain. To solve such a problem, as mentioned above in one study (Li et al., 2015) pre-chiasm optic nerve injury was performed so that more axons could reach and cross the optic chiasm. In this study, serial sections revealed that after a longer period more regenerating axons could be identified at the core region of SCN. By focusing on the SCN, the study used antibodies against both the pre-synaptic marker vesicular glutamate transporter 2 (VgluT2) and the postsynaptic density marker Homer1 to label new synapse formation. Many triple labeled (CTB, VgluT2, Homer1) dots were identified, indicating excitatory synaptic sites on regenerating CTB positive regenerating axons. Additional experiments using pseudo-rabies virus encoding GFP provided evidence that regenerating RGC axons formed connections with the existing brain circuitry. Lastly, by using light pulse stimulation of the injured eye, c-Fos gene expression was observed in the SCN after the treatment, indicating functional synapses reformed in the SCN. Moreover, whole-cell patch-clamp recordings of SCN neurons with optic nerve stimulation showed evoked EPSCs, confirming reformed excitatory synaptic connections. Based on the same rationale, another recent study (Bei et al., 2016) adopted an optic tract transection model (proximal to the SC) that markedly reduced the distance between regenerating axons and the SC. In this study, either the combination of Pten/Socs3 co-deletion with CNTF/BCL2 or co-overexpression of OPN/IGF1/CNTF, induced retinocollicular axon regeneration and functional synapse formation after optic tract transection. However, regenerating axons exhibited poor electrical conduction and thus failed to restore significant visual function. One potential reason for the failure is likely associated with a lack of myelination. Voltage-gated potassium channel blockers (4-AP or 4-AP-3-Me) has been used to improve conduction in de-myelinated axons of patients with multiple sclerosis. As expected, acute application of 4-AP significantly enhanced the electrical conduction, eventually resulting in significant recovery of visual function. Together, these two studies with axon injury near their innervating targets provided key evidence that when sufficient regenerating axons could reach their brain targets synapse formation and visual function restoration are possible.

In summary, the existing data up to date support that: (1) with combinatorial approaches, it is possible to induce long-distance axon regeneration to enter the brain; and (2) with proper axon guidance and remyelination, visual function could be restored (Figure 2). The eye-to-brain pathway contains multiple target structures, which are associated with various visual related functions, such as the whole-animal physiological state, visually-driven reflexive behaviors, and encoding complex visual features (Dhande et al., 2015). Therefore, the optimal solution for functional recovery after optic nerve injury requires long-distance axon regeneration from the injury site into the brain, proper axon guidance to reach specific central nuclei, reformation of functional synapses with the appropriate targets, and remyelination to enable transduction of electrical impulses.
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FIGURE 2. Functionally rewiring the eye-to-brain connections. The first step of an ideal repair strategy should be promoting sufficient long-distance regeneration of injured retinal ganglion cell (RGC) axons back to their original targets. Second, the regenerating axons need to be properly guided through the optic chiasm (OX) and reach their original innervating targets in the brain, which each mediates different visual functions. Third, for functional recovery, the regenerating axons need to reform functional synapses with the appropriate targets and remyelinate for electrical conduction. Finally, the optic nerve circuitries, governing the whole-animal physiological state, visually-driven reflexive behaviors, and complex visual features, could be re-established to restore visual functions.





FUTURE PROSPECTS

Despite significant progress in RGC regeneration over the past decade, functional repair in the visual pathway still has a long way to go. Based on the above-described studies, an important question is where we should go soon. First, although we have identified many genes that can be manipulated to enhance optic nerve regeneration, our understanding of cellular and molecular mechanisms by which axon regeneration is regulated remain fragmented. For instance, during neuronal maturation what are the key steps and essential regulators that gradually switch off the ability of axon growth? What are the key differences between neurons in the CNS that almost permanently lost their capacity to support axon regeneration, comparing to those in the PNS that can reactivate their intrinsic capacity? Of all the neurons in the same tissue, do they all have the same ability to support axon regeneration? How do other cells in the retina, such as Müller cells, amacrine cells, contribute to the loss of axon regeneration ability of RGCs during maturation and failed regeneration after injuries? Recently developed multiomics approach, such as RNA-, ATAC, and Hi-C sequencing, either at bulk or single-cell level, supported by the advanced bioinformatics analyses, will be very useful tools to address these questions (Tran et al., 2019). On the other hand, the rapid updated CRISPR/CAS9-dCAS9 systems (Liu et al., 2018; Tian et al., 2019) are becoming mature and reliable techniques, which can be used for high-throughput functional screen of novel genes regulating RGC survival and regeneration. The application of these new techniques will not only help us better elucidate the molecular mechanisms underlying axon regeneration but also guide us to discover novel genes and pathways regulating RGC survival and regeneration.

Second, after long-distance axon regeneration, the next challenge is to guide the regenerating axons to reach their specific targets in the brain, form functional synapses, remyelinate the proper axons, and regain specific visual function. Unfortunately, up to date research in this area remains very limited. Although a few studies have shown long-distance regeneration of optic nerve axons back to all the brain nuclei and some visual function recovery, more studies are needed to confirm these findings. Several previous studies (Luo et al., 2013; Yungher et al., 2015; Wang et al., 2020) have shown clearly that high-resolution 3D imaging at the single axon level is an optimal approach to follow the trajectories of regenerating axons in the brain.

Third, the current most used animal model of visual injury is the optic nerve crush that is surgically easy and reproducible. However, multiple clinically relevant diseases result in optic nerve injury, such as glaucoma, optic neuritis, optic neuropathy, and optic nerve atrophy. Because different diseases may induce different cellular responses, different animal models mimicking each disease should be utilized before a potential translational application.
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Trauma or neurodegenerative diseases trigger the retrograde death of retinal ganglion cells (RGCs), causing an irreversible functional loss. AT-rich interaction domain 1A (ARID1A), a subunit of the SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complex, has been shown to play crucial roles in cell homeostasis and tissue regeneration. However, its function in adult RGC regeneration remains elusive. Here, we show that optic nerve injury induces dynamic changes of Arid1a expression. Importantly, deleting Arid1a in mice dramatically promotes RGC survival, but insignificantly impacts axon regeneration after optic nerve injury. Next, joint profiling of transcripts and accessible chromatin in mature RGCs reveals that Arid1a regulates several genes involved in apoptosis and JAK/STAT signaling pathway. Thus, our findings suggest modulation of Arid1a as a potential therapeutic strategy to promote RGC neuroprotection after damage.
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INTRODUCTION

Optic nerve trauma (e.g., various cranial and orbital injuries) or optic neuropathies (e.g., glaucoma and ischemia) typically lead to axon damage, progressive loss of retinal ganglion cells (RGCs), and even irreversible visual function deficits (Crair and Mason, 2016; Benowitz et al., 2017). Like most other neurons in the central nervous system (CNS), mature RGCs fail to regenerate their axons after optic nerve injury, due to the extrinsic environment inhibitory elements and the diminished intrinsic regenerative capacity (He and Jin, 2016; Laha et al., 2017). Recent studies have shown that adult RGCs can regain the intrinsic ability to support axon regeneration after optic nerve injury by manipulating reprogramming factors, such as Klf4, c-myc, and Lin28, etc. (Moore et al., 2009; Belin et al., 2015; Wang et al., 2018). More recently, combinatorial approaches via modulating multiple independent pathways have been shown to promote injured axons to regenerate beyond the optic chiasm into the brain and reform functional synapses with their original targets (Lim et al., 2016; Goulart et al., 2018). For example, visual stimulation/RHEB1 overexpression led to regenerating axons back to almost all the correct targets. However, synaptic reconnections partially restored optomotor response but not rescued pupil response, depth perception, visual fear response, suggesting that insufficient numbers of regenerating axons projection to the correct targets (Lim et al., 2016). Besides, knocking out Bax, a pro-apoptotic member of the Bcl-2 family, not only promoted neuronal survival after optic nerve injury but also enabled axon regeneration despite delayed initiation of the regenerative program (Yungher et al., 2017). Therefore, long-term RGC neuroprotection after optic nerve injury is crucial to slow neurodegeneration, thereby improving the therapeutic window that might trigger axon regeneration.

Rearrangements of chromatin structure mediated by SWItch/Sucrose Non-Fermentable (SWI/SNF) are critical for modulation of gene expression, involving in many cellular processes including proliferation and differentiation (Roberts and Orkin, 2004; Euskirchen et al., 2012). Loss-of-function of AT-rich interaction domain 1A (ARID1A, also known as BAF250a), one principal component of SWI/SNF, disrupts SWI/SNF targeting and nucleosome remodeling and the resulting aberrant gene expression (Chandler et al., 2013; Kadoch et al., 2013). As a tumor suppressor, Arid1a is associated with the development, survival, and progression of cancer cells, and its dysfunction may be key tumorigenic events in ovarian, endometrial, gastric, and breast cancers (Zang et al., 2012; Takeda et al., 2016). Additionally, epigenetic reprogramming initiated by Arid1a deletion improves mammalian regeneration in multiple tissues and thus may be a potential target to promote tissue repair after injury (Sun et al., 2016). Although recent advances have been made in Arid1a related to embryonic development, tissue repair, cell aging, apoptosis, and tumor formation, it remains unclear whether manipulating Arid1a is sufficient to enable axon regeneration or increase RGC survival following optic nerve injury in vivo.

In this study, we first examined how the expression level of Arid1a in sensory neurons and RGCs changed in response to axotomy in vivo. Functionally, we assessed whether conditional knocking out Arid1a in adult RGCs could promote neuronal survival or axon regeneration in vivo. Finally, we performed joint profiling of chromatin accessibility and gene expression in mature RGCs to gain mechanistic insights underlying Arid1a for modulating neuronal survival after optic nerve injury.



MATERIALS AND METHODS


Mice

All mouse experiments were approved by the Animal Committee of the Institute of Zoology, Chinese Academy of Sciences, Beijing, China. Unless otherwise noted, male 6–8-week-old CD-1 IGS mice were used in experiments involving dorsal root ganglion (DRG) and sciatic nerve, and male 6–8-week-old C57BL/6 mice were used in experiments involving the retina and optic nerve. The Arid1af/f mouse strain (JAX stock#027717) was a kind gift from Dr. Zhong Wang’s laboratory at the University of Michigan. All Arid1af/f mice used in our experiments were 6–8 weeks male or female, and genotyped by PCR using primers (sequence: forward: TGGGCAGGAAAGAGTAATGG; reverse: AACACCACTTTCCCATAGGC) provided by The Jackson Laboratory. All animal anesthetized via intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) diluted in sterile saline. Details of the surgeries are described below.



Sciatic Nerve Injury

Under deep anesthesia with a mixture of ketamine and xylazine, bilateral sciatic nerves were exposed and transected with spring scissors right below the pelvis. The mouse was euthanized, and bilateral L4/5 DRGs were collected at the expected time point after the surgery.



RNA Extraction and qRT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen). After extraction, 1 μg of total RNA was transcribed into cDNA using oligo (dT) primers (TransScript One-Step gDNA Removal and cDNA synthesis kit, TRANS) according to the manufacturer’s protocol. For real-time PCR analysis, using an SYBR®Premix Ex Taq™ (TliRNaseH Plus, Takara), 25 ng of cDNA, and 0.5 mM primers in a final volume of 20 μl. According to instructions, the PCR steps were performed 30 s initial pre-denaturation at 95°C, followed by 45 cycles of each 10 s at 94°C, 30 s at 60°C, 30 s at 72°C and samples were run in triplicate. The analysis of RT-PCR used the 2-ΔΔCT method. Primers for real-time RT-PCR are as follows: Gapdh forward: 5′-AGGTCGGTGTGAACGGATTTG-3′, Gapdh reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′, Arid1a forward: 5′-TCCCAGCAAACTGCCTATTC-3′, Arid1a reverse: 5′-CATATCTTCTTGCCCTCCCTTAC-3′.



AAV2 Virus Injection and Optic Nerve Crush

Intravitreal injections of AAV2 viruses, ONC, and RGC axon labeling were performed as previously described (Park et al., 2008). Animals were first anesthetized, 1.5 μl of AAV2 virus or Alexa Fluor 555-conjugated CTB (1 μg/μl, Thermo Fisher Scientific, Waltham, MA, USA) was then injected into their right vitreous humor with a Nanoliter syringe. CTB-555 injection was performed 2 days before the mouse was sacrificed to trace regenerating RGC axons. The optic nerve was exposed intraorbitally and crushed with forceps (Dumont #5, Fine Science Tools) for 5 s approximately 1 mm behind the optic disc. The mice were transcardially perfused with 4% paraformaldehyde (PFA). Dissected right optic nerve and bilateral retinas were post-fixed in 4% PFA overnight. pCMV-GFP and pCMV-Cre were from Vigene Bioscience. The titers of AAV2-CMV-Cre and AAV2-CMV-GFP were 1.62 × 1013 vg/ml and 3.2 × 1013 vg/ml, respectively.



Whole-Mount Optic Nerve Preparation

Dehydration and clearing of optic nerves were performed based on previous studies (Erturk et al., 2012; Luo et al., 2013). Briefly, optic nerves were dehydrated in tetrahydrofuran (THF, 50%, 70%, 80%, 100%, and 100%, v/v % in distilled water for 20 min each, Sigma–Aldrich, St. Louis, MO, USA), then the nerves were transferred in benzyl benzoate/benzyl alcohol (BBBA, 2:1 in volume, Sigma–Aldrich, St. Louis, MO, USA) clearing solution for 20 min.



Immunostaining

Frozen DRG or retinal sections of 20 μm thick were obtained with a cryostat. Whole-mount retinas were radially cut into a petal shape. After being washed with PBS at room temperature for 15 min, sections or whole-mount retinas were immunostained overnight at 4°C with primary antibody: mouse anti-βIII tubulin (Tuj1; 1:500, Biolegend 801202), rabbit anti-ARID1A (1:500, Atlas HPA005456), rabbit anti-Tuj1 (1:500, Biolegend 845501), mouse anti-Cre (1:500, Millipore MAB3120). Then, tissues were incubated for 2 h at room temperature with Alexa Fluor conjugated secondary antibodies (1:500, Alexa 488, Alexa 594, Alexa 647, Invitrogen). All antibodies were diluted in PBS, containing 0.3% Triton X-100 and 2% BSA. Three to four times of 15 min wash with PBS containing 0.3% Triton X-100 was performed following each antibody incubation.



Imaging

Different experiments (sections and whole-mount) were imaged using Zeiss 780 or Nikon A1 with a motorized stage. All the images were z-projected to maximal intensity for quantification.



ARID1A Signal Analysis

To analyze the protein level of Arid1a in all neurons, retinal or DRG sections were stained with rabbit anti-ARID1A and mouse anti-Tuj1 antibodies following the steps mentioned above (see “Immunostaining” section). Fluorescence intensity was measured using ImageJ, and the background fluorescence intensity was subtracted. Only Tuj1+ cells were measured.



Analysis of RGC Transduction Rate

For quantification of RGC transduction rate, uninjured right retinas were taken from Arid1af/f mice 2 weeks after intravitreal AAV2-Cre injection, and stained with mouse anti-Cre and rabbit anti-Tuj1 antibodies following the steps mentioned above (see “Immunostaining” section). For each mouse, the RGC transduction rate was calculated by dividing the average number of Cre+/Tuj1+ cells in one field by the average number of Tuj1+ cells.



Measurement of RGC Survival Rate

To quantify the RGC survival rate, injured and intact retinas were taken from Arid1af/f mice after AAV2 virus injection and ONC, then were stained with rabbit anti-Tuj1 antibody. For each flat-mounted retina, at least 14 fields were analyzed randomly obtained from the peripheral regions. RGC survival rate was calculated by dividing the average number of Tuj1+ cells in one field in the injured retina (right) by that in the uninjured retina (left). Only cells in the ganglion cell layer were counted.



RGC Purification

The dissected retinas were dissociated in EBSS containing papain and DNase (Worthington) for 20 min at 37°C, with gentle shaking every 5 min, then digestion was stopped by adding Ovomucoid/EBSS (Worthington). The dissociated retinal cells were incubated with the FC block antibody (1:100, BD Biosciences 553141), and then stained with Thy1.2-PE antibody (1:100, Invitrogen 12-0902-82) and DAPI. Fluorescence-activated cell sorting (FACS) sorting was performed with a BD FACSAria IIIu instrument.



RNA-Sequencing and ATAC-Sequencing

RNA-sequencing (RNA-seq) libraries from the purified RGCs were prepared using the Illumina RNA-Seq Preparation Kit. Total RNA sample QC was measured by Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit). ATAC-sequencing (ATAC-seq) libraries were prepared from the purified RGCs using TruePrep DNA Library Prep Kit V2 for Illumin(Vazyme, TD-502). Libraries were sequenced on HiSeq X Ten, and 150 bp paired-end reads were generated. Raw read data were firstly filtered by using Trimmomatic (v. 0.36), and quality-controlled by using FastQC (v. 0.11.7; Andrews, 2010; Bolger et al., 2014). High-quality reads of RNA-seq were quantified using Salmon (v.1.0.0) with the parameter “—validate mappings —gcBias”, and the gene expression matrix was generated by tximport (v1.14.0; Soneson et al., 2015; Patro et al., 2017). Differential gene expression analysis was conducted using DESeq2 (v1.26.0) and increased and decreased expression were defined by log2(fold-change) > 0 and P-adjust < 0.05, and log2(fold-change) < 0 and P-adjust < 0.05, respectively (Love et al., 2014). High-quality reads of ATAC-seq were aligned using Bowtie 2 (v2.3.5.1) with the parameters “-X 2000—local” (Langmead and Salzberg, 2012). Diffbind (v.2.14.0) was then used for quantitative comparison of ATAC-seq data: peaks with increased and decreased chromatin accessibility after Arid1a deletion was defined by Fold > 0 and FDR < 0.05, or Fold < 0 and FDR < 0.05, respectively (Stark and Brown, 2011). Peak annotation was performed using ChIPseeker (v.1.22.1) at the genome level, and the promoter region was defined as ± 1,000 bp from TSS (Yu et al., 2015). Gene enrichment analysis was performed using clusterProfiler (v3.14.2; Yu et al., 2012). The mouse reference genome sequence (vM23) and gene annotation (vM23) were downloaded from GENCODE1. For genome browser representation, data in bigwig files (RPGC normalization) generated by deepTools (v3.3.1) were visualized using IGV (v. 2.4.10; Ramírez et al., 2014). DeepTools “computeMatrix,” “plotHeatmap,” and “plotProfile” functions were used to generate heatmaps and profile plots. For HOMER (v4.11) de novo motif analysis: findMotifsGenome.pl (-size 200 -S 10) was used for motif finding (Heinz et al., 2010). RGT-HINT was employed to execute differential footprints analyze (Li et al., 2019). RPKM values of ATAC-seq analysis were derived as follows: [(read-counts)/(region-length in kb)]/(total mapped reads in Mb). STRING (v11.0) and Cytoscape (v3.7.2) were adopted to create protein-protein interactions and visualization (Shannon et al., 2003). The transcription factors (TFs) regulating Socs3 expression were explored with TRRUST (v2; Han et al., 2018).



Statistical Analysis

For Statistics, we used GraphPad Prism software and data analyzed using a two-tailed unpaired student’s t-test to compare the differences. Data were shown as means ± Standard Error of Mean (SEM) of the mean. Statistical significance was set as p < 0.05.




RESULTS


Axotomy Induces Robust Decreases of Arid1a in Sensory Neurons and Retinal Ganglion Cells

The peripheral nervous system (PNS) neurons spontaneously regenerate their axons and possess a strong growth capacity after injury, compared to CNS neurons (Chandran et al., 2016). To determine the role of Arid1a in the PNS axon injury response, we first investigated whether the expression levels of Arid1a in DRG neurons change day 1 or day 3 after sciatic nerve transection in CD-1 IGS mice. The results from quantitative real-time PCR (qRT-PCR) analysis showed mRNA levels of Arid1a dramatically decreased after SNI compared to the control group (Supplementary Figure S1A). Furthermore, double immunostaining of DRG sections with antibodies against ARID1A and Tuj1 confirmed that the protein levels of Arid1a gradually decreased in both cytoplasm and nucleus of DRGs after SNI (Supplementary Figures S1B–D), suggesting that both ARID1A protein synthesis and ARID1A protein transportation to the nucleus were reduced in DRG neurons after axonal injury.

To further investigate Arid1a is involved in nerve injury, we used an established ONC model to examine the pattern of Arid1a in response to CNS axon injury. Immunostaining analysis of retinal sections showed that ARID1A was observed in RGCs. The protein levels of Arid1a were unchanged at day 1 after ONC but drastically decreased at day 3 and day 7 after ONC in C57BL/6 mice (Figures 1A,B). Similar results were obtained through detecting Arid1a transcripts in purified RGCs at different time points after ONC with RNA-seq (data not shown). These results clearly show that axon injury induces a dramatic decrease of Arid1a in axotomized adult neurons, which suggests that Arid1a may play certain roles in regulating axon regeneration or neuronal survival after nerve injury.
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FIGURE 1. Arid1a expression is downregulated in retinal ganglion cells (RGCs) after optic nerve crush (ONC). (A) Retinal sections from C57BL/6 mice of different time points post-crush were collected and stained with Tuj1 (red), and ARID1A (green). Scale bar: 20 μm. (B) Quantification of relative fluorescence intensity of ARID1A staining in RGCs. Uninjured was used for normalization, for 1 dpc, ns, no significance; for 3 dpc, **p < 0.01; for 7 dpc, *p < 0.05. RGCs were analyzed from at least eight non-adjacent retinal sections for each animal, from three mice per group.





Loss of Arid1a Promotes RGC Survival But Not Axon Regeneration in vivo

To further characterize the functional roles of Arid1a in axon regeneration and RGC survival, we performed in vivo conditional Arid1a knockout (Arid1a cKO) in mature RGCs by intravitreal injection of adeno-associated virus serotype 2 expressing Cre (AAV2-Cre) in Arid1af/f mice, while AAV2-GFP was used as a control. Two weeks after the injection, immunostaining of whole-mount retinas with antibodies against Tuj1 and Cre showed that the virus transduction rate in RGCs was about 89% (Supplementary Figure S2A). Immunostaining analyses of Arid1a in retina cross-sections further showed that its protein levels in Tuj1 positive cells significantly decreased 2 weeks after AAV2-Cre injection, indicating Arid1a deletion in RGCs (Supplementary Figures S2B,C). Next, we analyzed the roles of Arid1a on axon regeneration and neuroprotection. The viruses injected mice were subjected to a standard ONC procedure 2 weeks after the injection, followed by a cholera toxin B subunit (CTB) injection to analyze neuronal survival and axon regeneration (Figure 2A). Significantly, we observed that 55 ± 5% of RGCs survived in Arid1a cKO mice, whereas only 35 ± 5% in control mice injected with AAV2-GFP (Figures 2B,C). However, in both control and Arid1a cKO mice, almost no CTB-labeled axon was observed beyond the crush site (Figure 2D). These results together verify that Arid1a deletion selectively affects RGC survival, but not axon regeneration.
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FIGURE 2. Loss of Arid1a promotes RGC survival. (A) Timeline of the experimental procedures. (B) Representative images of flat whole-mount retina stained with anti-Tuj1 from uninjured (intact), injured control (AAV2-GFP, Arid1a-WT), and injured Arid1af/f mice (AAV2-Cre, Arid1a-cKO). Scale bar: 20 μm. (C) Quantification of RGC survival at 14 days post-crush, expressed as a percentage of the average number of Tuj1+ RGCs in the contralateral (intact) retina. **p < 0.01. n = 6 mice in each group. (D) Representative confocal images of CTB-labeled optic from Arid1af/f mice with intravitreal injection of AAV2-GFP or AAV2-Cre viruses. n = 6 mice in each group. The yellow lines indicate the nerve crush sites. Scale bar: 100 μm.





Transcriptome Analysis Reveals Dynamic Gene Expression Induced by Knocking Out Arid1a in Adult RGCs

To gain mechanistic insights into the effects of Arid1a, we employed a combinatorial assay that jointly profiles transcriptome and chromatin accessibility. To this end, we injected AAV2-Cre (hereafter called cKO) or AAV2-GFP (hereafter called WT) into the vitreous body of Arid1af/f mice, waited 2 weeks, and performed ONC. Three days later, axotomized retinas were dissected out, and dissociated cells were subjected to FACS for RGC enrichment (Supplementary Figure S3A). FACS gating parameters were optimized to select cells based on size, viability (DAPI-negative cells), and Thy1.2-PE+ (a specific marker of RGCs) signal (Supplementary Figure S3B). Almost all FACS-purified cells were Tuj1 positive by immunostaining (Supplementary Figure S3C).

We first performed RNA sequencing (RNA-seq) to characterize the cellular state of adult RGCs upon Arid1a cKO. RNA-seq analysis showed that Arid1a deletion in adult RGCs caused dramatic changes in gene expression (Figure 3A). A total of 1,499 differentially expressed genes (DEGs, P-adjust < 0.05), including 411 upregulated and 1,088 downregulated genes, were identified in Arid1a cKO RGCs compared to WT RGCs (Figure 3A and Supplementary Table S1). To identify the biological pathways perturbed by Arid1a deletion, we subjected the DEGs to the Kyoto encyclopedia of genes and genomes (KEGG) analysis. The results showed that upregulated genes were involved in phototransduction, cholinergic synapse, and synaptic vesicle cycle, suggesting that Arid1a might associate with synapse transmission (Figure 3B). The characteristics of downregulated genes in Arid1a cKO RGCs were related to viral infection, cell adhesion, and immune response, etc. (Figure 3B). Furthermore, gene set enrichment analysis (GSEA) indicated that genes related to apoptosis were downregulated in Arid1a cKO RGCs compared to WT RGCs, whereas upregulated genes participated in the synaptic vesicle cycle (Figure 3C). To further explore mechanisms underlying RGC survival mediated by Arid1a deletion, we performed the protein-protein interactions (PPIs) of differentially expressed genes. Strikingly, we observed some of the 30 genes with the highest degree shown in the circular layout were related to neuronal survival, such as Stat1, Tlr2 (Figure 3D; Stivers et al., 2017; Liu et al., 2019).


[image: image]

FIGURE 3. Transcriptome dynamic changes of RGCs after Arid1a deletion. (A) Volcano plot of log2 (fold-change) vs. –log10 (P.adjust) representing gene expression changes between WT and Arid1a cKO RGCs. (B) Kyoto encyclopedia of genes and genomes (KEGG) analysis of these differentially expressed genes in (A), the terms with the five highest –log10 (P.adjust) are shown as a bar plot. (C) Gene set enrichment analysis (GSEA)-KEGG pathway analysis of RNA-seq data. (D) The protein-protein interactions of differentially expressed genes, only the 30 genes with the highest degree (low values to dark colors) are shown in a circular layout.





ATAC-Seq Analysis Shows Widespread Chromatin Accessibility Changes in Arid1a-Deleted RGCs

Arid1a, as a core subunit of the SWI/SNF chromatin-remodeling complex, functions to interact with DNA and is directly involved in regulating chromatin plasticity (Sun et al., 2016). Next, to investigate how chromatin accessibility changes upon Arid1a deletion, we performed an assay for transposase-accessible chromatin using sequencing (ATAC-seq) of biological replicates (n = 2 for each group) of purified RGCs with and without Arid1a after ONC. We found that there were very similar chromatin-accessibility profiles for the biological replicates in each group (Supplementary Figures S4A,B). In contrast, the accessible chromatin landscapes in Arid1a cKO RGCs were significantly different from that of WT RGCs (Figure 4A; Supplementary Figure S4C). Furthermore, by quantifying signal intensities, 52 gained-open, and 6,179 gained-closed peaks were identified in Arid1a cKO RGCs compared with WT RGCs (Figure 4A). Moreover, genome annotation of gained-closed sites in Arid1a cKO RGCs exhibited a wide genomic distribution, including promoter regions, intergenic regions, introns, and exons. We also observed that 83.31% of these gained-closed peaks were mapped to promoter regions, which controlled the expression of associated genes (Figure 4B, Supplementary Figures S4D,E). We next used de novo motif analysis to identify the top five binding site motifs for TFs in ATAC-seq gained-closed peaks at promoter regions in Arid1a cKO RGCs (Figure 4C). Correspondingly, Arid1a deletion in adult RGCs led to a dramatic decrease in the activity of TFs (Figure 4D). KEGG analysis of these genes associated with gained-closed peaks at the promoter regions in Arid1a cKO RGCs revealed enrichment for terms related to autophagy and apoptosis (Figure 4E). For example, the previous study reported that the nuclear transcription factor E-26-like protein 1 (Elk1) overexpression decreased viability in primary neurons, whereas Elk1 knockdown increased viability (Barrett et al., 2006). Together, these results indicate that Arid1a deletion in adult RGCs leads to significantly reduced transcriptional activation and chromatin accessibility, which are associated with RGC survival.
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FIGURE 4. Loss of Arid1a leads to disturbed chromatin accessibility and binding of transcription factors (TFs) in RGCs. (A) Average profiles and heatmaps of chromatin accessibility within ±2.5 kb of groups of peaks. Up and Down: peaks with increased and decreased chromatin accessibility after Arid1a deletion in RGCs separately. (B) Pie chart showing the distribution of peaks with reduced ATAC signal caused by Arid1a loss at annotated genomic regions. (C) Sequence logos corresponding to enriched elements identified by de novo motif analysis of peaks with a decrease in chromatin accessibility at the promoter regions after Arid1a deletion in RGCs. (D) Scatter plot showing changes of TFs’ activity predicated using ATAC-seq data after Arid1a deletion in RGCs. (E) KEGG pathway enrichment analysis of genes annotated in these peaks defined in (C).





SOCS3 Acts as a Downstream Target of ARID1A to Modulate Neuronal Survival

By comparing the two sets of data, we observed a substantial overlap of genes associated with closed chromatin regions at the promoter (Supplementary Table S2) and downregulated genes (Supplementary Table S1) in Arid1a cKO RGCs (Figure 5A). Next, KEGG pathway analysis was performed to reveal characteristics of 180 overlapped genes (P-adjust < 0.05), and showed enrichment of pathways related to apoptosis (Capn2, Ctsc, and Fos, etc.) and JAK-STAT signaling pathway (Socs1, Socs3, and Stat1, etc.; Figure 5B). These findings support the idea that apoptosis programs may be repressed by Arid1a deletion, thereby leading to improved RGC survival.
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FIGURE 5. The absence of Arid1a protects RGCs from apoptosis through regulating the expression of Socs3. (A) Venn diagram shows the overlap of genes with significantly reduced ATAC-seq signal at the promoter regions and genes with decreased expression in Arid1a deleted RGCs. (B) KEGG analysis of these overlapped genes in (A), two terms related to apoptosis (P.adjust < 0.05) are shown. (C) Genome-browser view at the Socs3 gene of different ATAC-seq data sets. Regions with a reduced ATAC-seq signal was highlighted in a brown background. (D) Statistical comparison of Socs3 expression before and after Arid1a deletion in injured RGCs. *P < 0.05. (E) The protein-protein interactions of different TFs which regulate Socs3 expression identifying with TRRUST. (F) Average profile showing differential footprinting of Sp1 at 4,660 sites.



Previous studies showed that Socs3 deletion promoted RGC survival and axon regeneration (Smith et al., 2009; Luo and Park, 2012). Here, we observed significantly reduced chromatin accessibility at the Socs3 locus in Arid1a cKO RGCs, indicating correlated with decreased gene expression (Figure 5C). Besides, quantitative transcriptome analysis by RNA-seq showed that there was a markedly reduced signal for Socs3 in Arid1a cKO RGCs compared to WT RGCs (Figure 5D). By using the TRRUST tool, the PPI network analysis revealed that 14 TFs could regulate Socs3 expression (Figure 5E), in which Sp1 had low transcriptional activity in Arid1a cKO RGCs (Figure 4D). Furthermore, the average profile showed that the ATAC signal of Sp1 was dramatically reduced in Arid1a cKO RGCs (Figure 5F). Notably, Sp1 has been shown to regulate Socs3 expression and neuronal apoptosis (Wiejak et al., 2012; Qi et al., 2014). Together, these results suggest that Socs3 may be a functional downstream target of Arid1a.




DISCUSSION

RGCs are the only output neuron of the retina, and their axons exit the eye to form the optic nerve, which relays visual information to retinorecipient areas in the brain (Laha et al., 2017). Like most CNS neurons in mature mammals, RGCs fail to regenerate in disease and after injury, eventually even leading to irreversible blindness (Benowitz et al., 2017; Laha et al., 2017). Up to date, there is indeed no effective therapy to restore visual functions after RGC axon injury. Over the last decade or two, much effort has been devoted to exploring visual repair strategies, including removing extracellular inhibitory factors [e.g., Nogo and its receptors (Fischer et al., 2004; Su et al., 2008)], and enhancing intrinsic regenerative capacity [e.g. Pten, Klf4, Socs3, and Lin28 (Park et al., 2008; Moore et al., 2009; Smith et al., 2009; Wang et al., 2018)]. Generally, axon regeneration and RGC survival may involve distinct mechanisms (Goldberg et al., 2002). For instance, manipulation of some genes, such as Pten or c-myc (Park et al., 2008; Belin et al., 2015), in RGCs significantly promotes neuronal survival and axon regeneration, and that of other genes, including Klf4, Lin28 or Gal-3 (Moore et al., 2009; Abreu et al., 2017; Wang et al., 2018), contributes to only one. Despite significant advances, the level of RGC survival and the extent of axon regeneration is still limited.

A previous study reported that epigenetic reprogramming mediated by Arid1a deletion improves mammalian regeneration and suggests strategies to promote tissue repair after injury (Sun et al., 2016). We, therefore, reasoned that Arid1a deletion in mature RGCs could also sustain neuronal survival and encourage axon regeneration after optic nerve injury. Our study first revealed that the mRNA (data not shown) and protein levels of Arid1a in a mixed population of RGCs markedly decreased at day 3 and day 7 after optic nerve injury. However, it is worth noting that following optic nerve injury, no significant changes of Arid1a mRNA were observed in some subtypes of RGCs (Bray et al., 2019; Tran et al., 2019). Generally, RGCs are a heterogeneous population of cells divided into different subtypes based on functional, morphological, and molecular features (Sanes and Masland, 2015). We thus consider that this discrepancy may be caused by the different RGC populations of the samples. We next showed that conditionally knocking out Arid1a results in a markedly increased survival rate of RGCs 2 weeks after ONC. In contrast, Arid1a deletion was insufficient to boost neurite outgrowth and axon regeneration after optic nerve injury. These findings indicate that the absence of Arid1a has a potent neuroprotective effect on RGC apoptosis induced by axon injury, but insignificantly affects axon growth. A more recent study showed that few RGCs die during the first 3 days after optic nerve injury, ~70% die over the next 5 days, and nearly all are lost within a month (Tran et al., 2019). Therefore, at the early stage of axon injury, there may be a fairly narrow therapeutic window in which RGCs can be stimulated to regenerate axons while still relatively healthy. It is possible to extend the window for treatments that might stimulate axon regeneration via sustaining RGC survival. For example, Bax deletion leads to up to 80% of RGCs to survive 8 weeks after optic nerve injury and enables RGCs to regenerate axons even despite postponed initiation of CNTF-induced regenerative program for several weeks (Yungher et al., 2017). Besides, a few studies suggest that partial visual functional recovery might be attributed to only a small percentage of RGCs to regenerate axons back to the original targets despite full-length axon regeneration (de Lima et al., 2012; Lim et al., 2016). Thus, strategies increasing neuronal survival via distinct underlying mechanisms are still necessary to improve combinatorial therapies for visual recovery after optic nerve injury. Our study provided clear and strong evidence that deleting Arid1a can promote neuronal survival, suggesting a new protective strategy for RGC loss associated with axon injury.

As key roles in axon growth of RGCs during development, transcription factors might be manipulated to enhance RGC survival and optic nerve regeneration in adults. Recent studies reported that overexpression of c-Myc or knockdown of Klf9 significantly promotes neuronal survival and axon regeneration after ONC (Belin et al., 2015; Apara et al., 2017). Additionally, Klf4 deletion or Lin28 overexpression produces optic nerve regeneration but not RGC survival (Moore et al., 2009; Wang et al., 2018). Tet signaling is also required for induced axon regeneration in adult RGCs with the specific involvement of Tet1 (Weng et al., 2017). Interestingly, Sox11 overexpression in RGCs boosts robust axon regeneration in a subset of RGCs after optic nerve injury but also kills α-RGC (Norsworthy et al., 2017). A recent study showed that deleting Arid1a, a core subunit of the SWI/SNF chromatin-remodeling complex substantially improves mammalian regeneration and soft tissue healing (Sun et al., 2016). In this study, we found that the deletion of Arid1a promotes RGC survival after optic nerve injury by regulating chromatin accessibility. Together, our work adds another important landmark toward intrinsic epigenetic reprogramming mechanisms that increase RGC survival following optic nerve injury in adults.

Further, we performed a co-assay of ATAC-seq and RNA-seq to explore intrinsic molecular mechanisms by which deleting Arid1a can promote RGC survival in vivo after optic nerve injury. We observed that Arid1a deletion leads to significantly reduced chromatin accessibility and transcriptional activation in adult RGCs. Importantly, joint profiling showed that Arid1a deletion significantly reduces ATAC-seq signal at Socs3 loci, and decreased RNA-seq signal of Socs3 mRNA. Besides, Arid1a deletion in adult RGCs led to a reduced transcriptional activity of Sp1 required for Socs3 activation. These results suggested that Socs3 may be a functional downstream target of Arid1a. The deletion of Socs3 has been shown to promote dramatic axon regeneration and massive RGC survival following optic nerve injury in a gp130-dependent manner (Smith et al., 2009; Luo and Park, 2012). Mechanistically, SOCS3 acts as a negative feedback signal by inhibiting JAK and STAT3 activation and phosphorylation, limiting the response to cytokine and growth factors signaling. Thus, the injection of CNTF in Socs3 deletion mice further increases the extent of axon regeneration (Smith et al., 2009). Interestingly, while gp130 deletion abolishes the axon regeneration-promoting effect of Socs3 deletion, a partial neuronal survival effect is preserved in Socs3 and gp130 double deletion (Smith et al., 2009). In our study, Arid1a deletion promotes neuronal survival but not axon regeneration, which may be partially mediated by JAK/STAT3/SOCS3 pathway. Besides, KEGG analysis showed that apoptosis programs might be repressed by Arid1a deletion, leading to increased RGC survival. However, we also observed that some KEGG terms were related to viral infection and immunity. Although the viral titers were enough for a high transduction rate in this work, there was still a slight difference between the two viruses. A previous study suggested that AAV could cause innate immune responses (Rogers et al., 2011). Also, animals were subjected to a complex operation procedure, including ONC and AAV injection, which might lead to immune response activation. Thus, we consider that these KEGG terms may be associated with different viral titers and operation procedures. For a better understanding of the functional role, it will be interesting to determine whether this or other mechanisms mediate the RGC survival effect of Arid1a deletion after injury.

In light of recent successes in AAV-mediated gene therapy in retinal diseases (Tan et al., 2009; Busskamp et al., 2010), gene therapy is recommended to be designed specifically for multiple therapeutic targets to achieve an optimal outcome for neural recovery. In summary, our results provide a new therapy for gene intervention to effectively decrease the loss of RGCs after optic nerve injury. Because, here we have only shown that deleting Arid1a promotes RGC survival 2 weeks after injury, to identify its clinical relevance, further works are needed to investigate whether the absence of Arid1a could save damaged RGCs after a long-term injury.
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Traumatic spinal cord injury (SCI) impedes signal transmission by disrupting both the local neurons and their surrounding synaptic connections. Although the majority of SCI patients retain spared neural tissue at the injury site, they predominantly suffer from complete autonomic and sensorimotor dysfunction. While there have been significant advances in the characterization of the spared neural tissue following SCI, the functional role of injury-induced interneuronal plasticity remains elusive. In healthy individuals, spinal interneurons are responsible for relaying signals to coordinate both sympathetic and parasympathetic functions. However, the spontaneous synaptic loss following injury alters these intricate interneuronal networks in the spinal cord. Here, we propose the synaptopathy hypothesis of SCI based on recent findings regarding the maladaptive role of synaptic changes amongst the interneurons. These maladaptive consequences include circuit inactivation, neuropathic pain, spasticity, and autonomic dysreflexia. Recent preclinical advances have uncovered the therapeutic potential of spinal interneurons in activating the dormant relay circuits to restore sensorimotor function. This review will survey the diverse role of spinal interneurons in SCI pathogenesis as well as treatment strategies to target spinal interneurons.
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INTRODUCTION

Spinal cord injury (SCI) is a heterogeneous disorder that has devastating consequences on the patient’s well-being, independence, and quality of life (National Spinal Cord Injury Statistical Center, 2020). Initiated by either traumatic or non-traumatic aetiologies, SCI constitutes the second leading cause of paralysis worldwide (Armour et al., 2016; Ahuja et al., 2017; Badhiwala et al., 2020). Traumatic SCI results from the compression, contusion, and laceration of the spinal cord due to an external mechanical force. This initial shock produces toxic cellular debris and disrupts the local vasculature, leading to maladaptive consequences, including hypoxia, swelling, and inflammation (Fleming et al., 2006). Referred to as secondary injury, these pathologies exacerbate the spinal cord damage and present a barrier to the patient’s recovery (Tator and Fehlings, 1991). In the clinic, the manifestation of traumatic SCI is classified as either complete or incomplete injury (Blesch and Tuszynski, 2009). Complete SCI leads to the loss of both sensorimotor and autonomic function distal to the injury site. In contrast, incomplete SCI cases continue to possess partial connectivity across the spinal cord, with varying degrees of functional deficits in surrounding neural circuits (Raineteau and Schwab, 2001; Sekhon and Fehlings, 2001).

One of the ambiguous hallmarks of secondary SCI pathophysiology is the induced neuroplasticity in the perilesional neural tissue following complete and incomplete injuries (Hutson and Di Giovanni, 2019). Spinal neuroplasticity refers to the ability of spinal neural circuits to make physiological, anatomical, and functional changes in response to a stimulus (Baker-Herman et al., 2004; Cadotte et al., 2012). The neuroplastic nature of spinal synapses is crucial for the development of neural relay circuits during the embryonic and adolescence stage (Ladle et al., 2007). However, irregular synaptic alterations following injury or disease can lead to pain and spasticity (Cadotte et al., 2012; Cadotte and Fehlings, 2013). A crucial element of neuroplasticity in both healthy and injured spinal cords are interneurons, as they relay signals between different types of neurons to coordinate complex neurotransmission. Although the full extent of neuroplasticity in the injured spinal cord remains unknown, interneurons undergo dramatic changes after injury, which further complicates the injury progression (Harkema, 2008).

The investigation of spinal neural circuits and the underlying interneurons dates back to 1906, when the first paradigm of spinal reflexes was elucidated by Charles Sherrington (Burke, 2006). Further studies by Graham Brown, John C. Eccles, Anders Lundberg, and Elzbieta Jankowska in cat models defined the fundamental basis of spinal circuits and connectivity (Brown, 1914; Eccles, 1968; Jankowska, 2001; Goulding, 2009). These pioneering studies were crucial for describing spinal reflexes and locomotion. Additionally, the concept of a central pattern generator (CPG), which is a connected network of interneurons that function as local executive units to generate neural oscillations and subsequent rhythmic motor activity, was described in these studies (Guertin, 2013).

Current investigations of spinal neural circuits utilize leading-edge technologies to examine neuronal cytoarchitecture, electrophysiological properties, synaptic connectivity, single-cell transcriptional profile, and cell lineage. Emerging technologies, such as RNA sequencing, viral tracing, in vivo microscopy, and transgenic manipulations, have revolutionized our understanding of spinal neural circuits. Advances in single-cell RNA-sequencing can determine the cellular identity, molecular markers, and expressional zonation in the spinal cord (Sathyamurthy et al., 2018; Zeisel et al., 2018; Delile et al., 2019). Importantly, targeted genetic manipulations based on these transcriptional profiles elucidate the role of interneuronal subpopulations (Moran-Rivard et al., 2001; Wilson et al., 2008; Talpalar et al., 2013). In parallel, viral tracing provides crucial information regarding connectivity and pathways of individual neurons. Lastly, advanced imaging techniques allow the characterization of cell morphology, location, and lineage in live animals (Sekiguchi et al., 2016). These technologies have characterized the function of different cells involved in neural circuits both in healthy and injured spinal cords. However, the neuron-to-neuron as well as neural-glial connectivity and plasticity during both normal state and injury remains obscure. The vital role of interneurons in both healthy and injured spinal cords is of high interest. This article aims to provide a concise overview of the spinal interneurons heterogeneity and their role following traumatic injury.



SPINAL INTERNEURONS

Healthy spinal neural circuits are comprised of four main classes of local neurons including motoneurons, preganglionic neurons, ascending projection neurons, and spinal interneurons (Zholudeva et al., 2018). Recent single-cell transcriptional analysis has characterized 43 distinct neuronal populations in the rodent lumbar spinal cord (Sathyamurthy et al., 2018). These neurons are surrounded by various glial and vascular cells including mural cells, smooth muscle cells, oligodendrocytes, fibroblasts, endothelial cells, and astrocytes (Vanlandewijck et al., 2018). In addition, the spinal cord houses a variety of multipotent stem cells in the ependymal layer, including oligodendrocyte progenitor cells (OPC) and neural progenitor cells (NPC) (Meletis et al., 2008; Barnabé-Heider et al., 2010).

In healthy individuals, spinal interneurons relay sensorimotor input, transduce sensorimotor information sent from the spinal cord to supraspinal centers by ascending tract neurons, modulate motoneuron activity, transmit information between near and distant spinal cord segments, and provide a transmission line to the opposite side of the spinal cord (Figure 1A; Zholudeva et al., 2018). Although the full functional role of spinal interneurons continues to be investigated, they are known to play crucial roles in vital functions, such as breathing through the phrenic circuit or locomotion through CPGs (Guertin, 2013).
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FIGURE 1. Representative schematic of spinal neural circuits in rodents. (A) Spinal interneurons are represented at the thoracic level. Red represents ventrally-derived interneurons and blue represent dorsally derived interneurons (Zholudeva et al., 2018). (B) Ascending and descending white matter tracts in rodents (Saliani et al., 2017).



Although various classification systems exist to describe the diversity of interneurons present in the spinal cord, they can be broadly classified into local and propriospinal interneurons. Local interneurons encompass short projections, which are crucial for neural oscillations and reflexes. In contrast, propriospinal interneurons are defined as neurons that project to a different spinal segment from which their cell bodies are located (Flynn et al., 2017). The propriospinal interneurons are further subdivided into short propriospinal interneurons and long propriospinal interneurons. Short propriospinal interneurons provide intersegmental connections, whereas long propriospinal interneurons connect distant regions, for instance between cervical and lumbar spinal regions. These propriospinal interneurons are crucial for interlimb coordination and play an important role in generating new circuits following injury (Flynn et al., 2011; Laliberte et al., 2019).

Local interneurons project either ipsilaterally or contralaterally. The interneurons that project to the opposite side of the spinal cord are referred to as contralateral, whereas interneurons that project into the same side are referred to as ipsilateral. The interneurons that project through the midline are referred to as commissural interneurons. Inhibitory interneurons release inhibitory neurotransmitters, such as γ-aminobutyric acid (GABA) and glycine. Whereas, excitatory interneurons release excitatory neurotransmitters, such as glutamate (Goulding, 2009).

Spinal interneurons are also classified based on their location and transcriptional profile during development, which arise from seven dorsal and four ventral progenitor cells (Table 1). Further characterization of the subtypes for each of these neuronal populations enables a reliable identification scheme to define their projection patterns, released neurotransmitters, and connectivity. During gestation, neuroepithelial cells at the ventricular zone of the neural tube are under the influence of a two-dimensional morphogen gradient system between the floor plate and the roof plate, which lead to the formation of several progenitor cells with differential expression of homeodomain transcription factors. These crucial morphogens include sonic hedgehog (Shh) and bone morphogenic proteins (BMP). In addition, the opposing fibroblast growth factor (FGF) and retinoic acid (RA) signalling molecules guide the rostral and caudal characterization of cells respectively (Jessell, 2000; Lu et al., 2015; Ogura et al., 2018). The result is the morphogenesis of 23 types of neurons through a series of cell divisions, which includes eight dorsally-derived interneurons, 13 ventrally-derived interneurons, and the connected motor neurons (Figure 1).

TABLE 1. The list of presently identified spinal interneurons and their progenitor pool.
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Dorsally-Derived Interneurons

There are eight classes of dorsally-derived interneurons, dI1 to dI6 as well as dILA and dILB, arising from seven progenitor cells (Lu et al., 2015). Although these interneurons originate from the dorsal region, some migrate ventrally during development. These cells are generated sequentially in early, mid, and late phases. The early phased interneurons include dI1 to dI3 and are generated from pd1 to pd3 progenitor cells, respectively. These cells migrate ventrally after development. The mid phase dorsal dI4 to dI6 are generated from pd4 to pd6 cells. Lastly, the late phase dILA and dILB are generated from pdIL progenitors cells (Gross et al., 2002; Lu et al., 2015).

The early-phased pd1, pd2, and pd3 progenitor cells express Atoh1, Ngn1/2, and Nash1 basic-helix-loop-helix (bHLH) transcription factors, respectively (Gowan et al., 2001; Avraham et al., 2009; Duval et al., 2014). The differentiated interneurons from these progenitors are characterized based on their LIM-homeodomain (LIM-HD) transcription factors, which mediate their axonal guidance and projection (Avraham et al., 2009). Specifically, the dI1 interneurons express Lhx2/9, while dI2 and dI3 interneurons express Lhx1/5 and Isl1, respectively (Gross et al., 2002; Avraham et al., 2009). The dI1 interneurons are located in the dorsal horn and integrate proprioceptive signals from the peripheral organs and project rostrally to the spinocerebellar tract (Gross et al., 2002; Avraham et al., 2009). These neurons can be further subdivided into contralaterally-projecting dI1c and ipsilaterally-projecting dI1i interneurons (Wilson et al., 2008). Lhx2/9 mutations result in loss of mid-line crossing in dI1c interneurons, which demonstrates their role in defining subtype identity in these neurons (Wilson et al., 2008). The dI2 interneurons are located in the intermediate spinal cord and the ventral horn, which are speculated to project contralaterally to transmit sensory input to the thalamus via the spinothalamic tract (Figures 1A,B; Gross et al., 2002). The dI3 interneurons are located in the intermediate spinal cord and the dorsal horn (Bui et al., 2013). These are excitatory neurons that project rostrally, ipsilaterally, and longitudinally through monosynaptic connections (Stepien et al., 2010; Bui et al., 2013; Lu et al., 2015).

The mid-phased dI4 to dl6 interneurons express Lbx1. In Lbx1 knock out animals, there is disrupted sensory transmission and excessive generation of commissural neurons (Gross et al., 2002). The dI4 interneurons are inhibitory GABAergic neurons, which are located in the dorsal horn and project ipsilaterally to convey somatosensory information (Gross et al., 2002). The dI5 interneurons are located at the dorsal horn, which are glutamatergic and contralaterally projecting neurons (Gross et al., 2002). These neurons express Brn3a, Tlx1, Tlx3, and Lmx1b transcription factors (Gross et al., 2002). The dI6 interneurons are located in the ventromedial spinal cord and are subdivided to neurons with either Wt1 or Dmrt3 expression (Gosgnach et al., 2017). Wt1 eletion alters forelimb hindlimb coordination in mice (Schnerwitzki et al., 2018). In contrast, Dmrt3 knock out mice exhibit altered stride length and swing time (Andersson et al., 2012).

The dILA and dILB develop later from a common progenitor cell, and their cell fate is significantly influenced by Achaete-Scute Family BHLH Transcription Factor 1 (ASCL1; Mizuguchi et al., 2006). These interneurons are mainly located in the superficial dorsal horn and carry out different roles in spinal circuits. The dILA interneurons are GABAergic, whereas dILb are glutamatergic and demonstrate a differential transcriptional profile from each other (Mizuguchi et al., 2006; Lu et al., 2015).



Ventrally-Derived Interneurons

The ventrally-derived interneurons arise from four progenitor cells called p0, p1, p2, and p3. Further maturation of these three lines of interneurons gives rise to a series of interneurons crucial for locomotion (Kiehn, 2016). V0 interneurons are characterized by their expression of Dbx1 (Pierani et al., 2001; Lanuza et al., 2004). These neurons are comprised of four subpopulations, including ventral (V0V), dorsal (V0D), cholinergic (V0C), and glutamatergic (V0G; Zagoraiou et al., 2009). The ablation of V0 interneurons or the deletion of Dbx1 leads to altered left-right coordination (Lanuza et al., 2004; Talpalar et al., 2013). The V0V and V0D are distinguished based on the expression of Evx1 and Pax7 factors (Talpalar et al., 2013). V0V neurons are excitatory and project commissural and play an important role in controlling locomotion (Talpalar et al., 2013).

The V1 interneurons are a large heterogenous class of inhibitory neurons, which include the vital renshaw and Ia interneurons (Bikoff et al., 2016). These neurons project ipsilaterally, express Engrailed1 (En1), and are crucial for executing of rhythmic activity via their function in recurrent and reciprocal inhibition (Falgairolle and O’Donovan, 2019). Recurrent inhibition (also known as Renshaw inhibition) refers to the suppressive effect of Renshaw cells back on the motoneurons that initiated their activation in a negative feedback mechanism (Özyurt et al., 2019). In contrast, reciprocal inhibition refers to the action of Ia interneurons to inhibit of antagonist neurons during the activation of the agonist neuron (Crone et al., 1987; Katz et al., 1991). Genetic inhibition of En1 expressing interneurons in mice demonstrates the importance of these neurons to generate rhythmic activity and quick locomotion (Gosgnach et al., 2006). A subsequent genetic ablation study in zebrafish echoed these results by demonstrating that V1 interneurons are crucial for suppressing the activities of V2a and motor neurons (Kimura and Higashijima, 2019).

The V2 interneurons are derived from P2 progenitor cells and express LIM Homeobox 3 (Lhx3) transcription factor. These neurons project ipsilaterally and consist of four subpopulations, including V2a, V2b, V2c, and V2d (Dougherty et al., 2013; Harris et al., 2019). V2a are excitatory neurons and are characterized by the expression of Chx10 and are important in locomotion and left-right coordination. The V2a ablation disrupts left-right coordination (Crone et al., 2008, 2009; Dougherty and Kiehn, 2010). These interneurons are further classified into type 1 and type 2 groups, with varying projections and transmission patterns (Hayashi et al., 2018; Menelaou and McLean, 2019). Single cell RNA-seq experiments reveal that these subtypes each encompass multiple subpopulations (Hayashi et al., 2018). The V2b interneurons are inhibitory and express Gata2/3 (Zhang et al., 2014). The V2c function is still unknown, but these cells have been shown to express Sox1 and do not express Gata3 (Lu et al., 2015; Harris et al., 2019). The V2d cells are newly characterized excitatory interneurons (Dougherty et al., 2013; Harris et al., 2019).

The V3 interneurons are glutamatergic, predominantly commissural, and necessary for locomotion (Zhang et al., 2008). They originate from the ventral Nkx2.2 + p3 progenitor domain, which is defined by a marked expression of the transcription factor Sim1. A recent study (Deska-Gauthier et al., 2020) elucidated that V3 interneurons are organized into early and late-born neurogenic waves, where late-born neurons displayed restricted sub-population fates (Deska-Gauthier et al., 2020). Further, the Sim1 transcription factor, while expressed on all post-mitotic V3 interneurons, is critical only for the diversification of early-born, but not late-born, V3 interneurons. This suggests that the timing of neurogenesis can alter the way definitive transcription factors regulate subpopulation cell fate specification. To date, several studies have characterized the function of V3 interneurons and concluded that they play a significant role in spinal locomotor circuitry and gait transitions through direct connections with the rhythm-generating circuits (Rybak et al., 2006; Danner et al., 2019). Strikingly, these studies have shown that V3 interneurons do not form synapses with motoneurons; however, contradicting data from anatomical studies have illustrated boutons from these neurons in apposition to motoneurons (Zhang et al., 2008). This, in conjunction with developmental studies that demonstrate the existence of several dorsal and ventral sub-populations of V3 interneurons, suggests these conflicting observations may be due to the functional diversity of V3 interneuron sub-populations. Indeed, a recent study using patch-clamp and glutamate uncaging demonstrated that V3 interneurons form functional layers (Chopek et al., 2018). The ventromedial V3 interneurons form synapses with each other, whereas the ventrolateral V3 interneurons form synapses with the ipsilateral motoneurons. These motoneurons then provide excitatory and glutamatergic feedback to the V3 interneurons. This distinct circuitry implicates that V3 interneurons can contribute to precise spatiotemporal movements.




INJURY-INDUCED NEUROPLASTICITY

Although traumatic SCI culminates in demyelination, cavitation, glial reactivity, and impaired neural connections, many patients demonstrate functional improvements following incomplete injury (Fawcett et al., 2007). Recent investigations on SCI pathogenesis have elucidated the mechanisms behind functional improvements and barriers to recovery (Courtine and Sofroniew, 2019). There are three distinct histological compartments formed after injury, including a non-neuronal lesion core, astroglial border, and reactive prelisional neural tissue (Figure 2; O’Shea et al., 2017). Each compartment consists of distinctive cellular composition and undergoes unique pathophysiological changes after injury (Sofroniew, 2018).
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FIGURE 2. The neuroplastic nature of the spinal cord following traumatic incomplete spinal cord injury (SCI). The injury results in the formation of three distinct histological compartments: a non-neuronal lesion core, an astroglial scar, and a spared reactive perilesional neural tissue. Each compartment consists of a unique cellular composition and exhibits a distinct pathophysiology after injury. In the perilesional zone, reactive glia and the induced neuroplasticity alters the neuronal connections. Axonal sprouting and plasticity form bypass routes around the lesion, resulting in limited functional recovery after injury. However, maladaptive synaptic changes contribute to the dormancy of the spared neural circuits around the lesion, which introduces a barrier to recovery.



In the injury epicenter, injury-induced cell death introduces toxic debris into the spinal cord, which recruits both the local microglia and the circulatory immune cells to clear the introduced debris. Although this immune reaction initially plays a beneficial role, the extended reactivity of immune cells will further damage the neural tissue. The astroglial border is crucial for controlling the spread of immune cells. Serum proteins and local cell markers including ATP, Shh, BMPs, thrombin, FGF, and endothelin, promote astrocyte proliferation. This is in parallel to the synthesis and secretion of chondroitin sulfate proteoglycans (CSPGs) via NG2 OPC (NG2-OPC) and macrophages into the extracellular matrix (Jones et al., 2002). The newly formed astrocytes migrate and intermingle with CSPGs in order to organize into a barrier immediately adjacent to the non-neural lesion core, dubbed the astroglial scar (Silver and Silver, 2014). While the functional role of this barrier and the reactive glial cells after injury continues to be under investigation, the barrier is known to actively inhibit axonal regeneration and repair through the covalently attached chondroitin sulfate glycosaminoglycan (CS-GAG) side-chains of CSPGs (Anderson et al., 2016; Burnside et al., 2018; Bradbury and Burnside, 2019).

The glial reaction to trauma extends rostro-caudal from the astroglial scar into the perilesional zone of spared neural tissue. Within this region, astrocytes, microglia, and NG2-OPC induce spontaneous synapse and circuit reorganization. In contrast to the newly formed astrocytes in the astroglial scar border, hypertrophic reactive astrocytes in the perilesional zone maintain their connections with local neurons (Khakh and Sofroniew, 2015). The activity of reactive glial cells gradually reduces and transitions into healthy spinal cord tissue. Synapse loss in the perilesional zone spontaneously leads to formation of new synapses. Damaged axons either retract or sprout and form new synapses around the lesion core through the spared neural tissue (Figure 2). Axonal sprouting in propriospinal interneurons has the ability to form a detour around the lesion core, and is a likely mechanism for endogenous behavioural improvement following incomplete traumatic SCI (Bareyre et al., 2004; Ballermann and Fouad, 2006; Courtine et al., 2008; Takeoka et al., 2014). This is particularly evident in the C2 hemisection SCI model aimed at investigating respiratory dysfunction after injury. Within this model, respiration is restored via the activity of propriospinal interneurons that form new connections, referred to as crossed phrenic phenomenon (CPP).



SYNAPTOPATHY HYPOTHESIS

The International Campaign for Cures of Spinal Cord Injury Paralysis (ICCP)—tasked at reviewing SCI clinical trials in 2007—concluded that most SCI patients suffer from a complete functional loss distal to the injury level (Grade A by the American Spinal Injury Association; ASIA). These patients show minimal recovery after 1 year, despite having a rim of preserved neural tissue around the injury site. This suggests that either remyelination or synaptic readjustment can elicit improved recovery. Surprisingly, all other ASIA classifications (Grades B, C, and D) demonstrate behavioral improvements, but the majority of Grade A patients do not exhibit any improvements 1-year post-injury (Adams and Cavanagh, 2004; Fawcett et al., 2007; Steeves et al., 2007; Tuszynski et al., 2007). In the post-ICCP era, the Spinal Trials Understanding, Design, and Implementation (STUDI) group—summoned in 2018—identified the role of combinatorial and rehabilitative trainings in ongoing clinical trials (Curt, 2019). This highlights the potential for neuroplasticity following injury and illustrates the growing interest in utilizing the neuroplastic potential of the spinal cord to treat SCI patients.

The synaptopathy hypothesis of SCI combines the recent findings from our lab and others, which suggests that traumatic SCI disrupts the preserved synaptic connections amongst the spinal interneurons. Despite the adaptive role of axonal sprouting in endogenous recovery, overwhelming evidence suggests neurotransmitter imbalance following SCI in the perilesional area results in an imbalanced excitatory/inhibitory (E/I) ratio, leading to the functional inactivation of preserved tissue (Chen et al., 2018). Synaptopathy is defined as maladaptive synaptic alterations, which lead to dysfunctional neurocircuitry. Various neurological conditions, such as autism spectrum disorder (ASD), schizophrenia, epilepsy, and Alzheimer’s disease have been linked to synaptic alterations (Ko et al., 2015).

Electrophysiological analyses using in vivo whole-cell patch clamp in a rat hemisection model demonstrate elevated spontaneous action potential firing in caudal substantia gelatinosa neurons following injury (Kozuka et al., 2016). While the mechanism remains to be fully elucidated, this hyperexcitation suggests the elimination of tonic descending control of inhibitory spinal interneurons (Kozuka et al., 2016). Interestingly, rehabilitative and neuromodulatory treatments aimed at exploiting synaptic changes after injury can activate dormant neural pathways (Petruska et al., 2007; Darrow et al., 2019; Kobayakawa et al., 2019). Transcriptional analysis in injured rats demonstrates the differential expression of synaptic genes following rehabilitative training (Kobayakawa et al., 2019). A recent study utilizing combinatorial rehabilitative training and Epidural stimulation (EDS) demonstrated that complete SCI patients, classified as grade A under ASIA score, were able to regain walking ability following several treatment sessions. Surprisingly, the patients lose their functional improvements following the cessation of the EDS. This is indicative of the beneficial role of neuromodulatory treatments to balance neurotransmission and activate dormant circuits after injury (Angeli et al., 2018).

Irregular neurotransmitter production, clearance, and sensitivity are potential mechanisms for maladaptive synaptic changes following traumatic SCI (Liu et al., 2004; Huang et al., 2016). For instance, altered serotonin regulation following injury is attributed to functional deficits, such as spasms (Thaweerattanasinp et al., 2020). Additionally, increased clustering of 5-HT2C receptors on V2a interneurons results in the super-sensitivity of neurons to serotonin following SCI (Husch et al., 2012).

A subtype of synaptopathy is channelopathy—the improper function of ion channels—which are critical for synaptic transmission and signal propagation in neural tissue (Hanna, 2006). Traumatic SCI alters the expression of ligand-gated channels, which in turn fluctuates the physiology of synapses in spinal interneurons. For instance, K+/Cl− cotransporter type 2 (KCC2) is a neuron specific transmembrane protein responsible for maintaining chloride and potassium ion gradients in the synaptic cleft (Moore et al., 2019). Previous studies have demonstrated the involvement of KCC2 in SCI pathogenesis. Expressed by SLC12A5, reduced KCC2 expression after injury lowers the concentration of chloride ions in the extracellular matrix (Boulenguez et al., 2010). The opening of chloride channels by GABA will induce chloride outflux from cells, which induces an excitatory effect. Such synaptic change upstream of inhibitory interneurons results in increased inhibition after SCI, which impairs signal transduction across spared neural tissue (Chen et al., 2018).



SPINAL INTERNEURONS AS A THERAPEUTIC TARGET AFTER SCI

Therapeutic interneuronal modulation seeks to either reverse adverse maladaptive synaptic changes following injury or form new circuits to bypass the damaged injury site. The clinical translation of such therapeutics can restore vital autonomic functions, such as respiration, after high cervical injuries (Golder and Mitchell, 2005; Satkunendrarajah et al., 2018). In preclinical studies, the staggered double hemisections (SDH) SCI model enables the examination of interneuronal connections in the absence of supraspinal inputs (Figure 3). This model suspends all supraspinal inputs by two contralateral hemisection incisions, but spares relay circuits in between the incision sites (Laliberte et al., 2019). Various types of studies on the SDH model have developed therapeutics to target relay circuits and interneurons. Thus far, these include EDS, rehabilitative training, as well as molecular interventions via pharmacological and gene therapy approaches.


[image: image]

FIGURE 3. The staggered double hemisections (SDH) model interrupts all supraspinal connections while sparing spinal interneurons, which can be used to investigate neuroplasticity after SCI.




Epidural Stimulation and Physical Rehabilitation

EDS refers to the introduction of electrical current via an electrode implanted over dura. Combined electrochemical neuroprosthesis and rehabilitation through treadmill-aid/robotic postural interface enabled the cortical control of locomotion through spared neural tissue (Lavrov et al., 2008; Angeli et al., 2018; Capogrosso et al., 2018). While effective in reactivating locomotor circuitry, this stimulation is not exclusive to spinal interneurons—but recent work has shown that the activation of sensory afferents recruits interneurons and motoneurons to produce coordinated hindlimb stepping (Formento et al., 2018). This, in conjunction with the functional recovery gained after SDH from the use of a pharmacological agent—quipazine—that directly targets propriospinal interneurons, is compelling evidence that propriospinal relay is critical for EDS-mediated functional recovery (Gerasimenko et al., 2007).



Pharmacological and Gene Therapy Approaches

The currently evolving gene therapeutic techniques, as well as pharmacological interventions, demonstrate new ways to influence neuroplastic change in spinal interneurons (Dimidschstein et al., 2016; Wang et al., 2019). These techniques are particularly crucial for restoring breathing following damage to the phrenic circuit. For instance, the pharmacogenetic stimulation of mid-cervical excitatory interneurons demonstrates improved breathing in mice after C2 hemisection injury with disrupted ipsilateral bulbospinal connections (Satkunendrarajah et al., 2018). In parallel, an alternative approach is to restore E/I balance amongst the interneurons to mitigate maladaptive synaptic alterations after injury. Particularly, virally-induced episomal expression of KCC2 in GABAergic neurons significantly improves the activity of propriospinal interneurons between the SDH sites and augments hindlimb functional recovery (Chen et al., 2018). Similarly, the administration of either the glycinergic antagonist strychnine or the GABAA receptor antagonist bicuculline improves stepping in the absence of rehabilitative training (Robinson and Goldberger, 1986; de Leon et al., 1999). While these aforementioned studies targeted the cervical and thoracic regions of the spinal cord, studies that investigated the role of interneurons below in the lumbar region using optogenetics demonstrated that V2A (Ljunggren et al., 2014) and Shox2+ (Dougherty et al., 2013) interneurons are critical for stepping and rhythmogenesis within the lumbar locomotor CPGs. Taken together, these studies demonstrate that both activation of excitatory and modulation of inhibitory interneurons may be critical for functional recovery.




CONCLUSIONS

The current clinical practice for traumatic SCI is limited to prevention and early neuroprotection (Chio et al., 2019). Several emerging treatment strategies, such as anti-NOGO treatment (currently at phase 2/3 clinical trial) are being developed (Kucher et al., 2018). These treatments are able to improve behavioral outcome measures, but not fully recover lost function. The heterogeneity of SCI warrants the development of combinatorial approaches to treat SCI patients. An important consideration in such studies is the role of interneurons and synaptic modifications to activate preserved host tissue. Further investigations into the mechanisms behind synaptic changes in the injured spinal cord will improve the available treatment strategies for SCI patients.



AUTHOR CONTRIBUTIONS

M-MZ and JH: literature review, manuscript writing, editing, and finalizing, approval of the final manuscript. MF: framing the concept and structure of the review, editing, and finalizing, approval of the final manuscript.



FUNDING

This work was supported by the Cervical Spine Research Society (MF). M-MZ was awarded the Ontario Graduate Scholarship (OGS).



ACKNOWLEDGMENTS

We are appreciative of Dr. Tim Worden for copyediting the manuscript. MF would like to acknowledge support from the Halbert Chair in Neural Repair and Regeneration and the Krembil Foundation.



REFERENCES

Adams, M., and Cavanagh, J. F. R. (2004). International Campaign for Cures of Spinal Cord Injury Paralysis (ICCP): another step forward for spinal cord injury research. Spinal Cord 42, 273–280. doi: 10.1038/sj.sc.3101597

Ahuja, C. S., Wilson, J. R., Nori, S., Kotter, M. R. N., Druschel, C., Curt, A., et al. (2017). Traumatic spinal cord injury. Nat. Rev. Dis. Primers 3:17018. doi: 10.1038/nrdp.2017.18

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

Andersson, L. S., Larhammar, M., Memic, F., Wootz, H., Schwochow, D., Rubin, C.-J., et al. (2012). Mutations in DMRT3 affect locomotion in horses and spinal circuit function in mice. Nature 488, 642–646. doi: 10.1038/nature11399

Angeli, C. A., Boakye, M., Morton, R. A., Vogt, J., Benton, K., Chen, Y., et al. (2018). Recovery of over-ground walking after chronic motor complete spinal cord injury. N. Engl. J. Med. 379, 1244–1250. doi: 10.1056/NEJMoa1803588

Armour, B. S., Courtney-Long, E. A., Fox, M. H., Fredine, H., and Cahill, A. (2016). Prevalence and causes of paralysis—united states, 2013. Am. J. Public Health 106, 1855–1857. doi: 10.2105/AJPH.2016.303270

Avraham, O., Hadas, Y., Vald, L., Zisman, S., Schejter, A., Visel, A., et al. (2009). Transcriptional control of axonal guidance and sorting in dorsal interneurons by the Lim-HD proteins Lhx9 and Lhx1. Neural Dev. 4:21. doi: 10.1186/1749-8104-4-21

Badhiwala, J. H., Ahuja, C. S., Akbar, M. A., Witiw, C. D., Nassiri, F., Furlan, J. C., et al. (2020). Degenerative cervical myelopathy—update and future directions. Nat. Rev. Neurol. 16, 108–124. doi: 10.1038/s41582-019-0303-0

Baker-Herman, T. L., Fuller, D. D., Bavis, R. W., Zabka, A. G., Golder, F. J., Doperalski, N. J., et al. (2004). BDNF is necessary and sufficient for spinal respiratory plasticity following intermittent hypoxia. Nat. Neurosci. 7, 48–55. doi: 10.1038/nn1166

Ballermann, M., and Fouad, K. (2006). Spontaneous locomotor recovery in spinal cord injured rats is accompanied by anatomical plasticity of reticulospinal fibers. Eur. J. Neurosci. 23, 1988–1996. doi: 10.1111/j.1460-9568.2006.04726.x

Bareyre, F. M., Kerschensteiner, M., Raineteau, O., Mettenleiter, T. C., Weinmann, O., and Schwab, M. E. (2004). The injured spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nat. Neurosci. 7, 269–277. doi: 10.1038/nn1195

Barnabé-Heider, F., Göritz, C., Sabelström, H., Takebayashi, H., Pfrieger, F. W., Meletis, K., et al. (2010). Origin of new glial cells in intact and injured adult spinal cord. Cell Stem Cell 7, 470–482. doi: 10.1016/j.stem.2010.07.014

Bikoff, J. B., Gabitto, M. I., Rivard, A. F., Drobac, E., Machado, T. A., Miri, A., et al. (2016). Spinal inhibitory interneuron diversity delineates variant motor microcircuits. Cell 165, 207–219. doi: 10.1016/j.cell.2016.01.027

Blesch, A., and Tuszynski, M. H. (2009). Spinal cord injury: plasticity, regeneration and the challenge of translational drug development. Trends Neurosci. 32, 41–47. doi: 10.1016/j.tins.2008.09.008

Boulenguez, P., Liabeuf, S., Bos, R., Bras, H., Jean-Xavier, C., Brocard, C., et al. (2010). Down-regulation of the potassium-chloride cotransporter KCC2 contributes to spasticity after spinal cord injury. Nat. Med. 16, 302–307. doi: 10.1038/nm.2107

Bradbury, E. J., and Burnside, E. R. (2019). Moving beyond the glial scar for spinal cord repair. Nat. Commun. 10:3879. doi: 10.1038/s41467-019-11707-7

Brown, G. (1914). On the nature of the fundamental activity of the nervous centres. J. Physiol. 48, 18–46. doi: 10.1113/jphysiol.1914.sp001646

Bui, T. V., Akay, T., Loubani, O., Hnasko, T. S., Jessell, T. M., and Brownstone, R. M. (2013). Circuits for grasping: spinal dI3 interneurons mediate cutaneous control of motor behavior. Neuron 78, 191–204. doi: 10.1016/j.neuron.2013.02.007

Burke, R. E. (2006). Sir Charles Sherrington’s the integrative action of the nervous system: a centenary appreciation. Brain 130, 887–894. doi: 10.1093/brain/awm022

Burnside, E. R., De Winter, F., Didangelos, A., James, N. D., Andreica, E.-C., Layard-Horsfall, H., et al. (2018). Immune-evasive gene switch enables regulated delivery of chondroitinase after spinal cord injury. Brain 141, 2362–2381. doi: 10.1093/brain/awy158

Cadotte, D. W., Bosma, R., Mikulis, D., Nugaeva, N., Smith, K., Pokrupa, R., et al. (2012). Plasticity of the injured human spinal cord: insights revealed by spinal cord functional MRI. PLoS One 7:e45560. doi: 10.1371/journal.pone.0045560

Cadotte, D. W., and Fehlings, M. G. (2013). Visualizing plasticity and repair in the injured CNS. Nat. Rev. Neurol. 9, 546–547. doi: 10.1038/nrneurol.2013.190

Capogrosso, M., Wagner, F. B., Gandar, J., Moraud, E. M., Wenger, N., Milekovic, T., et al. (2018). Configuration of electrical spinal cord stimulation through real-time processing of gait kinematics. Nat. Protoc. 13, 2031–2061. doi: 10.1038/s41596-018-0030-9

Chen, B., Li, Y., Yu, B., Zhang, Z., Brommer, B., Williams, P. R., et al. (2018). Reactivation of dormant relay pathways in injured spinal cord by KCC2 manipulations. Cell 174, 521.e13–535.e13. doi: 10.1016/j.cell.2018.06.005

Chio, J. C. T., Wang, J., Badner, A., Hong, J., Surendran, V., and Fehlings, M. G. (2019). The effects of human immunoglobulin G on enhancing tissue protection and neurobehavioral recovery after traumatic cervical spinal cord injury are mediated through the neurovascular unit. J. Neuroinflammation 16:141. doi: 10.1186/s12974-019-1518-0

Chopek, J. W., Nascimento, F., Beato, M., Brownstone, R. M., and Zhang, Y. (2018). Sub-populations of spinal V3 interneurons form focal modules of layered pre-motor microcircuits. Cell Rep. 25, 146.e3–156.e3. doi: 10.1016/j.celrep.2018.08.095

Courtine, G., and Sofroniew, M. V. (2019). Spinal cord repair: advances in biology and technology. Nat. Med. 25, 898–908. doi: 10.1038/s41591-019-0475-6

Courtine, G., Song, B., Roy, R. R., Zhong, H., Herrmann, J. E., Ao, Y., et al. (2008). Recovery of supraspinal control of stepping via indirect propriospinal relay connections after spinal cord injury. Nat. Med. 14, 69–74. doi: 10.1038/nm1682

Crone, C., Hultborn, H., Jespersen, B., and Nielsen, J. (1987). Reciprocal Ia inhibition between ankle flexors and extensors in man. J. Physiol. 389, 163–185. doi: 10.1113/jphysiol.1987.sp016652

Crone, S. A., Quinlan, K. A., Zagoraiou, L., Droho, S., Restrepo, C. E., Lundfald, L., et al. (2008). Genetic ablation of V2a ipsilateral interneurons disrupts left-right locomotor coordination in mammalian spinal cord. Neuron 60, 70–83. doi: 10.1016/j.neuron.2008.08.009

Crone, S. A., Zhong, G., Harris-Warrick, R., and Sharma, K. (2009). In mice lacking V2a interneurons, gait depends on speed of locomotion. J. Neurosci. 29, 7098–7109. doi: 10.1523/JNEUROSCI.1206-09.2009

Curt, A. (2019). Perseverance is required!. Spinal Cord 57, 347–347. doi: 10.1038/s41393-019-0277-1

Danner, S. M., Zhang, H., Shevtsova, N. A., Borowska-Fielding, J., Deska-Gauthier, D., Rybak, I. A., et al. (2019). Spinal V3 interneurons and left-right coordination in mammalian locomotion. Front. Cell. Neurosci. 13:516. doi: 10.3389/fncel.2019.00516

Darrow, D., Balser, D., Netoff, T. I., Krassioukov, A., Phillips, A., Parr, A., et al. (2019). Epidural spinal cord stimulation facilitates immediate restoration of dormant motor and autonomic supraspinal pathways after chronic neurologically complete spinal cord injury. J. Neurotrauma 36, 2325–2336. doi: 10.1089/neu.2018.6006

de Leon, R. D., Tamaki, H., Hodgson, J. A., Roy, R. R., and Edgerton, V. R. (1999). Hindlimb locomotor and postural training modulates glycinergic inhibition in the spinal cord of the adult spinal cat. J. Neurophysiol. 82, 359–369. doi: 10.1152/jn.1999.82.1.359

Delile, J., Rayon, T., Melchionda, M., Edwards, A., Briscoe, J., and Sagner, A. (2019). Single cell transcriptomics reveals spatial and temporal dynamics of gene expression in the developing mouse spinal cord. Development 146:dev173807. doi: 10.1242/dev.173807

Deska-Gauthier, D., Borowska-Fielding, J., Jones, C. T., and Zhang, Y. (2020). The temporal neurogenesis patterning of spinal p3–V3 interneurons into divergent subpopulation assemblies. J. Neurosci. 40, 1440–1452. doi: 10.1523/JNEUROSCI.1518-19.2019

Dimidschstein, J., Chen, Q., Tremblay, R., Rogers, S. L., Saldi, G.-A., Guo, L., et al. (2016). A viral strategy for targeting and manipulating interneurons across vertebrate species. Nat. Neurosci. 19, 1743–1749. doi: 10.1038/nn.4430

Dougherty, K. J., and Kiehn, O. (2010). Firing and cellular properties of V2a interneurons in the rodent spinal cord. J. Neurosci. 30, 24–37. doi: 10.1523/JNEUROSCI.4821-09.2010

Dougherty, K. J., Zagoraiou, L., Satoh, D., Rozani, I., Doobar, S., Arber, S., et al. (2013). Locomotor rhythm generation linked to the output of spinal shox2 excitatory interneurons. Neuron 80, 920–933. doi: 10.1016/j.neuron.2013.08.015

Duval, N., Daubas, P., Bourcier de Carbon, C., St Cloment, C., Tinevez, J.-Y., Lopes, M., et al. (2014). Msx1 and Msx2 act as essential activators of Atoh1 expression in the murine spinal cord. Development 141, 1726–1736. doi: 10.1242/dev.099002


Eccles, J. C. (1968). The Physiology of Nerve Cells. Baltimore, MD: Johns Hopkins University Press.


Falgairolle, M., and O’Donovan, M. J. (2019). V1 interneurons regulate the pattern and frequency of locomotor-like activity in the neonatal mouse spinal cord. PLoS Biol. 17:e3000447. doi: 10.1371/journal.pbio.3000447

Fawcett, J. W., Curt, A., Steeves, J. D., Coleman, W. P., Tuszynski, M. H., Lammertse, D., et al. (2007). Guidelines for the conduct of clinical trials for spinal cord injury as developed by the ICCP panel: spontaneous recovery after spinal cord injury and statistical power needed for therapeutic clinical trials. Spinal Cord 45, 190–205. doi: 10.1038/sj.sc.3102007

Fleming, J. C., Norenberg, M. D., Ramsay, D. A., Dekaban, G. A., Marcillo, A. E., Saenz, A. D., et al. (2006). The cellular inflammatory response in human spinal cords after injury. Brain 129, 3249–3269. doi: 10.1093/brain/awl296

Flynn, J. R., Conn, V. L., Boyle, K. A., Hughes, D. I., Watanabe, M., Velasquez, T., et al. (2017). Anatomical and molecular properties of long descending propriospinal neurons in mice. Front. Neuroanat. 11:5. doi: 10.3389/fnana.2017.00005

Flynn, J. R., Graham, B. A., Galea, M. P., and Callister, R. J. (2011). The role of propriospinal interneurons in recovery from spinal cord injury. Neuropharmacology 60, 809–822. doi: 10.1016/j.neuropharm.2011.01.016

Formento, E., Minassian, K., Wagner, F., Mignardot, J. B., Le Goff-Mignardot, C. G., Rowald, A., et al. (2018). Electrical spinal cord stimulation must preserve proprioception to enable locomotion in humans with spinal cord injury. Nat. Neurosci. 21, 1728–1741. doi: 10.1038/s41593-018-0262-6

Gerasimenko, Y. P., Ichiyama, R. M., Lavrov, I. A., Courtine, G., Cai, L., Zhong, H., et al. (2007). Epidural spinal cord stimulation plus quipazine administration enable stepping in complete spinal adult rats. J. Neurophysiol. 98, 2525–2536. doi: 10.1152/jn.00836.2007

Golder, F. J., and Mitchell, G. S. (2005). Spinal synaptic enhancement with acute intermittent hypoxia improves respiratory function after chronic cervical spinal cord injury. J. Neurosci. 25, 2925–2932. doi: 10.1523/JNEUROSCI.0148-05.2005

Gosgnach, S., Bikoff, J. B., Dougherty, K. J., El Manira, A., Lanuza, G. M., and Zhang, Y. (2017). Delineating the diversity of spinal interneurons in locomotor circuits. J. Neurosci. 37, 10835–10841. doi: 10.1523/JNEUROSCI.1829-17.2017

Gosgnach, S., Lanuza, G. M., Butt, S. J. B., Saueressig, H., Zhang, Y., Velasquez, T., et al. (2006). V1 spinal neurons regulate the speed of vertebrate locomotor outputs. Nature 440, 215–219. doi: 10.1038/nature04545

Goulding, M. (2009). Circuits controlling vertebrate locomotion: moving in a new direction. Nat. Rev. Neurosci. 10, 507–518. doi: 10.1038/nrn2608

Gowan, K., Helms, A. W., Hunsaker, T. L., Collisson, T., Ebert, P. J., Odom, R., et al. (2001). Crossinhibitory activities of Ngn1 and Math1 allow specification of distinct dorsal Interneurons. Neuron 31, 219–232. doi: 10.1016/s0896-6273(01)00367-1

Gross, M. K., Dottori, M., and Goulding, M. (2002). Lbx1 specifies somatosensory association interneurons in the dorsal spinal cord. Neuron 34, 535–549. doi: 10.1016/s0896-6273(02)00690-6

Guertin, P. A. (2013). Central pattern generator for locomotion: anatomical, physiological, and pathophysiological considerations. Front. Neurol. 3:183. doi: 10.3389/fneur.2012.00183

Hanna, M. G. (2006). Genetic neurological channelopathies. Nat. Rev. Neurol. 2, 252–263. doi: 10.1038/ncpneuro0178

Harkema, S. J. (2008). Plasticity of interneuronal networks of the functionally isolated human spinal cord. Brain Res. Rev. 57, 255–264. doi: 10.1016/j.brainresrev.2007.07.012

Harris, A., Masgutova, G., Collin, A., Toch, M., Hidalgo-Figueroa, M., Jacob, B., et al. (2019). Onecut factors and Pou2f2 regulate the distribution of V2 interneurons in the mouse developing spinal cord. Front. Cell. Neurosci. 13:184. doi: 10.3389/fncel.2019.00184

Hayashi, M., Hinckley, C. A., Driscoll, S. P., Moore, N. J., Levine, A. J., Hilde, K. L., et al. (2018). Graded arrays of spinal and supraspinal V2a interneuron subtypes underlie forelimb and hindlimb motor control. Neuron 97, 869.e5–884.e5. doi: 10.1016/j.neuron.2018.01.023

Huang, Y.-J., Lee, K. H., Murphy, L., Garraway, S. M., and Grau, J. W. (2016). Acute spinal cord injury (SCI) transforms how GABA affects nociceptive sensitization. Exp. Neurol. 285, 82–95. doi: 10.1016/j.expneurol.2016.09.005

Husch, A., Van Patten, G. N., Hong, D. N., Scaperotti, M. M., Cramer, N., and Harris-Warrick, R. M. (2012). Spinal cord injury induces serotonin supersensitivity without increasing intrinsic excitability of mouse V2a interneurons. J. Neurosci. 32, 13145–13154. doi: 10.1523/JNEUROSCI.2995-12.2012

Hutson, T. H., and Di Giovanni, S. (2019). The translational landscape in spinal cord injury: focus on neuroplasticity and regeneration. Nat. Rev. Neurol. 15, 732–745. doi: 10.1038/s41582-019-0280-3

Jankowska, E. (2001). Spinal interneuronal systems: identification, multifunctional character and reconfigurations in mammals. J. Physiol. 533, 31–40. doi: 10.1111/j.1469-7793.2001.0031b.x

Jessell, T. M. (2000). Neuronal specification in the spinal cord: inductive signals and transcriptional codes. Nat. Rev. Genet. 1, 20–29. doi: 10.1038/35049541

Jones, L. L., Yamaguchi, Y., Stallcup, W. B., and Tuszynski, M. H. (2002). NG2 is a major chondroitin sulfate proteoglycan produced after spinal cord injury and is expressed by macrophages and oligodendrocyte progenitors. J. Neurosci. 22, 2792–2803. doi: 10.1523/JNEUROSCI.22-07-02792.2002

Katz, R., Penicaud, A., and Rossi, A. (1991). Reciprocal Ia inhibition between elbow flexors and extensors in the human. J. Physiol. 437, 269–286. doi: 10.1113/jphysiol.1991.sp018595

Khakh, B. S., and Sofroniew, M. V. (2015). Diversity of astrocyte functions and phenotypes in neural circuits. Nat. Neurosci. 18, 942–952. doi: 10.1038/nn.4043

Kiehn, O. (2016). Decoding the organization of spinal circuits that control locomotion. Nat. Rev. Neurosci. 17, 224–238. doi: 10.1038/nrn.2016.9

Kimura, Y., and Higashijima, S. (2019). Regulation of locomotor speed and selection of active sets of neurons by V1 neurons. Nat. Commun. 10:2268. doi: 10.1038/s41467-019-09871-x

Ko, J., Choii, G., and Um, J. W. (2015). The balancing act of GABAergic synapse organizers. Trends Mol. Med. 21, 256–268. doi: 10.1016/j.molmed.2015.01.004

Kobayakawa, K., DePetro, K. A., Zhong, H., Pham, B., Hara, M., Harada, A., et al. (2019). Locomotor training increases synaptic structure with high NGL-2 expression after spinal cord hemisection. Neurorehabil. Neural Repair 33, 225–231. doi: 10.1177/1545968319829456

Kozuka, Y., Kawamata, M., Furue, H., Ishida, T., Tanaka, S., Namiki, A., et al. (2016). Changes in synaptic transmission of substantia gelatinosa neurons after spinal cord hemisection revealed by analysis using in vivo patch-clamp recording. Mol. Pain 12:174480691666582. doi: 10.1177/1744806916665827

Kucher, K., Johns, D., Maier, D., Abel, R., Badke, A., Baron, H., et al. (2018). First-in-man intrathecal application of neurite growth-promoting anti-nogo-a antibodies in acute spinal cord injury. Neurorehabil. Neural Repair 32, 578–589. doi: 10.1177/1545968318776371

Ladle, D. R., Pecho-Vrieseling, E., and Arber, S. (2007). Assembly of motor circuits in the spinal cord: driven to function by genetic and experience-dependent mechanisms. Neuron 56, 270–283. doi: 10.1016/j.neuron.2007.09.026

Laliberte, A. M., Goltash, S., Lalonde, N. R., and Bui, T. V. (2019). Propriospinal neurons: essential elements of locomotor control in the intact and possibly the injured spinal cord. Front. Cell. Neurosci. 13:512. doi: 10.3389/fncel.2019.00512

Lanuza, G. M., Gosgnach, S., Pierani, A., Jessell, T. M., and Goulding, M. (2004). Genetic identification of spinal interneurons that coordinate left-right locomotor activity necessary for walking movements. Neuron 42, 375–386. doi: 10.1016/s0896-6273(04)00249-1

Lavrov, I., Courtine, G., Dy, C. J., van den Brand, R., Fong, A. J., Gerasimenko, Y., et al. (2008). Facilitation of stepping with epidural stimulation in spinal rats: role of sensory input. J. Neurosci. 28, 7774–7780. doi: 10.1523/JNEUROSCI.1069-08.2008

Liu, J., Wolfe, D., Hao, S., Huang, S., Glorioso, J. C., Mata, M., et al. (2004). Peripherally delivered glutamic acid decarboxylase gene therapy for spinal cord injury pain. Mol. Ther. 10, 57–66. doi: 10.1016/j.ymthe.2004.04.017

Ljunggren, E. E., Haupt, S., Ausborn, J., Ampatzis, K., and Manira, A. E. (2014). Optogenetic activation of excitatory premotor interneurons is sufficient to generate coordinated locomotor activity in larval zebrafish. J. Neurosci. 34, 134–139. doi: 10.1523/JNEUROSCI.4087-13.2014

Lu, D. C., Niu, T., and Alaynick, W. A. (2015). Molecular and cellular development of spinal cord locomotor circuitry. Front. Mol. Neurosci. 8:25. doi: 10.3389/fnmol.2015.00025

Meletis, K., Barnabé-Heider, F., Carlén, M., Evergren, E., Tomilin, N., Shupliakov, O., et al. (2008). Spinal cord injury reveals multilineage differentiation of ependymal cells. PLoS Biol. 6:e182. doi: 10.1371/journal.pbio.0060182

Menelaou, E., and McLean, D. L. (2019). Hierarchical control of locomotion by distinct types of spinal V2a interneurons in zebrafish. Nat. Commun. 10:4197. doi: 10.1038/s41467-019-12240-3

Mizuguchi, R., Kriks, S., Cordes, R., Gossler, A., Ma, Q., and Goulding, M. (2006). Ascl1 and Gsh1/2 control inhibitory and excitatory cell fate in spinal sensory interneurons. Nat. Neurosci. 9, 770–778. doi: 10.1038/nn1706

Moore, Y. E., Conway, L. C., Wobst, H. J., Brandon, N. J., Deeb, T. Z., and Moss, S. J. (2019). Developmental regulation of KCC2 phosphorylation has long-term impacts on cognitive function. Front. Mol. Neurosci. 12:173. doi: 10.3389/fnmol.2019.00173

Moran-Rivard, L., Kagawa, T., Saueressig, H., Gross, M. K., Burrill, J., and Goulding, M. (2001). Evx1 is a postmitotic determinant of V0 interneuron identity in the spinal cord. Neuron 29, 385–399. doi: 10.1016/s0896-6273(01)00213-6


National Spinal Cord Injury Statistical Center. (2020). Spinal Cord Injury, Facts and Figures at a Glance. Birmingham: University of Alabama at Birmingham.


O’Shea, T. M., Burda, J. E., and Sofroniew, M. V. (2017). Cell biology of spinal cord injury and repair. J. Clin. Invest. 127, 3259–3270. doi: 10.1172/JCI90608

Ogura, T., Sakaguchi, H., Miyamoto, S., and Takahashi, J. (2018). Three-dimensional induction of dorsal, intermediate and ventral spinal cord tissues from human pluripotent stem cells. Development 145:dev162214. doi: 10.1242/dev.162214

Özyurt, M. G., Piotrkiewicz, M., Topkara, B., Weisskircher, H., and Türker, K. S. (2019). Motor units as tools to evaluate profile of human Renshaw inhibition. J. Physiol. 597, 2185–2199. doi: 10.1113/jp277129

Petruska, J. C., Ichiyama, R. M., Jindrich, D. L., Crown, E. D., Tansey, K. E., Roy, R. R., et al. (2007). Changes in motoneuron properties and synaptic inputs related to step training after spinal cord transection in rats. J. Neurosci. 27, 4460–4471. doi: 10.1523/JNEUROSCI.2302-06.2007

Pierani, A., Moran-Rivard, L., Sunshine, M. J., Littman, D. R., Goulding, M., and Jessell, T. M. (2001). Control of interneuron fate in the developing spinal cord by the progenitor homeodomain protein Dbx1. Neuron 29, 367–384. doi: 10.1016/s0896-6273(01)00212-4

Raineteau, O., and Schwab, M. E. (2001). Plasticity of motor systems after incomplete spinal cord injury. Nat. Rev. Neurosci. 2, 263–273. doi: 10.1038/35067570

Robinson, G. A., and Goldberger, M. E. (1986). The development and recovery of motor function in spinal cats. II. Pharmacological enhancement of recovery. Exp. Brain Res. 62, 387–400. doi: 10.1007/bf00238858

Rybak, I. A., Stecina, K., Shevtsova, N. A., and McCrea, D. A. (2006). Modelling spinal circuitry involved in locomotor pattern generation: insights from the effects of afferent stimulation. J. Physiol. 577, 641–658. doi: 10.1113/jphysiol.2006.118711

Saliani, A., Perraud, B., Duval, T., Stikov, N., Rossignol, S., and Cohen-Adad, J. (2017). Axon and myelin morphology in animal and human spinal cord. Front. Neuroanat. 11:129. doi: 10.3389/fnana.2017.00129

Sathyamurthy, A., Johnson, K. R., Matson, K. J. E., Dobrott, C. I., Li, L., Ryba, A. R., et al. (2018). Massively parallel single nucleus transcriptional profiling defines spinal cord neurons and their activity during behavior. Cell Rep. 22, 2216–2225. doi: 10.1016/j.celrep.2018.02.003

Satkunendrarajah, K., Karadimas, S. K., Laliberte, A. M., Montandon, G., and Fehlings, M. G. (2018). Cervical excitatory neurons sustain breathing after spinal cord injury. Nature 562, 419–422. doi: 10.1038/s41586-018-0595-z

Schnerwitzki, D., Perry, S., Ivanova, A., Caixeta, F. V., Cramer, P., Günther, S., et al. (2018). Neuron-specific inactivation of Wt1 alters locomotion in mice and changes interneuron composition in the spinal cord. Life Sci. Alliance 1:e201800106. doi: 10.26508/lsa.201800106

Sekhon, L. H. S., and Fehlings, M. G. (2001). Epidemiology, demographics, and pathophysiology of acute spinal cord injury. Spine 26, S2–S12. doi: 10.1097/00007632-200112151-00002

Sekiguchi, K. J., Shekhtmeyster, P., Merten, K., Arena, A., Cook, D., Hoffman, E., et al. (2016). Imaging large-scale cellular activity in spinal cord of freely behaving mice. Nat. Commun. 7:11450. doi: 10.1038/ncomms11450

Silver, D. J., and Silver, J. (2014). Contributions of chondroitin sulfate proteoglycans to neurodevelopment, injury, and cancer. Curr. Opin. Neurobiol. 27, 171–178. doi: 10.1016/j.conb.2014.03.016

Sofroniew, M. V. (2018). Dissecting spinal cord regeneration. Nature 557, 343–350. doi: 10.1038/s41586-018-0068-4

Steeves, J. D., Lammertse, D., Curt, A., Fawcett, J. W., Tuszynski, M. H., Ditunno, J. F., et al. (2007). Guidelines for the conduct of clinical trials for spinal cord injury (SCI) as developed by the ICCP panel: clinical trial outcome measures. Spinal Cord 45, 206–221. doi: 10.1038/sj.sc.3102010

Stepien, A. E., Tripodi, M., and Arber, S. (2010). Monosynaptic rabies virus reveals premotor network organization and synaptic specificity of cholinergic partition cells. Neuron 68, 456–472. doi: 10.1016/j.neuron.2010.10.019

Takeoka, A., Vollenweider, I., Courtine, G., and Arber, S. (2014). Muscle spindle feedback directs locomotor recovery and circuit reorganization after spinal cord injury. Cell 159, 1626–1639. doi: 10.1016/j.cell.2014.11.019

Talpalar, A. E., Bouvier, J., Borgius, L., Fortin, G., Pierani, A., and Kiehn, O. (2013). Dual-mode operation of neuronal networks involved in left-right alternation. Nature 500, 85–88. doi: 10.1038/nature12286

Tator, C., and Fehlings, M. G. (1991). Review of the secondary injury theory of acute spinal cord trauma with emphasis on vascular mechanisms. J. Neurosurg 75, 15–26. doi: 10.3171/jns.1991.75.1.0015

Thaweerattanasinp, T., Birch, D., Jiang, M. C., Tresch, M. C., Bennett, D. J., Heckman, C., et al. (2020). Bursting interneurons in the deep dorsal horn develop increased excitability and sensitivity to serotonin after chronic spinal injury. J. Neurophysiol. doi: 10.1152/jn.00701.2019 [Epub ahead of print].

Tuszynski, M. H., Steeves, J. D., Fawcett, J. W., Lammertse, D., Kalichman, M., Rask, C., et al. (2007). Guidelines for the conduct of clinical trials for spinal cord injury as developed by the ICCP Panel: clinical trial inclusion/exclusion criteria and ethics. Spinal Cord 45, 222–231. doi: 10.1038/sj.sc.3102009

Vanlandewijck, M., He, L., Mäe, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al. (2018). A molecular atlas of cell types and zonation in the brain vasculature. Nature 554, 475–480. doi: 10.1038/nature25739

Wang, D., Tai, P. W. L., and Gao, G. (2019). Adeno-associated virus vector as a platform for gene therapy delivery. Nat. Rev. Drug Discov. 18, 358–378. doi: 10.1038/s41573-019-0012-9

Wilson, S. I., Shafer, B., Lee, K. J., and Dodd, J. (2008). A molecular program for contralateral trajectory: rig-1 control by LIM homeodomain transcription factors. Neuron 59, 413–424. doi: 10.1016/j.neuron.2008.07.020

Zagoraiou, L., Akay, T., Martin, J. F., Brownstone, R. M., Jessell, T. M., and Miles, G. B. (2009). A cluster of cholinergic premotor interneurons modulates mouse locomotor activity. Neuron 64, 645–662. doi: 10.1016/j.neuron.2009.10.017

Zeisel, A., Hochgerner, H., Lönnerberg, P., Johnsson, A., Memic, F., van der Zwan, J., et al. (2018). Molecular architecture of the mouse nervous system. Cell 174, 999.e22–1014.e22. doi: 10.1016/j.cell.2018.06.021

Zhang, J., Lanuza, G. M., Britz, O., Wang, Z., Siembab, V. C., Zhang, Y., et al. (2014). V1 and V2b interneurons secure the alternating flexor-extensor motor activity mice require for limbed locomotion. Neuron 82, 138–150. doi: 10.1016/j.neuron.2014.02.013

Zhang, Y., Narayan, S., Geiman, E., Lanuza, G. M., Velasquez, T., Shanks, B., et al. (2008). V3 spinal neurons establish a robust and balanced locomotor rhythm during walking. Neuron 60, 84–96. doi: 10.1016/j.neuron.2008.09.027

Zholudeva, L. V., Qiang, L., Marchenko, V., Dougherty, K. J., Sakiyama-Elbert, S. E., and Lane, M. A. (2018). The neuroplastic and therapeutic potential of spinal interneurons in the injured spinal cord. Trends Neurosci. 41, 625–639. doi: 10.1016/j.tins.2018.06.004

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 © 2020 Zavvarian, Hong and Fehlings. 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.












	 
	ORIGINAL RESEARCH
published: 27 May 2020
doi: 10.3389/fncel.2020.00110





[image: image]

Reaching and Grasping Training Improves Functional Recovery After Chronic Cervical Spinal Cord Injury

Chrystine Gallegos1,2, Matthew Carey1,2,3, Yiyan Zheng1,2, Xiuquan He1,2,4 and Qi Lin Cao1,2*

1The Vivian L. Smith Department of Neurosurgery, The University of Texas Health Science Center at Houston, Houston, TX, United States

2Center for Stem Cell and Regenerative Medicine, The Brown Foundation Institute of Molecular Medicine for the Prevention of Human Diseases, The University of Texas Health Science Center at Houston, Houston, TX, United States

3Summer Undergraduate Research Program, The University of Texas Health Science Center at Houston, Houston, TX, United States

4Department of Anatomy and Histoembryology, School of Basic Medical Sciences, Shandong University, Jinan, China

Edited by:
Junfang Wu, University of Maryland, Baltimore, United States

Reviewed by:
Naikui Liu, Indiana University, Purdue University Indianapolis, United States
Qing Yang, The University of Texas Medical Branch at Galveston, United States

*Correspondence: Qi Lin Cao, qi-lin.cao@uth.tmc.edu

Specialty section: This article was submitted to Cellular Neuropathology, a section of the journal Frontiers in Cellular Neuroscience

Received: 29 February 2020
Accepted: 08 April 2020
Published: 27 May 2020

Citation: Gallegos C, Carey M, Zheng Y, He X and Cao QL (2020) Reaching and Grasping Training Improves Functional Recovery After Chronic Cervical Spinal Cord Injury. Front. Cell. Neurosci. 14:110. doi: 10.3389/fncel.2020.00110

Previous studies suggest locomotion training could be an effective non-invasive therapy after spinal cord injury (SCI) using primarily acute thoracic injuries. However, the majority of SCI patients have chronic cervical injuries. Regaining hand function could significantly increase their quality of life. In this study, we used a clinically relevant chronic cervical contusion to study the therapeutic efficacy of rehabilitation in forelimb functional recovery. Nude rats received a moderate C5 unilateral contusive injury and were then divided into two groups with or without Modified Montoya Staircase (MMS) rehabilitation. For the rehabilitation group, rats were trained 5 days a week starting at 8 weeks post-injury (PI) for 6 weeks. All rats were assessed for skilled forelimb functions with MMS test weekly and for untrained gross forelimb locomotion with grooming and horizontal ladder (HL) tests biweekly. Our results showed that MMS rehabilitation significantly increased the number of pellets taken at 13 and 14 weeks PI and the accuracy rates at 12 to 14 weeks PI. However, there were no significant differences in the grooming scores or the percentage of HL missteps at any time point. Histological analyses revealed that MMS rehabilitation significantly increased the number of serotonergic fibers and the amount of presynaptic terminals around motor neurons in the cervical ventral horns caudal to the injury and reduced glial fibrillary acidic protein (GFAP)-immunoreactive astrogliosis in spinal cords caudal to the lesion. This study shows that MMS rehabilitation can modify the injury environment, promote axonal sprouting and synaptic plasticity, and importantly, improve reaching and grasping functions in the forelimb, supporting the therapeutic potential of task-specific rehabilitation for functional recovery after chronic SCI.
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INTRODUCTION

Spinal cord injury (SCI), often caused by motor vehicle accidents, falls, violence, or sports and recreational injuries, is characterized by partial or total loss of motor and sensory functions below the level of the injury resulting in severe permanent disabilities dependent on the level and severity of the lesion (Armour et al., 2016; Loy and Bareyre, 2019). SCI patients often live with paralysis and an extremely reduced quality of life and productivity. Unfortunately, effective treatments for SCI remain elusive. Locomotor training, including conventional gait training, overground walking training, body-weight-supported treadmill training, and the recent robotic-assisted gait training, have shown great potential to promote functional recovery in SCI patients (Harkema et al., 2012; Brazg et al., 2017; Mehrholz et al., 2017; Tse et al., 2018) and thus a potential therapeutic approach for the patients with SCI. However, functional improvement by locomotion training is still limited. The current protocols for locomotion training need to be further optimized. For example, the optimal timing and extent of locomotor training remain to be determined. Importantly, the underlying neuronal mechanisms by which locomotor training promotes functional recovery are poorly understood (Cote et al., 2017). Animal studies could provide very useful information in these important aspects, which may help develop optimized locomotor training-based therapies for greater functional recovery in SCI patients.

Different locomotor training approaches have been shown to improve recovery after SCI in a variety of animal injury models (Jakeman et al., 2011; Harkema et al., 2012; Rossignol et al., 2015; Sandrow-Feinberg and Houle, 2015; Torres-Espin et al., 2018). These approaches can be categorized into voluntary and forced training. Movement in the home cage is the most common but often overlooked type of voluntary training which contributes to the spontaneous locomotor recovery after thoracic SCI (Caudle et al., 2011). Enhancing voluntary rehabilitation in an enriched environment further increases functional recovery after SCI (Lankhorst et al., 2001; Van Meeteren et al., 2003). Forced rehabilitation includes treadmill training, bicycling, or swimming (Torres-Espin et al., 2018; Loy and Bareyre, 2019). Treadmill training is the most commonly used forced training paradigm experimentally and can, with body weight assistance, also be applied to animals with severe SCI (Torres-Espin et al., 2018). Treadmill training alone promotes functional recovery after incomplete SCI (Shah et al., 2013; Jung et al., 2016) but not after complete transection (Ilha et al., 2011). However, combinatorial treatments including treadmill rehabilitation and pharmacological and electrical modulations in the lumbar spinal cord are able to partially restore locomotion in completely transected rats (van den Brand et al., 2012). Importantly, these experimental results are similar to ones from recent clinical trials for treadmill training with or without epidural simulation (Rejc et al., 2017a, b; Tse et al., 2018), suggesting that animal studies are able to provide very useful insights for designing rehabilitation treatments for SCI patients. Bicycling (Peterson et al., 2000; Bose et al., 2012) and swimming (Magnuson et al., 2009; Smith et al., 2009) are less commonly used and less effective forced rehabilitative strategies. Current rehabilitative strategies, including both voluntary and forced training, focus primarily on the recovery of hind limbs using thoracic SCI models. However, the majority of SCI patients have cervical injuries, and regaining hand functions is one of the top priorities for these patients since even partial recovery of hand functions could significantly improve the quality of their life (Anderson, 2004). More studies are much needed to investigate the therapeutic potential of rehabilitative approaches in the recovery of hand functions.

Previous studies show that task-specific training with single-pellet retrieval promotes the recovery of fine forelimb functions such as pellet reaching and grasping after cervical SCI (Girgis et al., 2007; Garcia-Alias et al., 2009; Krajacic et al., 2010). Recently, training with the Modified Montoya Staircase (MMS) has been shown to improve food pellet grasping after cervical SCI (Wang et al., 2011; Liu et al., 2017). While the detailed kinematic analysis for forelimb fine function in the MMS test is difficult to perform as in the single pellet reaching test (Farr and Whishaw, 2002; Wang et al., 2017), MMS training could provide an additional advantage for unilateral cervical SCI since the uninjured contralateral forelimb is not able to reach the pellets at the injury side. However, these studies have used either dorsal or lateral cervical laceration models, which are not relevant to the contusion SCI most commonly occurring in patients. Importantly, rehabilitation previously has been administered immediately or a few days after SCI. It remains unknown whether rehabilitation starting at chronic SCI will promote the recovery of fine forelimb function. In this study, we have attempted to fill these gaps by investigating whether rehabilitation with MMS would promote functional recovery of the forelimb after a chronic cervical contusion injury.



MATERIALS AND METHODS

All animal care, behavioral testing, and surgical interventions were performed in strict accordance to the approval of the Animal Welfare Committee at the University of Texas Health Science Center at Houston.


Surgical Procedures

Age-matched female and male adult (3–6 months) athymic nude rats [NIH-RNU, Taconic; body weight, 190 ± 10 g (female) and 295 ± 25 g (male)] were used in this study. There were eight nude rats (five female and three male) in each group. After anesthetization performed with 4% isoflurane, rats received a dorsal laminectomy at the fifth cervical vertebral level (C5) to expose the spinal cord, and the spine was stabilized using steel stabilizers inserted under the transverse processes one vertebra above and below C5 as described in previous thoracic contusion (Walker et al., 2015). The rats were then moved to an Infinite Horizons Spinal Cord Impactor (Infinite Horizons LLC, Lexington, KY, United States) and received a 150 kdyne moderate unilateral contusive injury at the middle of the injured side spinal cord. During the injury, the spinal cord was not rotated as described previously (Lee et al., 2010, 2012). Our stabilizer was able to produce a consistent cervical contusion without rotating the spinal cord. Importantly, the injury severity shown by both histology and behavioral tests was very similar to these previous studies (Lee et al., 2010, 2012). The MMS assessment was used to determine the preferred side for the contusion injury. Afterward, the wound was sutured in layers, bacitracin ointment (Qualitest Pharmaceuticals, Huntsville, AL, United States) was applied to the wound area, 0.1 ml of gentamicin [2 mg/ml, subcutaneous (sc); ButlerSchein, Dublin, OH, United States] was injected subcutaneously, and the animals recovered on a water-circulating heating pad. Rats received analgesic agent, buprenorphine (0.05 mg/kg, sc; Reckitt Benckise, Hull, United Kingdom), twice a day for 3 days during postoperative monitoring.



Forepaw Reach and Grasp Training and Assessments

Rats were trained in the skilled reach and grasp task with the Rat Motility Staircase (catalog #80300; Lafayette Instrument Company) for MMS assessment (Montoya et al., 1991; Klein and Dunnett, 2012). Bacon pellets (AIN-76A Rodent Tab Bacon, 45 mg; Lab Animal Supplies, Inc.) were colored per step level as previously described (Kloth et al., 2006; Klein and Dunnett, 2012; Lewandowski and Steward, 2014) using Crayola Washable Marker (Broad Line Non-Toxic Markers, Classic Colors, 10 count). Rats showed no preference for either colored or native pellets and readily ate all provided. As pellets appeared palatable, rats were only food restricted for 14–16 h prior to MMS testing days so they would not be sated for testing (∼7 g chow/rat). Food was promptly returned after testing.

The following baseline training schedule was used to determine paw preference: days 1–2, rats were introduced to 45-mg bacon pellets in their home cage to minimize neophobic response; day 3, one session of 20 min in unbaited staircase enclosure for equipment habituation; day 4–5, 1 session of 20 min each day as 5 min alone, remaining 15 min experimenter lures rat toward staircase antechamber baited with 5 pellets per well on both sides; days 6–15, one session of 15 min each day, 5 days a week. After each session, the number of pellets dropped, misplaced, eaten, and taken were tallied for each step. During this initial training, rats could access both sides of the staircase. Generally, rats consistently used one paw more successfully than the other paw over time, which was identified as the preferred paw once performance plateaued (after approximately eight normal sessions). Six rats would not perform the staircase and were excluded.

In this study, we attempted to examine the effects of the MMS training after chronic cervical SCI. We started the MMS training at 8 weeks post-injury, when rats were randomly assigned to two groups which either received MMS training or no training (control), respectively. For the MMS training group, rehabilitation was performed daily using the MMS baited only on the preferred reaching side which encouraged forced limb reaching. MMS training rats received rehabilitation for 6 weeks from 8 to 14 weeks post-injury (PI), and performed one session of 15 min each day, 5 days a week. All MMS training and control rats performed one MMS assessment of 15 min weekly by staffers who were blinded to the research groups.

After each MMS test, the number of pellets dropped, misplaced, eaten, and taken were tallied for each step, the maximum step reached, and the accuracy rate (# pellets eaten/# pellets taken × 100) were collected. The mean scores between the two groups were analyzed using repeated-measures ANOVA with the between-groups factor, Tukey’s honestly significant difference (HSD) multiple comparisons for the main effect of time, and independent samples t-test for the main effect of group.



Locomotor Assessments

Rats were habituated and tested for 3 days in horizontal ladder (HL) and grooming tests prior to SCI. The HL and grooming tests were performed at 14 days PI and every other week for 14 weeks. Animals were coded, and behavioral assessments and analyses were performed by two investigators blinded to the treatment groups.

The grooming test is sensitive to sensorimotor deficits induced by cervical SCI and was performed as previously described (Bertelli and Mira, 1993; Soblosky et al., 2001). Briefly, cool tap water was applied to the animal’s head and back with soft gauze, and the animal was returned to its home cage. Grooming activity was recorded with a video camera (Sony Handycam HDR-CX440, Digital HD Video Camera Recorder) from grooming onset through at least two stereotypical grooming sequences (around 2 min), which include (1) licking of the forepaws and face washing, (2) forelimb grooming of the face, (3) repetitive licking of the body, and (4) hind paw scratching. Scoring was done according to the highest point reached by the forelimb: 0, the animal was unable to contact any part of the face or head; 1, the animal’s forepaw touched the underside of the chin and/or the mouth area, but not the nose; 2, the animal’s forepaw contacted the area between the nose and the eyes, but not the eyes; 3, the animal’s forepaw contacted the eyes and the area up to, but not including, the front of the ears; 4, the animal’s forepaw contacted the front, but not the back, of the ears; 5, the animal’s forepaw contacted the area of the head behind the ears (full range of motion). Slow motion video playback was used to score each forelimb independently.

The HL test is sensitive to locomotor deficits after cervical SCI as it requires adequate sensorimotor function to feel the ladder rungs and contact the rungs during stepping (Soblosky et al., 2001; Gensel et al., 2006). The device consists of a walkway enclosed by Plexiglas walls (10 cm tall, 100 cm long, and 7.6 cm apart) raised 15 cm above ground (height of two empty, inverted rat cages). Wooden applicator sticks (1-mm diameter) were inserted into holes drilled along the lower edge (every 0.5 cm) at every 1 cm for 1 m; rungs did not shift or rotate while in place but were still easily removed after testing. Rats were habituated to the HL apparatus in three training sessions where each session consisted of 5–10 complete transits. The ends of the runway were blocked off with red enrichment cylinders to prevent animals from escaping at the end and to encourage the animal toward the “target” end point, which was the home cage placed at the end of the walkway. The animals were free to explore and move about the apparatus, and sugared cereal was available in a goal box at the left or right side (respective to MMS paw preference). The rats were trained to travel from the start point toward the goal box without turning around and, if required, gently guided by the experimenter. A testing session consisted of two successful walks without turning or backwalking and was recorded on a video camera angled perpendicular to the rungs. The percentage of missed steps (# misstep/# total steps × 100) were calculated using slow motion video playback for each walk, and the average of both walks was the percent misstep for each week.

Baseline HL and grooming testing were performed before injury and again 2 weeks PI to ensure adequate injury deficit in locomotion. The mean HL misstep percentages and grooming scores were tallied by experimental group and plotted as a function of time PI. Score change over time was analyzed using repeated-measures ANOVA with the between-groups factor. The differences among the groups and each group over the 14 PI testing weeks were performed using Tukey HSD post hoc t-tests and independent-samples t-tests for the HL test and the Mann–Whitney U-test for grooming.



Immunohistochemistry

After the last behavioral tests at 14 weeks PI, rats were anesthetized with a mixed solution of ketamine [80 mg/kg, intraperitoneal (ip)] and xylazine (10 mg/kg, ip) and perfused transcardially with 0.01 M phosphate buffered saline (PBS; pH 7.4), followed by 4% paraformaldehyde (PFA) in PBS. The injured spinal cord segments were removed, post-fixed in 4% PFA overnight, cryoprotected in 20% sucrose overnight, and 30% sucrose overnight at 4°C and embedded in OCT compound (Fisher Scientific). The cords were cryosectioned in 20-μm slices either transversely or longitudinally and mounted serially on Super Plus Gold Slides.

For eriochrome cyanine (EC) staining, slides were warmed on a hot plate for 5–10 min. Using fine-tipped forceps, the OCT embedding medium was carefully peeled away from the slide, and sections were submerged in two wells of xylene for 30 min each at room temperature (RT). Slides were then submerged in an ethanol gradient (100, 95, 70, and 50%) for 3 min each then in water for 2 min. Slides were stained with EC staining solution, placed in a differentiation solution, and dried at RT overnight. The next day, slides were placed in xylene for 10 min, and then a coverslip was mounted using Cytoseal Permount. A Zeiss Observer Z1 inverted bright field microscope was used to capture representative images at 10× resolution. Photomicrographs were assembled using Adobe Photoshop® and Adobe Illustrator® software.

For immunofluorescent staining, slides were blocked with 10% donkey serum in Tris buffered saline (TBS) containing 0.2% Triton X-100 (TBST) for 1 h at RT. The sections were then incubated in TBST containing 10% donkey serum and either triple-stained with polyclonal chicken anti-microtubule-associated protein 2 (MAP2; a marker for neuronal perikarya and dendrites, 1:500; Millipore), polyclonal rabbit anti-glial fibrillary acidic protein (GFAP; a marker for reactive astrocytes, 1:300; Dako), monoclonal mouse anti-rat cluster of differentiation 68 (CD68; also called Gp110 or macrosialin, a marker for macrophages and active microglia, 1:250; Chemicon); double stained with polyclonal goat anti-choline acetyltransferase (ChAT; a marker for cholinergic motor neurons, 1:50; Millipore) and polyclonal rabbit anti-synapsin 1 (syp; a marker for synaptic nerve terminals, 1:400; Synaptic Systems) or single stained with polyclonal rabbit anti-5-hydroxytryptamine (5-HT; also called serotonin, a marker for serotonergic neurons, 1:250; Immunostar) overnight at 4°C. After three washes of 5 min in PBS, sections were incubated in TBST containing 10% donkey serum, donkey anti-chicken IgY (IgG) TRITC-conjugated F(ab’)2 fragments (1:200; Jackson-ImmunoRes Lab, Baltimore, MD, United States), donkey anti-mouse IgG Cy5-conjugated F(ab’)2 fragments (1:200), donkey anti-goat IgG Rhodamine Red-X (1:200), donkey anti-rabbit IgG FITC-conjugated F(ab’)2 fragments (1:200), or donkey anti-rabbit TRITC-conjugated IgG Fab’ fragments (1:200) for 1 h at RT. In slides stained with MAP2-GFAP-CD68 or 5-HT primary antibodies, nuclei were stained with Hoechst 33258 (1:1,000; Anaspec) during secondary antibody incubation. For slides stained with ChAT-syp, the secondary antibody incubation was performed, washed, and then slides were incubated with DRAQ5 (1:1,000; abcam) for 15 min at RT to stain nuclei. The sections were rinsed in PBS and coverslipped with ProLong® Gold antifade reagent. For the control sides, the primary antibodies were replaced with 1:200 mouse and rabbit IgGs and then followed the same staining procedure. A Zeiss Observer Z1 inverted fluorescence microscope was used to capture representative images at 20× resolution. Photomicrographs were assembled using Adobe Photoshop® and Adobe Illustrator® software.



Histological Analyses

Image analysis and quantification were carried out with the observer blinded to the group assignment.



Spared White Matter by Eriochrome Cyanine Staining

The spared white matter (WM) was determined as previously described (Cao et al., 2005, 2010). Briefly, one set of slides (every 10th section, each set containing 10 serial sections spaced 200 μm apart) was stained with EC to identify spared myelinated WM. The lesion epicenter was defined as the section containing the least amount of spared WM, with WM sparing defined as normal myelinated appearance and density (lacking cysts and degeneration). Septae or fibrous bands of tissue observed within and/or spanning areas of cystic cavitation were not considered to represent spared tissue. The total cross-sectional area of the spinal cord and the lesion boundary were measured using image analyses software (Zeiss Zen 2 Pro, blue edition). An unbiased estimation of the percentage of spared tissue was calculated using the Cavalieri method (Michel and Cruz-Orive, 1988). The percent of spared WM was then found by measuring sections every 400 μm apart for a total distance of 2,000 μm rostral and caudal to the injury epicenter and then dividing by the normalized WM area (% Spared = spared WM area/normalized WM area). The normalized WM areas were obtained from the normal spinal cord at the respective cervical segments. Mean values of percent spared area were calculated and statistically analyzed using independent t-tests (SPSS version 25).



5-Hydroxytryptamine Immunoreactivity

Images of an area of approximately 870 μm × 655 μm in the ventral horns at 0.8, 1.2, 1.6, and 2 mm caudal to the epicenter as well as in the ventral horns at least 4 mm rostral to the epicenter were captured. Image analyses software (Zeiss Zen 2 Pro, blue edition) automatically calculated the IR area by setting a threshold that was specific to fibers but excluded cell bodies. The percentages of 5-HT-immunoreactive (IR) area in caudal sections divided by the average 5-HT-IR area in three rostral sections, which are at least 4 mm away from the epicenter, were calculated in each animal. The difference in mean values in the percentage of 5-HT-IR area between groups was compared using independent t-tests (SPSS version 25).



Synapsin Immunoreactivity

Quantification of synapsin + boutons around motor neurons was conducted by randomly capturing images of ventral horn at sections 1.2 and 1.6 mm caudal to the epicenter. A z-stack of 0.5-μm-thick images was captured through the depth of the section using a 63× oil objective on a Leica TCS SP5 Confocal Laser Scanning. The image slice with the strongest synapsin immunostaining was used for quantification. Five motor neurons with clear nucleus were randomly chosen for quantification. The synapsin-positive boutons around each motor neuron were outlined, and the corrected total cell fluorescence (CTCF) in the outlined area was automatically measured by ImageJ as described previously (McCloy et al., 2014). The density of synapsin-IR around each motor neuron was calculated by dividing CTCF by the outlined area, and the average synapsin-IR density in motor neurons between two groups was statistically analyzed using independent t-tests.

For quantification of synapsin + boutons in ventral horn, 10 image slides with strong synapsin-IR in a z-stack of 0.5-μm-thick images in a 246 μm × 246 μm frame were combined and converted to a set threshold. The total synapsin-IR areas were then calculated automatically by ImageJ using customized measurement macros and statistically analyzed using independent t-tests.



Glial Fibrillary Acidic Protein Immunoreactivity, Cluster of Differentiation 68 Immunoreactivity, and Microtubule-Associated Protein 2 Immunoreactivity

GFAP-IR, CD68-IR, and MAP2-IR were used to assess the amount of astrogliosis, neuroinflammation, and spared gray matter, respectively. Hemisection images of the injured side were captured beginning at the epicenter and every 800 μm traversing rostrally and caudally using 20× resolution on a Zeiss Observer Z1 inverted microscope. GFAP-IR, CD68-IR, and MAP2-IR were analyzed using Zen 2 Pro. An outline was drawn around the lesioned hemisection, and the injury cavity was subtracted to obtain the spared spinal cord area. Within the outline, a set threshold was used to automatically calculate the areas of GFAP-IR, CD68-IR, and MAP2-IR, respectively, using customized image analysis macros in Zen software. The percentages of GFAP-IR or CD68-IR areas to the spared areas were calculated at all measured sections. Similarly, the percentages of spared MAP2-IR gray matter areas in the injury to the total gray matter areas in the uninjured contralateral side were also measured at all sections. Independent t-tests were used to statistically analyze the differences of average percentage of GFAP-IR, CD68-IR, or MAP2-IR areas between groups.



RESULTS


Modified Montoya Staircase Training Improved Reaching and Grasping Functions After Chronic Cervical Spinal Cord Injury

To test whether MMS rehabilitation can promote functional improvement in reaching and grasping after chronic unilateral cervical contusion, the injured animals with and without rehabilitation were compared using the MMS test. The parameters assessed in this test are indicative of the respective functions in the forelimb: maximum step level for the forelimb’s range of motion, pellets taken for the activation of extensors in the forelimb, and accuracy rate for activation of forelimb flexors to carry the taken pellet accurately to the mouth and eat it. Additionally, coloring the pellets allowed us to code the steps and increase the sensitivity of testing (Kloth et al., 2006; Klein and Dunnett, 2012; Lewandowski and Steward, 2014). Normally, uninjured rats achieve successful reaching, grasping, and eating to at least step 5 and generally exhibit skilled handedness on their preferred side (Nikkhah et al., 2001). Following SCI, reaching was significantly impaired on the paw ipsilateral to the lesion, and the number of pellets taken, eaten, and range of motion of the maximum step level were significantly decreased after injury compared to baseline tests before injury. We first examined the difference of male and female rats in the MMS test before and after SCI. Our statistical analyses showed that there was no significant difference in the MMS test between female and male rats in the control or rehabilitation group before SCI or after SCI at all tested time points. Thus, results of female and male rats in each group were combined, and differences between control and rehabilitation groups were directly compared. MMS training, starting at 8 weeks after SCI for 6 weeks consecutively, increased the functional recovery of forelimb fine movement. The number of pellets taken was significantly increased at 13 and 14 weeks PI in MMS rehabilitation rats compared to untrained control rats (Figure 1A). Accuracy rate for the preferred paw in MMS training group was significantly higher compared to the control group at 12 to 14 weeks PI (Figure 1B). There was no significant difference in the maximum step reached between MMS rehabilitation and control groups (Figure 1C). The performance in the staircase test seemed improved in the MMS group but declined over time. Changes of all three tests over time in each group were further statistically analyzed. The number of pellets taken were significantly increased at 14 weeks PI compared to 8 weeks PI in MMS rehabilitation group but not in the control group, in which the difference between the same two time points was not significant. In contrast, the accuracy rate was significantly decreased in the control group at 13 and 14 weeks PI compared to 8 weeks PI, while there were no significant differences at these later time points compared to 8 weeks PI in the MMS training group. The maximum step reached in both groups was not significantly different from 8 weeks PI to 13 or 14 weeks PI. The data suggest that task-specific MMS rehabilitation could promote functional recovery in reaching and grasping of the forelimb and paw after chronic cervical SCI.
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FIGURE 1. Functional recovery in reaching and grasping after Modified Montoya Staircase (MMS) rehabilitation. After unilateral cervical spinal cord injury (SCI), all rats lost the skilled forelimb functions in the MMS test in the injury side. Rats that received MMS rehabilitation weekly starting from 8 weeks after injury took significantly more pellets than the control group at 13 and 14 weeks post-injury (PI) [(A), p = 0.037 and 0.021, respectively]. The number of pellets taken were significantly increased at 14 weeks PI compared to 8 weeks PI in the MMS rehabilitation group [(A), p = 0.038] but not in the control group, in which the difference between the same two time points was not significant [(A), p = 0.181]. The accuracy rate was also significantly higher in MMS rehabilitation rats compared to control ones at 12, 13, and 14 weeks PI [(B), p = 0.039, 0.015, and 0.0195, respectively]. The accurate rate was significantly decreased in the control group at 13 and 14 weeks PI compared to 8 weeks PI [(B), p = 0.007 and 0.009, respectively]. There were no significant differences at these later time points compared to 8 weeks PI in the MMS training group [(B), p = 0.015 and 0.0195, respectively]. In terms of maximum step reached, there was no significant difference between the MMS rehabilitation group and the control group (C). There was no significant difference from 8 weeks PI to 13 or 14 weeks PI in both groups (C). Results represent mean ± standard error of the mean (SEM); n = 8 in each group. *P < 0.05.




Modified Montoya Staircase Training Did Not Increase the Untrained Locomotion After Chronic Spinal Cord Injury

To test whether MMS rehabilitation can promote recovery in untrained locomotion, injured animals with and without rehabilitation were compared using the grooming and HL tests (Bertelli and Mira, 1993; Gensel et al., 2006). The grooming score was not significantly different between MMS rehabilitation and control groups at any time point (Figure 2A). The percentage of misstep in the HL test was also not significantly different between the two groups at any tested time point (Figure 2B). These data suggest that reach–grasp training does not improve untrained gross forelimb functions.


[image: image]

FIGURE 2. Effect of Modified Montoya Staircase (MMS) rehabilitation on untrained gross forelimb functions. After spinal cord injury (SCI), all rats lost gross forelimb function in the grooming test (A) and horizontal ladder (HL) test (B). The spontaneous recovery in grooming scores was observed in both MMS rehabilitation and control groups from 6 to 14 weeks post-injury (PI) compared to 2 weeks PI (A). However, there were no significant differences between the two groups at any tested time points (A). The percentages of missteps were significantly decreased in both MMS rehabilitation and control groups from 4 to 14 weeks PI compared to 2 weeks PI (B). The differences between these groups were not significant at any tested time point. Results represent mean ± standard error of the mean (SEM); n = 8 in each group.




Modified Montoya Staircase Rehabilitation Promoted Serotonergic Fibers Sprouting

The descending 5-HT-positive reticulospinal tract plays important roles in voluntary movement (Perrier and Cotel, 2015). To investigate whether MMS rehabilitation has effects in the sprouting of serotonergic fibers, the number of serotonergic fibers was identified by 5-HT immunohistochemical staining and quantified in the ventral horn, the major target area of descending serotonergic fibers in the spinal cord, at 0.8, 1.2, 1.6, and 2 mm caudal to the injury epicenter as well as 4 mm rostral to the epicenter. The quantification showed that the number of 5-HT-IR fibers in the ventral horns caudal to the injury was significantly decreased compared to ventral horns rostral to the injury for both MMS training and control groups (Figures 3A–C). The percentage of 5-HT-IR fibers in the ventral horns caudal to the injury to ones in the ventral horns rostral to injury was less than 50% at 0.8 mm caudal to the injury and gradually increased caudally away from the injury in the injury alone control group (Figures 3A–C). The same changing pattern of 5-HT-IR fibers in the ventral horns was also observed in MMS training animals. However, MMS training animals displayed very marked sprouting and had a significantly higher percentage of 5-HT-IR fibers at C1.2, C1.6, and the average of C0.8 to 2 mm caudal to the injury in comparison with the control group (Figures 3A–C). These data suggest that task-specific rehabilitation promotes the sprouting of serotonergic axons.
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FIGURE 3. Sprouting of serotonergic axons after Modified Montoya Staircase (MMS) rehabilitation. Representative images of 5-hydroxytryptamine (5-HT)-immunoreactive (IR) fibers in the cervical ventral horns 4 mm rostral, 1.2 and 1.6 mm caudal to the injury epicenter were taken in rat without rehabilitation (A1–A3) or with MMS rehabilitation (B1–B3). The quantification showed that MMS rehabilitation significantly increased the amount of 5-HT-IR fibers in ventral horns 1.2 and 1.6 mm caudal to the epicenter and the average from 0.8 to 2 mm caudal to the injury [(C), p = 0.042, 0.032, and 0.039, respectively]. Results in (C) represent mean ± standard error of the mean (SEM); n = 5 in each group. Scale bar = 50 μm (A,B). *P < 0.05.




The Effect of Modified Montoya Staircase Rehabilitation on Synaptic Plasticity After Chronic Spinal Cord Injury

Synaptic plasticity plays important roles in functional recovery after SCI (Liu et al., 2015). To examine the effects of MMS rehabilitation in synaptic plasticity, the synapsin expression around ventral horn neurons located in the spinal cord caudal to the lesion site was examined in both MMS-trained and untrained groups using an immunohistochemical staining method. Synaptic terminals around motor neurons and other neurons in the ventral horn can be identified by synapsin immunostaining (Figures 4A,B). The overall synapsin expression in the ventral horn had a trend to increase in the MMS training group compared to the control group (Figures 4A–C), but the differences between the two groups were not statistically significant (Figure 4C). However, the amount of synapsin-IR synaptic terminals around the motor neurons in ventral horns was significantly greater in the MMS training group compared to the control group at 1.2 and 1.6 mm caudal to the epicenter (Figures 4A,B,D). The data suggest that MMS training promotes the presynaptic plasticity of spinal cord motor neurons caudal to the injury.
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FIGURE 4. Synaptic plasticity after Modified Montoya Staircase (MMS) rehabilitation. Motor neurons and presynaptic terminals in the ventral horn were labeled immunohistochemically using antibodies against choline acetyltransferase (ChAT) and synapsin, respectively (A,B). Representative immunolabeling images in (A) and (B) were taken from the cervical ventral horn at 1.2 mm caudal to the injury epicenter in the rat without rehabilitation (A1–A3) or with MMS rehabilitation (B1–B3). Illustration of quantifying synapsin-immunoreactive (IR) terminals around motor neuron (C). Original confocal image (C1) was converted to black–white picture (C2), and synapsin + boutons around was outlined (C3). The total synapsin immunoreactivity in the outlined area was automatically measured by ImageJ. The quantification showed that the total number of synapsin + synaptic terminals was not significantly different between control and MMS groups in the cervical ventral horn 1.2 or 1.6 mm or other distances caudal to the epicenter (D). However, the number of synapsin + synaptic terminals around ChAT + motor neurons in the cervical ventral horn 1.2 or 1.6 mm caudal to the epicenter was significantly increased in MMS rehabilitation rats compared to control ones [(E), p = 0.041 and 0.033, respectively]. Results in (D,E) represent mean ± standard error of the mean (SEM); n = 5 in each group. Scale bar = 50 μm (A,B). *P < 0.05.




Effects of Modified Montoya Staircase Rehabilitation in Astrogliosis and Neuroinflammation After Chronic Spinal Cord Injury

The unilateral contusion in nude rats resulted in the formation of a cavity, which extended from the epicenter both rostrally and caudally, and the activation of astrocytes, which formed the astroglial scar around the cavity (Figure 5). Importantly, this injury caused robust neuroinflammation, which persisted at the chronic stage with the hypertrophied CD68 + macrophages aggregated around the lesion border and scattered in the spared gray and white matters near the injury (Figure 5). These pathophysiological changes in nude rats are comparable to ones observed in non-immunodeficient rats after a similar injury (Soblosky et al., 2001; Gensel et al., 2006). To examine the effects of MMS training in astrogliosis, we measured the expression of GFAP, an astrocyte-specific marker, in the injured spinal cord using an immunohistochemical staining method (Figures 6A,B). The percentages of GFAP-IR areas in the spared spinal cord were quantified. The quantification data showed that the expression of GFAP was significantly decreased in the MMS group compared to the control group at the epicenter and 1.6 mm caudal to the epicenter (Figure 6C). These data suggest that MMS rehabilitation decreases astrogliosis in the injured spinal cord. To examine the effects of MMS rehabilitation in neuroinflammation, we measured the expression of CD68, a marker for macrophage and active microglia, in the injured spinal cord using an immunohistochemical staining method. The quantification showed that the amount of CD68-IR cells in the injured spinal cord was not significantly different between MMS rehabilitation and control groups in any examined spinal cords rostral and caudal to the injury epicenter, although there was a general trend to decrease for MMS rehabilitation rats (Figure 7A). These data suggest that MMS does not significantly affect neuroinflammation after chronic SCI.
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FIGURE 5. Astrogliosis and neuroinflammation after chronic spinal cord injury (SCI). Astrogliosis, neuroinflammation, or spared gray matter were evaluated by an immunohistochemical staining method using antibody against glial fibrillary acidic protein (GFAP), an astrocyte-specific marker (A,B), cluster of differentiation 68 (CD68), a marker for macrophage and active microglia (A,D), or microtubule-associated protein 2 (MAP2), a neuronal specific marker (A,C), respectively. In the injury area, the unilateral contusion resulted in the formation of a cavity, which was surrounded by an astroglial scar. The hypertrophied CD68 + macrophages were aggregated around the lesion border and scattered in the spared gray and white matters near the injury. A representative triple-immunostaining image was taken from the spinal cord 0.8 mm caudal to the epicenter of a Modified Montoya Staircase (MMS) rehabilitation rat (A). The higher magnification images of the defined area [(A), white box] were shown in (B–E) for GFAP-IR, MAP2-IR, CD68-IR, or merged, respectively. Scale bar = 200 μm in (A).



[image: image]

FIGURE 6. Effect on astrogliosis after Modified Montoya Staircase (MMS) rehabilitation. Representative glial fibrillary acidic protein (GFAP)-immunoreactive (IR) images of spinal cord at epicenter, 0.8 and 1.6 mm caudal to the injury epicenter were taken from the rat without rehabilitation (A1–A3) or with MMS rehabilitation (B1–B3). The quantification showed that MMS rehabilitation significantly decreased the percentages of GFAP-IR areas to total spared areas at the epicenter and 1.6 mm caudal to the epicenter [(C), p = 0.011 and 0.032, respectively]. Results in (C) represent mean ± standard error of the mean (SEM); n = 5 in each group. Scale bar = 200 μm (A,B). *P < 0.05.
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FIGURE 7. Effect on neuroinflammation and spared white and gray matters after Modified Montoya Staircase (MMS) rehabilitation. The neuroinflammation and spared gray matter were quantified with an immunohistochemical staining method using antibody against CD68 and MAP2, respectively. The spared white matters (WMs) were quantified using eriochrome cyanine (EC) staining. The quantification showed no significant difference between control and MMS rehabilitation groups in percentages of CD68-IR (A), percentages of spared gray matters (B), or percentages of WMs (C). Results in (A–C) represent mean ± standard error of the mean (SEM); n = 5 in each group.




Effects of Modified Montoya Staircase Rehabilitation in the Spared White and Gray Matters After Chronic Spinal Cord Injury

The effects of MMS rehabilitation on residual white and gray matter were assessed using EC staining and MAP2 immunofluorescence, respectively. The myelination in WM can be identified by EC-dark blue staining. MAP2 is expressed in the cytoskeleton of neurons and their processes, and MAP2-IR staining easily defines the gray matter in the spinal cord. The unilateral contusion resulted in maximum loss of both gray and white matters at the injured epicenter, where almost all gray matter is lost with minimal spared WM surrounding the cavity. The spared white and gray matters gradually increased with increasing distances from the lesion epicenter rostrally and caudally (Figures 7B,C). Quantification showed that there was no significant difference between MMS and control groups in spared WMs by EC staining (Figure 7B) or in spared gray matters by MAP-IR staining (Figure 7C). These data suggest that MMS rehabilitation did not change the injury size, as far as spared white and gray matters were concerned.



DISCUSSION

In this study, we tested whether MMS rehabilitation will promote the recovery of fine forelimb function after chronic cervical SCI. Our results showed that task-specific training with MMS promoted the recovery of food pellet reaching and grasping but without functional gain in untrained tasks, shown by HL walking and grooming, after chronic cervical contusion. Our results further showed that rehabilitation improved anatomical outcomes after chronic cervical SCI such as enhanced sprouting of descending 5-HT + axons, increased numbers of synapses around motor neurons in the cervical ventral horn caudal to the injury, and decreased astrogliosis in the spinal cord caudal to the lesion.


Task-Specific Recovery by Modified Montoya Staircase Rehabilitation After Chronic Cervical Spinal Cord Injury

Task-specific rehabilitation using the single pellet grasping task (Girgis et al., 2007; Krajacic et al., 2009) or MMS (Garcia-Alias et al., 2009; Liu et al., 2017) has been shown to promote the recovery of reaching and grasping after acute cervical SCI, but rehabilitation begins a few days after SCI in these studies. However, it is impractical clinically to start rehabilitation after acute SCI due to the frequent occurrence of multiple injuries in patients with SCI. The spinal shock shortly after injury, such as the transiently blocked transmission of spared axonal pathways (Hiersemenzel et al., 2000) and the reduced excitation in the spinal cord caudal to the lesion (Harvey et al., 2006; Chen et al., 2018), could also make rehabilitation impossible after acute SCI. Furthermore, the majority of SCI patients have chronic cervical injuries. It is critical to develop effective therapies to promote the recovery of hand function in these patients and thus to significantly improve the quality of their lives. Importantly, the repair of chronic SCI faces unique challenges which do not exist for treatments of acute or subacute SCI, such as the formation of the cavity (Ramer et al., 2014; Courtine and Sofroniew, 2019) and the established and dense glial scar around the injury. These changes represent additional barriers to repair chronic SCI. Many therapeutic interventions are effective in acute or subacute SCI but not in the chronic setting, such as delivery of neurotrophin factors (Shumsky et al., 2003; Tobias et al., 2003; Chen et al., 2006), transplantation of neural stem cells (Nishimura et al., 2013), or peripheral nerve grafting (DePaul et al., 2017). Thus, it is important to examine the therapeutic potential of task-specific rehabilitation for the recovery of fine forelimb function after chronic SCI. A previous study shows that delayed initiation of MMS rehabilitation at 1 month after injury of the cervical dorsal column promotes the recovery of fine forelimb functions (Wang et al., 2011), and combination of rehabilitation with local delivery of cABCase further promotes greater functional recovery. In this study, we started MMS rehabilitation at 2 months after cervical SCI. Our results showed that rehabilitation increased the number of pellets taken and the accuracy rate in the MMS test, indicating that MMS rehabilitation is able to improve function of food pellet reaching and grasping after chronic cervical SCI. The present study extended the effective treatment window of task-specific rehabilitation to the chronic stage, indicating that rehabilitation could be a potential effective therapy for patients with chronic SCI. Our results further show that functional benefits by MMS rehabilitation could be due to both promote functional gain (such as the pellets taken) and prevent the functional loss (such the accurate rate). It is very interesting to note the trend of drop in performance in the staircase test in the control group over time, suggesting that low-intensity and reduced frequency of training like weekly testing may not be sufficient for functional improvement or could even be detrimental. These results highlight the importance of MMS training intensity and frequency in the recovery of fine forelimb function after SCI.



Effects of Modified Montoya Staircase Rehabilitation in Untrained Tasks After Chronic Cervical Spinal Cord Injury

Our results showed that task-specific training with MMS failed to result in functional gain in untrained tasks, shown by HL walking and grooming, after chronic cervical contusion. These results are consistent with previous studies showing task-specific functional recovery of rehabilitation following SCI. For example, step training in spinally transected cats has produced improvements in locomotion but not in standing (Lovely et al., 1986, 1990; Edgerton et al., 1997). Conversely, a specific stand-training regimen in those spinalized cats has improved standing but not locomotor ability (De Leon et al., 1998; Edgerton et al., 2008). Similarly, complete spinal rats trained to stand have shown poorer ability to perform an untrained motor task that involved lower limb flexion as compared with step-trained and non-trained rats (Bigbee et al., 2007). Injured rats trained for skilled reaching have improved reaching ability, but make more missteps than untrained rats when walking along an HL, and general environmental enrichment extinguishes paw reaching (Girgis et al., 2007; Garcia-Alias et al., 2009; Krajacic et al., 2009). In SCI patients, stepping rehabilitation has improved their ability to step but worsened their ability to stand. In contrast, stand training has increased their ability to stand but not to step (Rejc et al., 2017a, b). These studies indicate that intensive rehabilitation of one task may improve performance of that task at the expense of others which are not trained. In the present study, however, rehabilitation of skilled paw function with MMS after chronic cervical SCI did not produce deficits in other untrained motor tasks, such as HL and grooming. A previous study has shown that rehabilitative training with single pellet reaching and grasping initiated 4 days after a cervical dorsolateral quadrant lesion in adult rats promotes plasticity and task-specific recovery but also results in impairment in the untrained task (Girgis et al., 2007). However, delayed onset of the same reaching training to 12 days after the same injury improves fine reaching skill of the forelimb without negative effects in untrained task (Krajacic et al., 2009). Similarly, after a C4 dorsal funiculus cut, skilled grasping training with MMS initiated at 4 days after injury had negative effects in untrained ladder walking (Garcia-Alias et al., 2009). But delaying the training to 1 month after injury slightly improves performance in ladder walking (Wang et al., 2011). These studies suggest that the onset of rehabilitation after SCI plays a critical role in functional recovery. Time-dependent effects of locomotion training are also found in the hind limbs after thoracic SCI. In spite of the general assumption that starting rehabilitation sooner rather than later after SCI increases chances for functional improvements (Brown et al., 2011; Popok et al., 2017; Torres-Espin et al., 2018), rehabilitation initiated acutely after SCI, such as locomotion training (Li et al., 2013; Marques et al., 2018; Ung et al., 2010) or swimming (Smith et al., 2009), has negative effects on locomotor function. Delayed onset of locomotion training promotes the recovery of locomotion (Marques et al., 2018). The underlying mechanisms of how the onset of rehabilitation affects functional recovery after SCI remains poorly understood. However, competition and interaction between tasks do not occur after rehabilitation in chronic SCI, suggesting that it is possible to combine multiple task-specific trainings or task-specific training with broader training approaches such as an enriched environment at the chronic stage. It will be interesting to investigate the therapeutic potential of these combinatorial rehabilitative approaches for chronic SCI in the future.



Axonal Sprouting and Synaptic Plasticity by Modified Montoya Staircase Rehabilitation After Chronic Cervical Spinal Cord Injury

In addition to functional benefits, MMS training has resulted in several anatomical improvements in the spinal cord below the injury, such as the sprouting of serotonergic fibers, the increased synaptic densities in motor neurons, and the reduced astrogliosis. Our results show that the amount of serotonin fibers in the ventral horns caudal to the injury is significantly increased in the MMS rehabilitation group compared to the control group, which is consistent with previous studies showing that rehabilitation can promote plasticity of serotonergic axons after SCI (Liu et al., 2017). The descending serotonergic pathway plays important roles in initiating and modulating locomotion (Berger and Takahashi, 1990; Ghosh and Pearse, 2014; Baker et al., 2015). It may also play important roles in mediating functional recovery of the hands after SCI (Baker, 2011; Baker and Perez, 2017). The roles of the descending corticospinal tract (CST) in reaching and grasping of forelimbs have been well recognized (Whishaw et al., 1998; Wang et al., 2017). The sprouting of lesioned or spared CST has been correlated with functional recovery induced by a variety of treatments including rehabilitative training (Park et al., 2008; Wang et al., 2011; Lewandowski and Steward, 2014; Liu et al., 2017). However, a previous study has shown that rats trained to grasp food pellets following cervical SCI have a significantly higher success rate than untrained rats even after pyramidotomy, suggesting that CST sprouting is not the only mechanism to promote functional recovery following rehabilitation training (Krajacic et al., 2010). A recent study has elegantly demonstrated that cortical spinal neurons in the cortex make new connections with neurons of the reticulospinal tract (RtST) to form a cortico-reticulospinal detour circuit after SCI, and the spared serotonergic RtST serves as a relay circuit of injured CST functional recovery of motor function (Asboth et al., 2018). Interestingly, this circuit reorganization only occurs after rehabilitation and neuromodulation, and recovered functional improvements remain even after terminating training and neuromodulation, suggesting a persistent exercise-induced reorganization of locomotor circuits (Asboth et al., 2018). The increased serotonergic fibers in the ventral horns below the injury in this study could partially contribute to the functional recovery of forelimb reaching and grasping by MMS training after chronic SCI.

Besides the sprouting of serotonergic fibers, another anatomical improvement by MMS rehabilitation is the increase in synaptic plasticity. Previous studies have shown that treadmill training increases the expression of synaptophysin and the number of synapses around ventral motor neurons in the lumbar spinal cord after thoracic SCI, and importantly, this was associated with an improved ability to perform stepping (Ying et al., 2005; Petruska et al., 2007; Goldshmit et al., 2008; Wang et al., 2015). Consistent with these studies, our results showed that the expression of synapsin, an important presynaptic protein, was significantly greater around ventral horn motor neurons in the cervical spinal cord caudal to the lesion in the MMS rehabilitation group compared to the control group (Figure 4), suggesting that MMS rehabilitation increases the amount of synaptic inputs onto cervical motor neurons and such enhanced synaptic connections could contribute to MMS training-induced functional recovery after chronic SCI. Previous studies show that formation of synapses is activity dependent (Petruska et al., 2007; Ichiyama et al., 2008). MMS or treadmill training may stimulate activity within neural circuits that control locomotion, and with repeated training sessions, synaptic connections within the circuitry could be reinforced and strengthened. Rehabilitation may promote the formation of new synapses connecting the ventral motor neurons and the sprouting axons, including the sprouting serotonergic fibers in this study. Rehabilitation may also prevent synaptic stripping in motor neurons after SCI. Previous studies show that SCI causes profound dendritic atrophy and synaptic stripping in the motor neurons caudal to the lesion, which are not directly injured by the trauma (Liu et al., 2014; Wang et al., 2015). Importantly, treadmill training is able to prevent these degenerative changes in motor neurons (Wang et al., 2015). These two mechanisms may contribute to the increased synaptic inputs to cervical motor neurons induced by MMS rehabilitation.

Glial scar formation is a reactive cellular process involving astrogliosis that inhibits axonal growth following SCI (Silver and Miller, 2004; Yiu and He, 2006; Tran et al., 2018). The reactive astrocytes and their deposition of extracellular matrix molecules, such as chondroitin sulfate proteoglycans, serve as the major physical and chemical barriers for axonal regeneration (Silver and Miller, 2004; Yiu and He, 2006) and synaptic plasticity (Massey et al., 2006). Our result showed that astrogliosis was significantly decreased in the epicenter and in the spinal cords caudal to the epicenter in the MMS rehabilitation group compared to the control group. These data suggest that MMS rehabilitation can provide a more favorable microenvironment that could promote axonal sprouting and synaptic plasticity, which in turn contribute to functional recovery by rehabilitation. Our results showed that MMS rehabilitation did not change the neuroinflammation and the spared white and gray matters around the injury. These data suggest that MMS rehabilitation does not change the injury size, highlighting the importance of enhanced axonal and synaptic plasticity for functional improvement by rehabilitation following chronic SCI.



Combining Treatment With Rehabilitation in the Future

Although previous studies including our present one show functional benefits by different rehabilitative approaches after SCI (Cote et al., 2017; Torres-Espin et al., 2018; Loy and Bareyre, 2019), rehabilitation alone is limited in promoting significant locomotor recovery (Quel de Oliveira et al., 2017; Tse et al., 2018). Combining rehabilitation with other therapeutic approaches, such as electric stimulation (Field-Fote, 2001; Rejc et al., 2017a), chondroitinase ABC treatment (Wang et al., 2011), or peripheral nerve grafting (Theisen et al., 2017), may be needed to promote greater functional recovery after SCI, especially after chronic SCI. Transplantation of neural stem cells is a promising therapeutic approach for SCI (Nori et al., 2011; Rosenzweig et al., 2018). However, transplantation of neural stem cells alone is more effective at promoting locomotion recovery after subacute SCI but limited after chronic SCI (Tashiro et al., 2016, 2017). Importantly, combining treadmill training with neural stem cell transplantation significantly enhanced therapeutic potential and improved motor function after chronic SCI (Tashiro et al., 2016). We are studying the therapeutic efficacy of neural stem cells derived from human inducible pluripotent stem cells in fine forelimb function after chronic cervical SCI and plan to combine neural stem cell grafting with MMS rehabilitation in the near future. In this study, we first studied the effects of MMS rehabilitation after chronic cervical contusion in nude rats, which are widely used for investigating the safety and therapeutic efficacy of human neural stem cells. Our results show that the major SCI pathophysiological changes in nude rats, such as cavity formation, astroglial responses, and responses of macrophages/microglia, are similar to non-immunodeficient rats. These results are consistent with a previous study showing similar lesion size and cellular inflammatory responses in non-obese diabetic severe combined immunodeficient mice as in other regular mice (Luchetti et al., 2010), supporting the applicability of nude rats for SCI studies, especially for neurotransplantation ones. Importantly, our results show that MMS rehabilitation improves the injury microenvironment and promotes neuroplasticity after chronic SCI, suggesting that rehabilitation could further enhance the therapeutic efficacy of neural stem cell transplantation for chronic SCI.



CONCLUSION

Our study has demonstrated that MMS rehabilitation decreases astrogliosis, enhances plasticity in terms of axonal sprouting and synaptic upregulation in the ventral horn caudal to the lesion, and importantly, promotes functional recovery in reaching and grasping after chronic cervical SCI. This study supports the therapeutic potential of task-specific rehabilitation in the recovery of hand function in patients with chronic cervical SCI.
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Neurodegenerative diseases, including Alzheimer’s, Parkinson’s, Huntington’s, and amyotrophic lateral sclerosis, are characterized by a progressive loss of selective neuron subtypes in the central nervous system (CNS). Although various factors account for the initiation and development of these diseases, accumulating evidence shows that impaired mitochondrial function is a prominent and common mechanism. Mitochondria play a critical role in neurons and are involved in energy production, cellular metabolism regulation, intracellular calcium homeostasis, immune responses, and cell fate. Thus, cells in the CNS heavily rely on mitochondrial integrity. Many aspects of mitochondrial dysfunction are manifested in neurodegenerative diseases, including aberrant mitochondrial quality control (mitoQC), mitochondrial-driven inflammation, and bioenergetic defects. Herein, we briefly summarize the molecular basis of mitoQC, including mitochondrial proteostasis, biogenesis, dynamics, and organelle degradation. We also focus on the research, to date, regarding aberrant mitoQC and mitochondrial-driven inflammation in several common neurodegenerative diseases. In addition, we outline novel therapeutic strategies that target aberrant mitoQC in neurodegenerative diseases.
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INTRODUCTION

Mitochondria are highly dynamic double-membrane organelles that play a critical role in energy generation, metabolite biosynthesis, intracellular calcium homeostasis, immune responses, and apoptosis (Verdin et al., 2010). Mitochondria generate ATP via oxidative phosphorylation (OXPHOS), where electrons are passed from the high-energy substrate to oxygen by means of the electron transport chain (ETC). In addition to ATP production, reactive oxygen species (ROS) can be formed (Sousa et al., 2013), which can damage proteins, membrane lipids, and nucleic acids. The stability of mitochondrial quality and the integrity of mitochondrial morphology are necessary for the normal number, distribution, and correct functions of the organelle.

While mitochondria play a significant role in sustaining cell survival and metabolic homeostasis, mitochondrial dysfunction causes ATP deficiency, an overload of superoxide anions, an increase in proapoptotic molecules, and, ultimately, cell death. Cells have therefore developed a mitochondrial quality control (mitoQC) system to overcome mitochondrial defects, which include mitochondrial proteostasis, mitochondrial biogenesis, mitochondrial dynamics, and mitophagy (Anzell et al., 2018). Mitochondrial quality control thus represents the net balance between the biogenesis rate and degradation rate (Dominy and Puigserver, 2013). Specifically, the homeostasis of mitochondrial dynamics, fission, and fusion maintains the morphology and volume of mitochondria. Mitochondrial biogenetic failure, characterized by cytoplasmic calcium elevation, oxidative stress, and depletion of mitochondrial DNA (mtDNA), is a key stimulator of inflammatory response pathways (Mills et al., 2017). Eliminating dysfunctional mitochondria is achieved via various pathways, especially the Parkin/PINK1 pathway (Whitworth and Pallanck, 2017).

In the central nervous system (CNS), mitoQC plays a critical role in neurons as they are long-lasting cells, consequently accumulating defects in themselves (Khalil and Liévens, 2017). As a result of mitochondrial dysfunction, neurons cannot meet the extremely high demand of energy and metabolism, resulting in neuronal degeneration (Meng et al., 2019). Indeed, nonreversible mitochondrial impairment has been shown to trigger cellular damage in neurons, which, in turn, initiates both apoptosis and necrosis (Galluzzi et al., 2009). In addition, defective mitochondria can disrupt glia. It has been reported that mitochondrial fission regulates the activation of nuclear factor κ light-chain enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) signaling and subsequently regulates the release of proinflammatory mediators. Moreover, mitochondrial ROS generation is regulated by mitochondrial fission in microglia (Park et al., 2013, 2015). Chronic activation of microglia may inhibit the expression of proinflammatory mediators, such as cytokines and ROS, contributing to neuronal defection. In addition, the accumulation of mitochondrial-derived ROS has been shown to activate the NLRP3 inflammasome-dependent inflammatory pathway in order to elicit chronic inflammation, because the NLRP3 inflammasome complex triggers the production of interleukin 1β (IL-1β; Zhou et al., 2011). In astrocytes, IL-1β can induce mitochondrial fragmentation and impair the respiration rate, disrupting cellular balance in the CNS (Motori et al., 2013). Therefore, aberrant mitoQC seems to be a central node that mediates the vicious cycle between neuronal and glial injuries.

Herein, we first summarize the molecular basis of mitoQC including mitochondrial biogenesis, proteostasis, dynamics, and mitophagy. We then concentrate on the status of abnormal mitoQC in the initiation and progression of a number of common neurodegenerative diseases.



FUNDAMENTALS OF mitoQC


Mitochondrial Biogenesis

New mitochondria and the proteins involved in OXPHOS are generated via mitochondrial biogenesis in order to replace defective mitochondria (Li et al., 2017). Activated biogenesis plays a critical role in preventing cell death, thereby maintaining the energy production and integrity of mitochondria (Khalil and Liévens, 2017).

The interaction between peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) and nuclear receptors (e.g., PPAR-γ, estrogen-related receptor α) or transcription factors such as nuclear respiratory factors (NRFs) harmonizes the generation of mitochondrial components between the nuclear and mitochondrial genomes (Puigserver and Spiegelman, 2003). Nuclear respiratory factors modulate the release of respiratory complex subunits (Wu et al., 1999), the proteins involved in mitochondrial import (Blesa et al., 2007) and heme biosynthesis (Braidotti et al., 1993). Furthermore, NRFs modulate the production of mitochondrial transcription factor A (TFAM), which is involved in mtDNA transcriptional and replication processes (Virbasius and Scarpulla, 1994). Hence, activation of the PGC-1α–NRF–TFAM pathway leads to synthesis of both mtDNA and proteins and the generation of new mitochondria.

In addition to PGC-1α, other factors are involved in mitochondrial biogenesis, such as silent mating type information regulation two-1 (SIRT1) and adenosine monophosphate–activated protein kinase (AMPK). Silent mating type information regulation two-1 can directly bind to and activate PGC-1α in order to modulate transcription of respiration-related genes in mitochondria (Lagouge et al., 2006). In addition, during energy-demanding periods, AMPK kinase inhibits ATP metabolism while triggering ATP production. Subsequently, AMPK stimulates mitochondrial biogenesis and activates PGC-1α by direct phosphorylation (Jager et al., 2007) or by indirect stimulation of SIRT1 (Cantó et al., 2009). Therefore, the AMPK–SIRT1–PGC-1α axis plays a pivotal role in stabilizing energy metabolism in defective cells.



Mitochondrial Proteostasis

In order to deal with mitochondrial stress, there is constant crosstalk between the mitochondria, the nucleus, and the cytosol, triggering transcriptional, translational, and posttranslational programs, aiming at restoring correct mitochondrial function. One major adaptive pathway activated by this mitochondria-nuclear communication is the mitochondrial unfolded protein response (UPRmt), which ensures that mitochondrial-specific proteins are correctly translated, folded, and degraded within the organelles in response to stress (Jovaisaite and Auwerx, 2015). Maintaining mitochondrial proteostasis is achieved by chaperones that fold and assemble proteins and proteases that degrade excessively damaged proteins (Bragoszewski et al., 2017). Heat shock proteins (Hsps) import newly generated mitochondrial proteins from the cellular matrix into mitochondria, while maintaining their initial structure (Ostermann et al., 1989; Voos et al., 1996; Liu et al., 2001). Heat shock proteins also retain damaged mitochondrial proteins in order to prevent them from aggregation when they are exposed to mitochondrial stress (Bender et al., 2011). If proteins become irreparable, Hsp70 recognizes and degrades them (Wagner et al., 1994). Mitochondrial proteases function to eliminate damaged or misfolded proteins inside mitochondria. There are four AAA+–ATP-dependent proteases responsible for mitochondrial protein quality control, including the i-AAA protease, the m-AAA protease, LON, and ClpXP (Lebeau et al., 2018), which localize to the inner membrane or the mitochondrial matrix. Irreparable proteins are unfolded through an ATP-dependent process mediated by the AAA+ domains of these proteases (Puchades et al., 2017) and are, subsequently, translocated to a protected proteolytic core for degradation. In addition, the ubiquitin-protease system selectively tags the proteins of the outer mitochondrial membrane (OMM) with a lysine 48-linked polyubiquitin chain, resulting in their elimination (D’Amico et al., 2017).



Mitochondrial Dynamics: Fission and Fusion

Mitochondrial fission and fusion construct a constant dynamic network, which controls the morphology and population of mitochondria and allows the upgrade of substrates. The dynamic balance is critical for regulating mitochondrial division in cell division and differentiation, as well as for maintaining mitochondrial integrity and cell survival under conditions of stress (Twig et al., 2008). Mitochondrial fission facilitates the segregation of damaged mitochondria from healthy mitochondria, whereas mitochondrial fusion allows two mitochondria to exchange components, such as DNA, proteins, and metabolites, in order to repair each other (Twig et al., 2008; van der Bliek et al., 2013; Pickles et al., 2018). The equilibrium of fission and fusion provides a balance between small defective mitochondria and long interconnected mitochondrial networks, which is crucial for normal mitochondrial function and, accordingly, cell function (Calo et al., 2013).

Mitochondrial fission is mediated by dynamin-related protein 1 (Drp1), a GTPase (Smirnova et al., 2001). Upon activation, Drp1 can relocate to the OMM, where it forms oligomers that can wrap around mitochondria, and eventually divide a mitochondrion into two separate organelles via GTP hydrolysis (Smirnova et al., 2001). Drp1 has been shown to interact with four mitochondrial receptor proteins on the OMM, including fission 1 (Fis1), mitochondria fission factor (Mff), mitochondrial dynamics protein of 49 kDa (MID49), and MID51 (Palmer et al., 2011; Zhao et al., 2011). Recent studies have also demonstrated that mitochondria-associated membranes (MAMs) and the endoplasmic reticulum (ER) assist the recruitment of Drp1 to the OMM, which recapitulates the status of mitochondrial division sites (Friedman et al., 2011). While Drp1 governs the process of mitochondrial fission, there is also a small amount of Drp1-independent mitochondrial fission (Roy et al., 2016). The cytoskeleton and its motor proteins can generate a traction force, which is able to tear the mitochondria into two pieces. In mammalian cells, dynein drags mitochondria to move along microtubules, whereas kinesin motors move in the opposite direction. If mitochondria are pulled by both dynein and kinesin, they can be cut into two parts (Schwarz, 2013; Lin and Sheng, 2015). Furthermore, during cell division, the actin-mediated contractile ring may generate the force whereby mitochondria can be torn into two separate structures.

Fusion of the inner mitochondrial membrane (IMM) is regulated by optic atrophy 1 (OPA1), and fusion of the OMM is mediated by mitofusins (Mfns). Long isoforms of OPA1 (L-OPA1) are destined for proteolysis by intramitochondrial proteases and converted into short isoforms called S-OPA1 (Song et al., 2007). It has been reported that L-OPA1 is tagged on the IMM, whereas S-OPA1 is tagged on the intermembrane space (Satoh et al., 2003; Cipolat et al., 2006; Ishihara et al., 2006). Long isoforms of OPA1 interact with S-OPA1 in order to modulate IMM fusion (Song et al., 2007; Zick et al., 2009). However, under stress, the decreased mitochondrial membrane potential (Δψm) induces massive conversion of L-OPA1 to S-OPA1, thus changing the fusion progress (Head et al., 2009). Outer mitochondrial membrane fusion is modulated by Mfn1 and Mfn2, which have very similar sequences (Santel and Fuller, 2001). Mitofusins can interact with each other and form homodimers or heterodimers because Mfns have a GTPase domain and two coiled-coil domains (Rojo et al., 2002; Chen et al., 2003). Mitofusins are activated by GTP hydrolysis and then modulate their structure, causing the fusion of the OMM in surrounding mitochondria (Chen et al., 2003).



Mitophagy

Mitophagy plays a critical role in the degradation and recycling of defective mitochondria (Soubannier et al., 2012; McLelland et al., 2014) and functions by eliminating damaged mitochondria and inhibiting the production of ROS and apoptotic-related factors. During the process of mitophagy, mitochondria are swallowed by phagophores and then form an autophagosome that subsequently fuses with a lysosome. Mitophagy requires adequate lysosomes, and therefore, mitophagy often takes place in the perinuclear space of cells and axons (Soubannier et al., 2012; McLelland et al., 2014).

Mitophagy has several mechanisms that are predominantly regulated by the PINK1/Parkin pathway (Suen et al., 2010; Rub et al., 2017), which is a pathway that is involved in Parkinson’s disease (PD). Mitophagy involves initially removing fragmented mitochondria with a lower mitochondrial membrane potential (Δψm), whereas those with a high Δψm undergo fusion (Twig et al., 2008). In mitophagy, mitochondrial fragmentation is dominantly induced by the ubiquitination and degradation of mitofusions via the PINK1/Parkin pathway (Gegg et al., 2010; Ziviani et al., 2010). Second, immobilized PINK1 and Parkin proteins cause degradation of Miro, which connects mitochondria to microtubule motors and subsequently leads to mitochondrial dysfunction (Kane and Youle, 2011). Blocking of the mitochondria—in this way—leads to their engulfment via autophagic phagophores. Third, the aforesaid pathway recruits autophagy initiators, such as Unc51-like kinase l (Lazarou et al., 2015) and Beclin1 (Michiorri et al., 2010), in order to activate the generation of phagophores surrounding the defective mitochondria. The ubiquitinated mitochondria are then recognized by cytoplasmic adaptor proteins of the phagophores, such as optineurin (Wong and Holzbaur, 2014; Heo et al., 2015) and p62/SQSTM1 (Geisler et al., 2010). Adaptors recognize the OMM ubiquitin-binding domain in order to bind ubiquitinated OMM proteins, while recognizing the LC3-interacting region (LIR) domain in order to bind to the autophagosome-associated protein LC3 (microtubule-associated protein 1A/1B–light chain 3). This binding process is activated by phosphorylation via the kinase TANK-binding kinase 1 accompanied by its partner optineurin (Matsumoto et al., 2015; Moore and Holzbaur, 2016). As the mitochondrial autophagosomes become fused with lysosomes, their content will be degraded via lysosomal hydrolases. Ultimately, mitophagy can also occur independently of the PINK1/Parkin pathway. Recently, some new autophagy receptors of mitochondria have been identified, which can directly interact with LC3, including Bcl-2 and adenovirus E1B19 kDa-interacting protein 3 (BNIP3), Nix/BNIP3L (BNIP3-Like; Novak et al., 2010; Rikka et al., 2011), and FUNDC1 (FUN14 domain-containing protein 1; Liu et al., 2012). In addition to mitophagy receptors, cardiolipin redistribution in mitochondria has been identified as being a novel mitophagy pathway. When the mitochondria are defective, cardiolipin is translocated from the IMM to the OMM, where it fuses with phagophores via LC3 (Chu et al., 2013).




ABNORMAL mitoQC IN NEURODEGENERATIVE DISEASES

Neurodegenerative diseases are characterized with progressive loss of selective neuron subtypes in the CNS; examples of these diseases include Alzheimer’s disease (AD), PD, Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS). Despite great progress having been made to clarify the pathogenesis of these neurological disorders, the underlying mechanisms are still elusive, and effective therapeutic strategies for these diseases have not yet emerged. Increasing evidence has demonstrated the significant status of mitochondrial abnormality in the pathological states of these neurodegenerative diseases (AD, PD, HD, and ALS). These abnormalities include, but are not limited to, defective mitochondrial morphology/structure, aberrant mitophagy, and impairment of mitochondrial biogenesis, all of which are governed by mitoQC (Figure 1). Furthermore, recent studies have highlighted a central role of mitochondria in innate and adaptive immune responses in CNS cells, linking mitochondrial dysfunction and neuroinflammation. Here, we will discuss previous findings on aberrant mitoQC and mitochondrial-driven inflammation in neurodegenerative diseases, focusing on AD, PD, HD, and ALS.
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FIGURE 1. Aberrant mitochondrial quality control leads to neurodegeneration. Mitochondria are highly sensitive to stress and diseases. Accumulation of misfolded proteins within mitochondria induces the UPRmt, leading to toxicity in the mitochondria. Mitochondrial stress can cause alterations in mitochondrial dynamics. An increase in Drp1-mediated fission of mitochondria leads to mitochondrial fragmentation and subsequent mitochondrial damage. Certain impaired mitochondria can fuse with other healthy mitochondria in an attempt to salvage that mitochondrion; however, typically, dysfunctional mitochondria will undergo mitophagy. Fragmented and damaged mitochondria can be eliminated by mitochondria-associated autophagy, termed mitophagy. Once the mitochondria are degraded, the cell will recycle the amino acids and fatty acids to enable the remaining healthy mitochondrial network to grow and divide through biogenesis. Aberrant mitophagy results in either an accumulation of damaged mitochondria or excessive degradation of healthy mitochondria. These processes are interconnected in response to stress and collectively lead to neurodegeneration.




Alzheimer’s Disease

Alzheimer’s disease, including familial AD (FAD) and sporadic AD, is an age-related neurodegenerative disease that is characterized by progressive cognitive impairment, memory loss, and mobility disorder. The pathogenesis of AD is complex, involving abnormal metabolism of amyloid β (Aβ), which leads to the deposition of Aβ plaques, hyperphosphorylation of Tau protein, deposition of neurofibrillary tangles, changes of reactive glial cells, and other pathological phenomena (Wang et al., 2017a).

The disequilibrium between generating and clearance of Aβ leads to its accumulation, which initiates the pathogenic cascade that eventually leads to AD (Selkoe and Hardy, 2016). Amyloid β is generated by continuous proteolysis of amyloid precursor protein (APP), mediated by β-secretase and γ-secretase. Presenilin genes 1 and 2 (PSEN1, PSEN2) are necessary for forming γ-secretase complexes to cleave APP and drive Aβ formation (Wang et al., 2017a). Microtubule-associated protein Tau is another major molecule found in AD. As part of the cytoskeleton, microtubules are carriers of various organelles including mitochondria and lysosomes (Buée et al., 2000). Systemic cerebral perfusion of rotenone (an inhibitor of ETC complex I) leads to Tau hyperphosphorylation in neurons, astrocytes, and oligodendrocytes of rats (Hoglinger et al., 2005), suggesting that mitochondrial dysfunction contributes to taupathy. As a major apolipoprotein in the CNS, apolipoprotein E (ApoE) binds the extracellular region of triggering receptor expressed on myeloid cells 2 (TREM2; Atagi et al., 2015), which is expressed on cells of the myeloid lineage, such as microglia and osteoclasts (Colonna and Wang, 2016). Soluble TREM2 enhances the proliferation and migration of microglia, gathering around amyloid plaques, as well as the ingestion and disintegration of Aβ (Zhong et al., 2019). In defective TREM2, there is an increase in the deposition of amyloid plaques and a decrease in the clustering of the microglia around newly formed amyloid plaques, and levels of the plaque-associated ApoE are reduced (Parhizkar et al., 2019).


Abnormal Mitochondrial Dynamics and AD

Fragmented mitochondria and abnormal mitochondrial distribution and trafficking in neurons have been observed in numerous AD models in cell culture and animals, as well as in AD patient postmortem brains (Wang et al., 2017b, 2009; Pérez and Quintanilla, 2017). The mitochondrial fission and fusion proteins are differently altered in the AD hippocampus with an upregulation of the mitochondrial fission protein Fis1, accompanied by a decrease in fission protein Drp1, as well as fusion proteins Mfn1, Mfn2, and OPA1 (Wang et al., 2009). Moreover, phosphorylation of Drp1 at Ser616 and S-nitrosylation of Drp1 were shown to be higher in AD patient brains than in control subjects (Wang et al., 2009), confirming the induction of excessive mitochondrial fission. Dynamin-related protein 1 has been reported to interact with Aβ and phosphorylated Tau in AD patient postmortem brains (Manczak et al., 2011; Manczak and Reddy, 2012). Kim et al. (2017) recently reported a significant relevance between specific polymorphisms in the MFN2 gene and AD, suggesting a relationship between genetic polymorphisms during fusion and AD pathogenesis.

Treatment with mitochondrial division inhibitor (Mdivi-1), a putative Drp1 inhibitor, restored Aβ-mediated mitochondrial dysfunctions and neuron synaptic depression, as well as reducing Aβ deposition and memory deficits in the brains of APP/PS1 and CRND8 mice (Baek et al., 2017; Wang et al., 2017b). Similarly, inhibition of Drp1 hyperactivation by P110, a selective Drp1 peptide inhibitor (Qi et al., 2013), reduced the number of fragmented mitochondria and attenuated AD pathology and behavioral deficits in 5XFAD AD mice (Joshi et al., 2018). Dysregulated mitochondrial permeability transition pore (MtPTP) is associated with the metabolic stress observed in AD (Pérez and Quintanilla, 2017). Altering mitochondrial dynamics by downregulation of OPA1 resulted in mitochondrial enlargement and decreased MtPTP function (Piquereau et al., 2012). Similarly, upregulation of Mfn2 and enhancement of mitochondrial fusion reduced the sensitivity of MtPTP, eliminating ROS release (Neuspiel et al., 2005). The mitochondrial protein, Miro, mediates mitochondrial trafficking along the axon (Wang and Schwarz, 2009). The heterozygous Miro mutation [miro(Sd32)] has been previously related to the disposition of Aβ42 in the Drosophila model (Iijima-Ando et al., 2009). Inhibition of Miro activated the PAR-1/MARK family kinases, subsequently promoting the pathological phosphorylation of Tau. It should be noted that late-onset neurodegeneration in Drosophila could be suppressed by the single knockdown of PAR-1 or Tau (Iijima-Ando et al., 2012). Thus, an imbalance between fusion and fission contributes to AD pathogenesis, and targeting abnormal mitochondrial dynamics could provide therapeutic options for AD.



Abnormal Mitophagy and AD

Abnormal accumulation of autophagy vacuoles in neurons is a prominent feature of AD and is likely to be the result of lysosomal dysfunction (increased pH) or secondary to neuronal Ca2+ homeostasis disorder (Nixon, 2013). During mitophagy, mitochondria are swallowed by a structure called a phagophore, forming an autophagosome that subsequently fuses with a lysosome, indicating a significant role for lysosomes in mitophagy (Soubannier et al., 2012; McLelland et al., 2014). In FAD patients, mutation of PSEN1 leads to abnormal acidification of lysosome and reduces lysosomal hydrolase activity (Coffey et al., 2014). In both mutant hAPPTg neurons and AD patient brains, Parkin-mediated mitophagy was induced (Ye et al., 2015). As the disease progresses, the cytosolic Parkin levels significantly decreased in the AD patient brain, and mitophagy became inefficient (Ye et al., 2015; Cai and Tammineni, 2016). Furthermore, FAD PSEN1 mutations aggravated lysosomal alkalization, thereby reducing lysosomal hydrolytic activity. This suggests that impaired lysosomal function is a stimulating factor in AD (Coffey et al., 2014). Sirtuin 3 (Sirt3) mediates mitochondrial biogenesis and oxidative challenge, and Sirt3 activates FOXO3 to induce p62 (a major mitophagy protein), which accumulates on ubiquitinated mitochondrial substrates and forms autophagy lysosomes. Sirt3 levels decreased in neurons of APP/PS1 double-mutant AD mice (Tseng et al., 2013), again supporting defective mitophagy in AD. In mouse neuroblastoma cells, Cummins et al. (2019) showed that Parkin translocation to the damaged mitochondria can be reduced by human wild-type (WT; hTau) expression, as well as mutant tau (hP301L). A reduction in Parkin translocation resulted from an abnormal interaction of the projection domain of Tau with Parkin, and thus Parkin is sequestered in the cytosol (Cummins et al., 2019). An experiment based on a rat pheochromocytoma cell line from an AD cellular model showed that resveratrol can inhibit Aβ42-induced mitochondrial damage and enhance mitophagy, whereas 3-methyladenine can inhibit mitophagy mediated by resveratrol and promote apoptosis (Wang et al., 2018a). Cordero et al. (2018) indicated that oleuropein aglycone in extra virgin olive oil can facilitate mitophagy, reducing aggregated proteins and thereby delaying the course of AD. In addition, a study in hippocampal neural stem cells (PS1 M146L NSCs) of AD mice demonstrated that bexarotene, a mitophagy-stimulating drug can alleviate the abnormity of mitochondria (Martín-Maestro et al., 2019). Therefore, aberrant accumulation of dysfunctional mitochondria in AD-affected neurons is likely attributable to an inadequate mitophagy capacity in eliminating increased numbers of damaged mitochondria, and the improvement of mitophagy may be a new starting point for treating AD.



Defective OXPHOS, Oxidative Stress, and AD

As the main source of energy supply, mitochondria maintain the integrity and reactivity of neurons (Sheng and Cai, 2012). The activities of complex I (NADH dehydrogenase) and IV (cytochrome C oxidase) have been reported to be significantly reduced in AD (Holper et al., 2019), resulting in defective OXPHOS. The decrease of energy metabolism due to defective OXPHOS causes excessive accumulation of ROS and elevated oxidative stress, which creates a transient feedback loop that further leads to mitochondrial damage (Wang et al., 2005; Sheng et al., 2012). Evidence indicates that CNS cells are more sensitive to Aβ-induced cytotoxicity by promoting ETC activity, mitochondrial OXPHOS, and ROS levels while repressing aerobic glycolysis (Lone et al., 2018). However, in human SH-SY5Y neuroblastoma cells, a higher level of endogenous Aβ was shown to cause no OXPHOS disturbance (Lopez Sanchez et al., 2017), suggesting that APP may downregulate mitochondrial OXPHOS independently. The interaction between AD and mitochondrial OXPHOS remains to be confirmed.



Mitochondrial-Driven Inflammation and AD

There are several reports that suggest that at least one type of damage-associated molecular pattern molecule, which stem from mitochondria, can lead to an inflammation response in neuronal and microglial cell lines (Wilkins et al., 2015, 2017). In a mouse microglial cell line, treatment with mitochondrial lysates induced the expression of messenger RNA (mRNA) encoding for tumor necrosis factor α (TNF-α) and IL-8, as well as matrix metalloproteinase 8 (Wilkins et al., 2015). Activated microglia act as innate immune cells in the CNS (Kettenmann et al., 2011), having dual influence on AD progression that depends on the period of activation. As a self-defense mechanism, activated microglia reduces the subtle accumulation of Aβ by stimulating phagocytosis, clearance, and degradation so that it can initiate the process of tissue repairing and wound healing to maintain brain health (Graeber et al., 2011). However, chronic microglial activation leads to the secretion of proinflammatory cytokines, such as IL-1β, TNF-α, and interferon γ (IFN-γ), which induces inflammation, and leads to further neuronal dysfunction (Jiang et al., 2012). The activation of downstream signaling pathways regulates the activities of transcription factors such as NF-κB, leading to oxidative stress and Aβ-induced neuronal cell death (Song et al., 2004; Chongthammakun et al., 2009). Mitochondrial-derived H2O2 can upregulate or downregulate NF-κB (Takada et al., 2003; Csiszar et al., 2008). Excessive levels of H2O2 inactivate NF-κB via oxidation of its p50 subunit, whereas moderate H2O2 levels result in IKK- or Syk-induced phosphorylation of IκB, activating NF-κB (Takada et al., 2003; Patten et al., 2010). Proinflammatory neurotoxins have been shown to cause downregulation of TREM2 and vitiation of the phagocytosis of extracellular debris by microglial cells, which alter the microglia phenotype into a neurodegenerative pattern (Deczkowska et al., 2018). Therefore, a vicious cycle between mitochondrial dysfunction and activated microglia-related neuroinflammation could promote the progression of AD. Valproic acid has been shown to prevent cytotoxicity stimulated by Aβ25-35 (a fragment of Aβ protein), which subsequently inhibits the activation of NF-κB signaling, decreases the expression of proinflammatory cytokines, and reduces mitochondrial dysfunction in rat PC12 cells (Zhao et al., 2018). In mouse neuroblastoma N2a cells, Zhang et al. (2017) reported that PGC-1α inhibited neuroinflammation and Aβ-induced cell death, which was regulated by the NF-κB pathway. Thus, a therapeutic strategy for AD that targets neuroinflammation, mitochondrial dysfunction, and NF-κB pathway could be feasible.


Parkinson’s Disease

Parkinson’s disease is the second most common neurodegenerative disease and is characterized by the loss of dopaminergic (DA) neurons in the substantia nigra (SN) area and the formation of cytoplasmic inclusion bodies containing a-synuclein [Lewy body (LB)]. Patients with PD are subject to the degradation of certain behaviors, such as bradykinesia, stiffness, tremors, and gait disorder (Gao et al., 2018). The pathogenesis of PD is complicated and considerable, whereas mitochondrial dysfunction has been increasingly appreciated to be a risk factor of DA neuronal susceptibility (Dauer and Przedborski, 2003; Dawson and Dawson, 2003; Ellis et al., 2005; Yao and Wood, 2009). Neurotoxins, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone, can inhibit complex I to impair respiratory chain function in in vitro and in vivo models of PD (Langston et al., 1983; Betarbet et al., 2000; Smeyne and Jackson-Lewis, 2005; Testa et al., 2005). Parkinson’s disease susceptible genes, which encode for proteins such as leucine-rich repeat kinase 2 (LRRK2), Parkin, PINK1, and DJ-1, are localized on the mitochondria and interfere with the function of mitochondria (Klein and Westenberger, 2012; Karimi-Moghadam et al., 2018).


Abnormal Mitochondrial Dynamics and PD

The protein LRRK2 is encoded by the PARK8 locus, which belongs to the Roc GTPase family, containing a conserved serine-threonine kinase MAPK kinase kinase (MAPKKK) domain (Paisán-Ruíz et al., 2004; Zimprich et al., 2004; West et al., 2007). Mutation of G2019S (Gly2019 to Ser) that occurs in the MAPKKK domain is the primary cause of familial PD and approximately 2% of sporadic PD cases (Cookson, 2010). The kinase activity of LRRK2 is augmented via the mutant of G2019S, which has been shown to be correlated with the toxicity of DA neurons (West et al., 2005). The LRRK2 G2019S mutant increases the recruitment of Drp1 to mitochondria (Wang et al., 2012) and phosphorylates Drp1 at Thr595, leading to Drp1-dependent mitochondrial fragmentation and subsequent excessive mitophagy (Su and Qi, 2013). Disruption of mitochondrial fission leads to synaptic loss and DA neuronal cell death (Berthet et al., 2014). Pharmacological and genetic inhibition of Drp1 hyperactivation has been demonstrated to protect DA neurons in an MPTP-induced PD mouse model, and in induced pluripotent stem cells (iPS) cells derived from patients carrying either the LRRK2 G2019S or the α-synuclein (α-syn) mutant (Su and Qi, 2013; Rappold et al., 2014; Filichia et al., 2016; Bido et al., 2017; Seshadri and Alladi, 2019; Geng et al., 2019; Park et al., 2019), by improving both mitochondrial morphology and autophagic flux. PINK1 and Parkin are also crucial for maintaining mitochondrial fusion and fission by mediating the ubiquitination of Mfns (Ziviani et al., 2010). α-Synuclein is a major component of LBs, and its oligomeric forms have been demonstrated to trigger neurotoxicity in PD (Selkoe et al., 2014; Peelaerts et al., 2015). α-Synuclein is widely distributed in the mitochondria and mitochondria-associated ER membrane (MAM; Devi et al., 2008; Guardia-Laguarta et al., 2014). While WT α-syn and its missense mutant, A53T (Lee and Trojanowski, 2006), have been reported to induce mitochondrial fragmentation in a Drp-1-dependent manner, overexpression of the fusion protein OPA1 has been shown to prevent both mitochondrial fragmentation and neuronal cytotoxicity (Martinez et al., 2018). In rat brains overexpressing human A53T–α-syn, the fragmentation of mitochondria and aggregates of α-syn are reduced, and the motor function is normalized by treatment with Mdivi-1 (Bido et al., 2017), further supporting the notion that correcting aberrant mitochondrial dynamics attenuates PD pathology.



Abnormal Mitophagy and PD

Depolarized mitochondria cause an accumulation of PINK1 on the OMM. Parkin recruitment to the mitochondria depends on the presence of catalytically active PINK1 (Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 2010; Vives-Bauza et al., 2010). The recessive mutation of Parkin/PINK1 observed in PD patients blocks the process of mitophagy, which aggravates the morphological destruction of mitochondria and accumulation of the dysfunctional organelle (Ziviani et al., 2010). PINK1 and Parkin have been shown to coordinate the selective clearance of damaged mitochondria via mitophagy (Matsuda et al., 2010; Vives-Bauza et al., 2010), and in recent years, there has been a large of amount of literature highlighting the mechanistic link between mitophagy deficiency and PD pathogenesis using cell culture models (Narendra and Youle, 2011; Youle and Narendra, 2011; Pickrell and Youle, 2015; Mouton-Liger et al., 2017; Truban et al., 2017; Miller and Muqit, 2019). Because of the lack of in vivo phenotypes in PINK1 and Parkin mutant mice, it is hard to evaluate the impact of PINK1/Parkin-mediated mitophagy deficiency on PD pathology in vivo (Goldberg et al., 2003; Perez and Palmiter, 2005; Kitada et al., 2009). Recently, Seibler et al. (2011) reported that neurons derived from iPS cells of PD patients carrying PINK1 missense mutations showed an impairment of Parkin recruitment to mitochondria and increased mitochondrial copy number. In addition, DA neurons derived from iPS cells of patients with Parkin mutation exhibited shortening neurites and sensitivity to stressors (Ren et al., 2015). These findings from the human neuronal model may provide distinct phenotypes that could be amenable to further mechanistic studies in the context of human PD. Dynamin-related protein 1 was recruited from the cytoplasm to the dysfunctional mitochondria together with Ca2+ and Zn2+ signals, thus causing mitochondrial fragmentation (Abuarab et al., 2017). The fragmented mitochondria may facilitate their engulfment by autophagosomes (Buhlman et al., 2014). It will be interesting to determine the detailed molecular pathway by which Drp1-mediated mitochondrial fragmentation orchestrates the PINK1/Parkin-associated mitophagy.



Defective OXPHOS, Oxidative Stress, and PD

In terms of the mtDNA cluster JTWIX, mtDNA-encoded complex I genes are immoderately altered, which has been shown to be strongly related to an increased risk for PD (Autere et al., 2004). These mutations probably alter the efficiency of OXPHOS and result in mitochondrial dysfunction and oxidative stress in PD. Dopaminergic neurons contain high levels of pro-oxidant iron, and low levels of glutathione seem to be the crucial antioxidant in the SN. Transition metals can reduce oxygen to promote ROS production (Wei et al., 2019), so that neurons are especially vulnerable to oxidative stress, which can induce mtDNA mutations. In fact, SN neurons with defective OXPHOS enzymes have high levels of mtDNA mutations in aged human and PD patients (Kraytsberg et al., 2006). The reduction of membrane potential, overloaded levels of Ca2+ (Gandhi et al., 2009), and increased production of ROS in mitochondria have been observed in PINK1 knockout fibroblasts and neurons (Heeman et al., 2011). The mutation of DJ-1 leads to misfolded α-syn aggregates in DA neurons of PD patients (Zondler et al., 2014); the lack of DJ-1 decreases the consumption of hydrogen peroxide and the clearance of ROS in the brain mitochondria, as well as increasing oxidative stress levels, leading to the death of DA neurons (Lopert and Patel, 2014).



Mitochondrial-Driven Inflammation and PD

PINK1 and Parkin play a crucial role in adaptive immunity by suppressing the presentation of mitochondrial antigens (Matheoud et al., 2016), which suggests an involvement of autoimmune mechanisms in PD etiology. Mitochondria isolated from the brains of PINK1 knockout mice exhibit increased vulnerability to oxidative stress caused by inflammation (Akundi et al., 2011). Neurons derived from iPS cells of patients with LRRK2 mutations have shown impaired NF-κB signal transduction and a reduced inflammatory response (López de Maturana et al., 2016). NLRP3-mediated release of proinflammatory cytokines IL-1β and IL-18 is thought to be important for neurodegeneration (Ramesh et al., 2013). Extensive increases in microglial activation and the NLRP3-related inflammasome have been observed in the SN of PD patients (Gordon et al., 2018). Furthermore, Sliter et al. (2018) reported a strong inflammatory phenotype in both Parkin−/− and Pink1−/− mice following exhaustive exercise and in Parkin−/− mutator mice, which accumulate mutations in mtDNA. The authors reported that loss of STING, a central regulator of the type I IFN response to cytosolic DNA, rescued the loss of DA neurons from the SN and the motor defect observed in aged Parkin−/− mutator mice (Sliter et al., 2018). These results support a role for PINK1 and Parkin in inhibiting innate immunity.

Glycogen synthase kinase 3β (GSK-3β) can phosphorylate downstream substrates, and it regulates glucose metabolism (MacAulay et al., 2007). One study has shown that the GSK-3β inhibitor effectively protects against 6-OHDA–induced neurotoxicity by blocking microglial activation in in vitro and in vivo models of PD (Morales-García et al., 2013). Thus, the production of proinflammatory factors such as TNF-α and IL-12 is repressed, and anti-inflammatory cytokines such as IL-10 are stimulated (Coant et al., 2011). Another study has shown that the decreased expression and activity of Na+-Ca2+ exchanger 3 (NCX3) in DA neurons may cause mitochondrial dysfunction and neuronal death in the midbrain of α-syn A53T mice, whereas NCX1 overexpression in microglia may promote their proliferation in the striatum (Sirabella et al., 2018). In addition, changes in metabolic signaling resulting from targeting mitochondrial pyruvate carrier are a key proprietor of cellular metabolism, which can regulate mTOR (mammalian target of rapamycin) activation, resulting in a neuroprotective and anti-inflammatory function in several PD models (Ghosh et al., 2016).



Mitochondria Targeted Therapy for PD

The development of mitochondrial targeting antioxidant seems to have made remarkable progress in the past decade. A nitrogenous guanidine compound called creatine has antioxidant properties and effectively regulates the opening status of MtPTPs; creatine is considered to be a neuroprotective agent (NINDS NET-PD Investigators, 2008). Coenzyme Q10 (CoQ10) has been identified to be another neuroprotective reagent in in vitro and in vivo PD models. Under oxidative stress, pretreatment with CoQ10 improves the mitochondrial membrane potential and decreases the production of ROS in neuronal cells (Xi et al., 2018). Coenzyme Q10 can also reduce oxidative damage and the behavioral abnormality in a rat model of PD (Gupta et al., 2018). Clinical trials show that a high dose of CoQ10 interferes with the aggravation of PD (Shults et al., 2002). In the 6-OHDA-induced PD model in vivo and in vitro, MitoQ, a mitochondria-targeted antioxidant, was found to improve the morphology and function of mitochondria by upregulating the level of Mfn2, which is the primary factor for promoting mitochondrial fusion (Xi et al., 2018). MitoQ treatment also reduces mitochondrial fragmentation, the production of ROS, and apoptosis (Xi et al., 2018). However, a double-blind clinical trial reported that there was no significant difference between MitoQ- and placebo-treated PD patients. This study also proposed that MitoQ was not appropriate for patients who have already lost parts of their DA neurons (Snow et al., 2010).


Huntington’s Disease

Huntington’s disease is an autosomal dominant neurodegenerative inherited disorder, characterized by involuntary movements, cognitive decline, and neuropsychiatric changes. Huntington’s disease is caused by trinucleotide repeats of CAG (36 repeats or more) on the short arm of chromosome 4p16.3 in the Huntingtin (Htt) gene (MacDonald et al., 1993). With a PolyQ expansion at the N terminus, the mutant Huntington protein (mtHtt) has a toxic function causing neuronal death, particularly in the striatum and progressively in other parts of the brain (Ferrante et al., 1991; Andrews et al., 1999; Williams and Paulson, 2008). Mitochondrial dysfunction has been demonstrated to be strongly correlated with HD, and dysregulation of mitochondrial dynamics plays a key role in the development of HD (Johri et al., 2013; Zhao et al., 2019).


Abnormal Mitochondrial Dynamics and HD

Dynamin-related protein 1 hyperactivation and related mitochondrial fragmentation were observed in HD cell culture, animal models, and patient brains (Song et al., 2011; Reddy and Shirendeb, 2012; Guo et al., 2013). Transcriptional factor p53 was reported to be involved in mitochondria-mediated necrosis and fragmentation in HD, directly interacting with mitochondrial fission protein Drp1 (Guo et al., 2013, 2014). Research into HD knock-in mouse striatum cells has shown that MAPK can lead to Drp1 phosphorylation in vitro (Roe and Qi, 2018). Furthermore, Zhao et al. (2019) reported that oligomerization of ATAD3A, a mitochondrial protein interacting with Drp1, not only contributes to Drp1-mediated mitochondrial fragmentation, but also impairs mtDNA maintenance in HD. Notably, blocking the interaction between Drp1 and ATAD3A by the peptide—DA1—was able to correct mitochondrial fragmentation and mtDNA damage, as well as attenuating HD-associated neuropathology (Zhao et al., 2019). There is a possibility that altered mitochondrial trafficking contributes to neurodegeneration in HD (Schon and Przedborski, 2011). Huntingtin-associated protein 1 (HAP1) is one of the Htt-binding partners and is transported along the axons, and the p150Glued subunit of dynactin is an essential component of molecular motors. There are two main mechanisms that lead to dysfunction of neuronal transport in HD (Carmo et al., 2018). The first mechanism suggests that the altered Htt/HAP1/p150Glued complex is accompanied by a decrease of motor proteins associated with microtubules (Gauthier et al., 2004). Evidence reveals that mtHtt impairs mitochondrial axonal transport in human neurons in vitro and in neurons from transgenic mice (Trushina et al., 2004). Another mechanism recapitulated occurrence of steric inhibition of the microtubular flow as a result of the transfer of the motor proteins from the soluble pool to protofibrillar complexes in human HD-affected brains (Trushina et al., 2004). Disruption of axonal transport could lead to protein aggregation, which can result in the loss of neurotrophic support and evoke neuronal death, ultimately causing neuronal dysfunction (Gunawardena and Goldstein, 2005).



Abnormal Mitophagy and HD

PINK1 overexpression decreased the formation of morphologically abnormal mitochondria in Drosophila models of HD, demonstrating that abnormal mitophagy takes part in HD pathogenesis (Khalil et al., 2015). The presence of mtHtt results in neuronal damage by triggering defects in mitochondria, increasing the accumulation of dysfunctional mitochondria. Intihar et al. (2019) recapitulated that PGC-1α provides neuroprotective effects by activating autophagy and increasing the turnover of mtHtt aggregates (Intihar et al., 2019). Notably, intracellular aggregates of elongated Htt, a well-established autophagy substrate, were significantly decreased by memantine. Memantine also accelerated the clearance of damaged mitochondria (Hirano et al., 2019). Recently, some studies have focused on the inhibition or elimination of pathological mitophagy. Guo et al. (2016) showed that valosin-containing protein (VCP), as an mtHtt-binding protein, accumulated in mitochondria and caused excessive mitophagy by recruiting LC3 to the mitochondria via the LIR motif. Importantly, blocking VCP mitochondrial accumulation by disruption of the interaction between VCP and mtHtt reduced mitochondrial damage and attenuated HD-associated neuropathology.



Defective OXPHOS, Oxidative Stress, and HD

Mutant Htt protein accumulation may evoke OXPHOS damage by direct interaction with mitochondria, by transcriptional alterations, or by both mechanisms. It has been demonstrated that respiratory chain enzyme activities exhibit defects in complexes II, III, and IV in the striatum of HD patients (Gu et al., 1996). In addition, not only the expression of mtHtt but also the loss of Htt was shown to strongly influence mitochondrial transcription. PGC-1α is a transcriptional coactivator and is a master gene responsible for cellular energy metabolism (Zhang et al., 2019). There is a decrease in the level of PGC-1α in various HD models (McGill and Beal, 2006; Weydt et al., 2006; Chaturvedi et al., 2009; Johri et al., 2013), which results in its low level of transcription. Moreover, Intihar et al. (2019) speculated that there is a p53–HSF1–PGC-1α axis that integrates transcriptional dysregulation and mitochondrial dysfunction into one single pathway, although the underlying mechanism remains elusive (Intihar et al., 2019).


Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis is a motor neuron (MN) disease (MND) characterized by progressive MN degeneration in the brain and spinal cord, leading to severe weakness and eventually paralysis of limb and trunk muscles (Taylor et al., 2016). In most cases, ALS arises in individuals without a family history of the disease (sporadic ALS), whereas in other cases ALS is inherited [familial ALS (fALS)]. There is a strong correlation between fALS and the mutant RNA processing protein, including Cu/Zn superoxide dismutase 1 (SOD1), TAR DNA-binding protein 43 (TDP-43), C9ORF72(C9), and fused in sarcoma (Ince et al., 2011; Taylor et al., 2016; Starr and Sattler, 2018; Genevini et al., 2019; Yamawaki et al., 2019). Pathological SOD1 and TDP-43 perturb multiple mitochondrial pathways, including mitochondrial dynamics, mitochondrial-related inflammation, and bioenergetics.


Abnormal Mitochondrial Dynamics and ALS

Point mutations in the gene that encodes SOD1 are one of the earliest discovered genetic causes related to fALS. There is an increment of glucose catabolic activity upstream of the mitochondrial aerobic respiration in SOD1G93A mice, indicating that mitochondrial dynamics represent the crucial site of the synaptic bioenergetic impairment in ALS (Ravera et al., 2019). Superoxide dismutase 1 mutations affect protein folding, which is a potential source of the toxicity that leads to mitochondria degeneration (Wright et al., 2019). Misfolded proteins aggregate within the intermembrane space of mitochondria, ultimately leading to membrane disruption (Salehi et al., 2015; Watanabe et al., 2016). The combined effect of these changes leads to defects in respiration, generation of free radicals, electron transport, and ATP synthesis (Magrané et al., 2012; Cenini et al., 2019). SOD1G93A is likely to promote mitochondrial fission and inhibit fusion activity (Wang et al., 2018b). Compared with WT SOD1 osteocytes, SOD1G93A osteocytes showed elevated levels of Drp1, resulting in mitochondrial fragmentation, and decreased levels of mitochondrial fusion protein OPA1. Furthermore, Mdivi-1, the putative mitochondrial fission inhibitor, reduced the amount of mitochondrial fragmentation and improved mitochondrial health in cells expressing SOD1G93A. Pickles et al. (2016) observed that several antibodies, specifically recognizing misfolded SOD1 protein in the SOD1G93A mice model, are correlated with mitochondrial damage. They found that SOD1 antibodies AMF7-63 and DSE2-3H1 detected fibrils in the spinal cord and that AMF7-63-reactive misfolded SOD1 is associated with swollen mitochondria (Pickles et al., 2016). In addition, Altman et al. (2019) showed that, compared with sympathetic neurons, cultured MNs displayed higher axonal and synaptic mitochondrial immobility. This finding suggests that the accumulation of mitochondria in the neuromuscular junction (NMJ) may play a significant role in MN function (Altman et al., 2019).

TDP-43 proteinopathy, which is caused by dysregulation or mutations in the TDP-43 gene, can cause a series of neurodegenerative diseases such as ALS and frontotemporal lobar degeneration. Mutant TDP-43 causes fALS, which accounts for approximately 4% of fALS cases (Taylor et al., 2016). Although the mechanisms of mitochondrial dynamics regulated by TDP-43 remain unclear, TDP-43 appears to have a significant impact on mitochondrial fission and fusion. Xu et al. (2010) were the first to show that overexpression of WT TDP-43 induced abnormal juxtanuclear aggregates of mitochondria and increased the levels of Fis1 and phosphorylated Drp1, key components of the mitochondrial fission machinery, as well as decreasing mitofusin 1 expression, an essential component of mitochondrial fusion. Moreover, excessive mitochondria fission, together with the loss of mitochondrial inner membrane structure, occurs in neuron cells expressing ALS-associated mutant TDP-43 (Wang et al., 2013; Magrané et al., 2014; Gautam et al., 2019a). TDP-43 can interact with Mfn2, and TDP-43 selectively expressed by the cortex and hippocampus of humans can induce an age-dependent change in Mfn2 expression (Wang et al., 2013). While knocking down TDP-43 in HEK293T cells resulted in a notable reduction in Mfn2, overexpression of TDP-43 increased the Mfn2 levels (Davis et al., 2018).

TAR DNA-binding protein 43 plays a critical role in mediating mitochondrial transport. Both overexpression of WT TDP-43 and knockdown of TDP-43 can cause dysregulation of mitochondrial anterograde and retrograde transport in cultured primary MNs (Wang et al., 2013). These findings have also been observed in fly and mice models, which further confirm the function of TDP-43 in mitochondrial transport (Magrané et al., 2014; Baldwin et al., 2016). Interestingly, the speed of mitochondria transport appeared to be slower in human induced pluripotent stem cells-derived MNs with TDP-43 mutation. Nevertheless, no detectable cytoplasmic inclusions or phosphorylated TDP-43 aggregation was observed in these neurons, which indicates that mutant TDP-43 can give rise to mitochondrial toxicity and is not associated with proteinopathy (Kreiter et al., 2018). Moreover, the cytoskeleton plays a vital role in the intracellular transport and localization of mitochondria (Chetta et al., 2015); cytoskeleton deficits that result from pathological TDP-43 may enhance mitochondria dysregulation (Oberstadt et al., 2018).



Aberrant Mitophagy and ALS

Utilizing a proteomics screen, Davis et al. (2018) identified several mitochondrial proteins that interact with TDP43 in a mouse model of MND, such as voltage-gated anion channel 1 and prohibitin 2 (PHB2), a key mitophagy receptor. Overexpression of TDP-43 induced elevated levels of PHB2, whereas TDP-43 knockdown decreased PHB2 expression in cells exposed to carbonyl cyanide m-chlorophenylhydrazone, an inducer of mitophagy (Davis et al., 2018). Recently, Gautam et al. (2019b) discovered a novel pathway of mitochondrial clearance before neuronal vulnerability, called mitoautophagy. They proposed that mitochondria can clear themselves independently of autophagosome-mediated degradation, which is different from mitophagy. Furthermore, they highlighted that mitoautophagy mainly presents in the upper MNs of PFN1G118V and prpTDP-43A315T mice, similar to many characteristics of the disease in patients with TDP-43 pathology. In addition to TDP43, the mutant SOD1 suppresses the axonal transport of mitochondria by promoting PINK1/Parkin-dependent Miro1 degradation (Moller et al., 2017).



Defective OXPHOS, Oxidative Stress, and ALS

Metabolic changes and stress responses occur in the lumbar spinal cord of SOD1G93A mutant mice prior to the onset of motor symptoms (Pharaoh et al., 2019). In SOD1G93A mice, there is only a decrease at the last step of the respiratory chain (complex IV), which disrupts the association of cytochrome c with the IMM, thereby eliciting the apoptotic program (Kirkinezos et al., 2005). Maekawa et al. (2014) reported that oxidative stress and autophagic alteration take place not only in the brain and spinal cord of SOD1G93A mice but also in the brainstem of these mice. Several studies have shown that mitochondrial OXPHOS deficits occur in experimental models associated with TDP-43. Full-length TDP-43 within mitochondria impairs the assembly and function of subunits (ND3/6) of the OXPHOS complex I, which is encoded by mitochondria-transcribed mRNAs. However, truncated TDP-43 had no effect on OXPHOS complex I (Wang et al., 2016, 2019; Salvatori et al., 2018). In a similar study, by electron microscopy analysis, mitochondrial damage in both cellular and animal models of TDP-43 proteinopathy including abnormal cristae, as well as loss of cristae, has been observed. In these models, overexpression of TDP-43 triggered mitochondrial dysfunction, including reduced mitochondrial membrane potential and increased ROS production (Onesto et al., 2016; Bartolome et al., 2017; Wang et al., 2019). Exogenous-added TDP-43 was demonstrated to aggregate inside neuronal cells, triggering ROS generation (Capitini et al., 2014). Moreover, TDP-43 expression inhibited mitochondrial complex I activity and subsequently suppressed mitochondrial ATP synthesis (Wang et al., 2019). Similarly, mitochondrial complexes II and IV are also shown to be dysregulated in ALS (Tabassum and Jeong, 2019). Bioenergetic deficits may bring a fatal effect on mitochondria themselves. Dang et al. (2020) demonstrated that the binding of decoded ATP improves thermodynamic stability of TDP-43 RRM (RNA-recognition motif) domains, followed by inhibition of ALS-associated fibrillation. This suggests that the decrease of ATP would promote fibrillation in the neurons of ALS patients (Dang et al., 2020).



Mitochondrial-Driven Inflammation and ALS

There is evidence of spinal cord infiltration by macrophages and T cells, and it was demonstrated that some MNs were ingested by IL-6- and TNF-α-positive macrophages in postmortem ALS spinal cords (Lam et al., 2016). Although the mechanism of mitochondrial-driven inflammation in ALS is still elusive, there is evidence that SOD-1 is critically correlated with inflammation. For example, elevated levels of cytokine macrophage migration inhibitory factor could enhance neuronal survival by blocking the accumulation of misfolded SOD-1 in mitochondria (Israelson et al., 2015). Moreover, misfolded SOD-1 can be detected by several conformationally restricted antibodies, such as AMF7-63. AMF7-63 recognizes the spinal cord mitochondria with misfolded SOD1, in which volume homeostasis dysregulation and superoxide generation are enhanced (Pickles et al., 2016). In MNs, mutations in the TDP43 gene can initiate a neuroinflammatory response causing further neuronal damage. Joshi et al. (2019) reported that inflammation propagation in ALS is greatly triggered by the release of dysfunctional and fragmented microglial mitochondria into the neuronal environment, and subsequent neuronal damage depends on Fis1-mediated mitochondrial disruption in glial cells.



Mitochondria Targeted Therapy for ALS

Several lines of evidence show that the protection of mitochondrial activity could be protective in ALS rodent models. Dexpramipexole is a dopamine agonist that scavenges ROS in order to improve metabolic efficiency. Treatment with dexpramipexole has been shown to reduce motor deficits and improve the survival of mutant SOD1G93A mice (Danzeisen et al., 2006). In a phase II clinical trial, dexpramipexole was shown to be effective in a dose-dependent manner for ALS patients (Cudkowicz et al., 2011). However, there was no significant difference between placebo and dexpramipexole in the subsequent phase III clinical trial (Cudkowicz et al., 2013). Trehalose, an autophagic inducer, can prolong the survival of SOD1G93A mice by protecting mitochondria and decreasing SOD1 and SQSTM1/p62 aggregation (Zhang et al., 2014). Olesoxime directly binds to proteins of the OMM and acts on the MPTP. Olesoxime can prevent MN death, activate microglia and prolong survival of SOD1G93A mice (Sunyach et al., 2012; Yang et al., 2013). However, in a phase II–III trial, the survival time of patients did not appear to have an obvious difference between placebo- and olesoxime-treated cohorts. Thus, whether targeting mitochondria could provide a translational strategy for treating ALS patients remains to be elucidated and should be investigated further.











CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Neurodegenerative diseases, including AD, PD, HD, and ALS, are all characterized by progressive neuronal degeneration in specific brain regions. To date, therapeutic strategies are ineffective for these neurodegenerative diseases. Mitochondria regulate cellular metabolism, coordinate cell death, play a role in viability pathways, and are essential for maintaining neuronal integrity. In the past decade, accumulating evidence has demonstrated that mitochondrial dynamics and mitophagy serve as common and initial characteristics that account for mitochondrial and neuronal dysfunction in these diseases. Notably, manipulation of mitochondrial dynamics and mitophagy have been shown to be protective in these diseases, which provides new therapeutic options toward developing effective treatments.

Furthermore, increasing evidence suggests that mitochondria could be a hub for regulating innate and adaptive immune responses. Neuroinflammation occurs in experimental animal models and patient brains of several neurodegenerative diseases. However, the role of neuroinflammation is still controversial and could either be the dominant pathogenesis of neuronal damage or only a result of metabolic dysfunction in the neurodegenerative progress. Future investigations on the cellular and molecular crosstalk between mitochondrial dysregulation and immune responses, along with their contribution to disease progression, may deepen our understanding of the interaction between neuroinflammation and neurodegeneration.
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Myelomeningocele (MMC) is the most common congenital defect of the central nervous system and results in devastating and lifelong disability. In MMC, the initial failure of neural tube closure early in gestation is followed by a progressive prenatal injury to the exposed spinal cord, which contributes to the deterioration of neurological function in fetuses. Prenatal strategies to control the spinal cord injury offer an appealing therapeutic approach to improve neurological function, although the definitive pathophysiological mechanisms of injury remain to be fully elucidated. A better understanding of these mechanisms at the cellular and molecular level is of paramount importance for the development of targeted prenatal MMC therapies to minimize or eliminate the effects of the injury and improve neurological function. In this review article, we discuss the pathological development of MMC with a focus on in utero injury to the exposed spinal cord. We emphasize the need for a better understanding of the causative factors in MMC spinal cord injury, pathophysiological alterations associated with the injury, and cellular and molecular mechanisms by which these alterations are induced.
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GENERAL CHARACTERISTICS AND PATHOLOGY OF MMC

Myelomeningocele (MMC), the most common and severe form of spina bifida, is a complex congenital defect that results from incomplete neural tube closure (Copp et al., 2003). The defect is characterized by protrusion of the spinal cord and meninges through a pathological opening in the overlying vertebrae and skin leading to progressive injury to the exposed spinal cord associated with devastating and lifelong disabilities (Kaufman, 2004). In humans, the MMC defect is typically found in the lumbosacral region (Borgstedt-Bakke et al., 2017; Farmer et al., 2018). The non-neurulated placode-like spinal cord is exposed on the dorsal aspect of a cystic sac containing cerebrospinal fluid bordered by the pial and dural membranes (Figure 1; Hutchins et al., 1996).
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FIGURE 1. Schematic drawing of the transverse spinal cord at the level of the myelomeningocele (MMC) lesion. The non-neurulated spinal cord is visible on the dorsal aspect of a fluid-filled sac containing cerebrospinal fluid. The cystic sac is formed dorsally by the pia and ventrally by the dura. The edges of the pia are fused to the epidermis and superficial dermis while the dura is fused to the deeper dermal layers. The vertebral arch of the spinal column is incompletely formed.



In addition to spinal cord injury, MMC predisposes the fetus to hindbrain herniation and the development of Arnold-Chiari II malformation, with consequent hydrocephalus requiring ventriculoperitoneal shunt placement (Kaufman, 2004). Patients living with MMC experience substantial and life-long deficits, including reduced or absent motor and sensory function in the lower extremities, musculoskeletal deformities, bowel and bladder dysfunction, and cognitive disabilities (Hunt, 1990; Dias and McLone, 1993; Hunt and Poulton, 1995; Tomlinson and Sugarman, 1995; Hunt and Oakeshott, 2003). Moreover, many patients affected by MMC develop secondary complications, such as urinary tract infections, chronic renal disease, ventriculoperitoneal shunt failure, and various skin injuries (e.g., pressure ulcers in those who are non-ambulatory; Verhoef et al., 2004; Dicianno and Wilson, 2010). Affected individuals often require multidisciplinary medical services to optimize functional outcomes and lifelong caregiver support. Ultimately, MMC not only diminishes the quality of life but results in social, emotional, and financial burden on the afflicted families and the health care system (Bowman et al., 2001; Centers for Disease Control and Prevention (CDC), 2007; Sandler, 2010; Radcliff et al., 2012).

While the exact etiology of MMC remains poorly understood, the development of MMC is likely the result of both environmental factors and genetic aberrations (Alles and Sulik, 1990; Mitchell et al., 2004; Kibar et al., 2007; Ornoy, 2009). It is generally accepted that inadequate intake of natural folate or folic acid is associated with an increased risk of neural tube defects, including MMC (Botto et al., 1999; Imbard et al., 2013). Therefore, folate intake, either from dietary supplements or fortified food, is recommended for every reproductive age woman (Viswanathan et al., 2017). Although these strategies have helped to decrease the number of neural tube defects, with some variability between countries or ethnic groups (Heseker et al., 2009; Williams et al., 2015), MMC still affects approximately 3 per 10,000 live births in the United States (Parker et al., 2010; Canfield et al., 2014). Overall, neural tube defects remain among the most common major congenital abnormalities in humans and constitute a substantial public health problem (Oakley, 2010; Parker et al., 2010; Osterhues et al., 2013; Moldenhauer, 2014).



SPINAL CORD INJURY IN MMC

A “two-hit hypothesis” has been proposed to explain the pathogenesis of spinal cord injury and neurological sequelae in MMC (Heffez et al., 1990; Meuli et al., 1995a; Hutchins et al., 1996). The defect in neurulation, which results in incomplete closure of the developing neural tube during early gestation, represents the first hit. This leads to spinal cord malformation (non-neurulation) and its subsequent protrusion through the pathological opening in the overlying vertebrae, musculature, and skin. The chronic exposure of the unprotected spinal cord to the hostile intrauterine environment throughout gestation represents the second hit. This results in an acquired injury to the exposed segment of the non-neurulated spinal cord.

Compelling clinical and experimental evidence indicates that the neurological deficits associated with MMC are not caused entirely by the primary defect of neurulation but are exacerbated by in utero spinal cord injury (Heffez et al., 1990; Meuli et al., 1995b; Sival et al., 1997; Stiefel et al., 2007). Histopathological data from human specimens reveal that the exposed part of the non-neurulated spinal cord is histologically intact in early gestation, however, progressive damage showing signs of degeneration, abrasion, and erosion—sometimes leading to an almost complete loss of neural tissue in the dorsal region—is found by late gestational age (Hutchins et al., 1996; Meuli et al., 1997). Also, sonographic reports of human fetuses with MMC show progressive loss of lower extremity movements, suggesting that prolonged and ongoing exposure to the intrauterine environment is associated with the functional loss (Korenromp et al., 1986; Sival et al., 1997). Experimental data obtained from various animal models of MMC further support the hypothesis that exposure of the MMC spinal cord to the intrauterine environment leads to chronic injury and deterioration of neural function. Studies of mouse genetic models show that in fetuses affected by MMC, spinal cord tissue taken from early gestational time points has no overt evidence of trauma or degeneration and the spinal cord cytoarchitecture, including sensory and motor projections, appear to be well-preserved (Selçuki et al., 2001; Stiefel and Meuli, 2007; Stiefel et al., 2007). As gestation proceeds, there is increasing damage to the exposed spinal cord which coincides with a gradual loss of neurological function (Stiefel et al., 2007). Other experimental data using a retinoic acid-induced model of MMC in fetal rats also demonstrate the structural deterioration of the exposed spinal cord with advancing gestational age, associated with a loss of functional capacity that is present earlier in pregnancy (Danzer et al., 2011). Furthermore, evidence from rat, pig, rabbit, and sheep models in which MMC is surgically created shows that direct exposure of the normal spinal cord to the intrauterine milieu leads to MMC-like lesions and functional loss similar to that observed in human MMC. The spinal cord destruction observed during pregnancy is progressive, with later gestational age fetuses exhibiting more severe damage than those examined at earlier time points (Heffez et al., 1990, 1993; Meuli et al., 1995a,b, 1996; Housley et al., 2000).

In addition to the described structural and functional evidence, injury to the exposed MMC spinal cord is also demonstrated through the examination of astrogliosis. Astrogliosis is a common feature of CNS injury and is associated with increased glial fibrillary acidic protein (GFAP) immunoreactivity (Buffo et al., 2008; Robel et al., 2011; Yu et al., 2012). In studies using a genetic mouse model of MMC, an enhancement in astrocyte density is observed in sections of the spinal cord taken from the MMC lesion site of late gestational age fetuses (Reis et al., 2007). In separate studies, using a retinoic acid-induced rat model of MMC, Danzer et al. (2011) showed that injury upregulates the number of GFAP-expressing cells in the dorsal spinal cord as gestation proceeds. Increased GFAP staining and other markers of inflammatory infiltrate were also identified in resected human postnatal placode tissue (George and Cummings, 2003; Kowitzke et al., 2016). Pathophysiology of spinal cord injury in MMC was also evaluated using transcriptomic analysis of human amniotic fluid samples that showed differentially regulated genes commonly associated with inflammation and neuronal development (Tarui et al., 2017). Taken together, these studies support the hypothesis that in utero spinal cord injury by way of ongoing pathophysiological changes is an antecedent to loss of neurological function. However, cellular and molecular mechanisms underlying the formation of astrocytosis as well as other pathophysiological derangements that parallel the injury have not yet been entirely defined.



MULTIFACTORIAL ETIOLOGY OF SPINAL CORD INJURY

While the mechanisms underlying prenatal injury to the exposed spinal cord remain to be fully elucidated, human and animal studies indicate that the intrauterine environment contributes substantially to spinal cord damage in MMC. It was postulated that chemical and/or mechanical insults to the unprotected fetal spinal cord abnormally exposed to the amniotic fluid and the uterine wall are involved in the progressive in utero damage (Heffez et al., 1990, 1993; Meuli et al., 1995a,b). Toxic injury caused by components of the amniotic fluid may constitute one of the contributing mechanisms. The presence of fetal urine and meconium were indicated as possible factors for the toxicity of late gestational amniotic fluid (Heffez et al., 1990; Meuli et al., 1995a; Correia-Pinto et al., 2002). In the in vitro assessment of amniotic fluid, toxicity has been primarily based on the assay for lactate dehydrogenase efflux in organotypic rat spinal cord cultures following treatment with human amniotic fluid. Despite that higher activity of this enzyme is detected after treatment of cultures with late gestational amniotic fluid, this study showed no confirmatory evidence of tissue damage (Drewek et al., 1997). Other in vitro experiments evaluating the toxicity of α-amylase, a component of meconium, indicate that survival of neuroepithelial cells isolated from rat embryos appears to decrease when this digestive enzyme is added to cell culture. However, the actual concentration and activity of α-amylase in the MMC amniotic fluid were not established (Sasso et al., 2020). Interestingly, several recent studies have identified a multitude of live astrocytes and neural stem cells within the AF with amniotic fluid of MMC fetuses, indicating little, if any, neurotoxicity (Pennington et al., 2013, 2015; Turner et al., 2013; Zieba et al., 2017). Also, studies using fetal lambs reported that MMC promoted mesenchymal stem/progenitor cell phenotypes and proliferation in the amniotic fluid (Ceccarelli et al., 2015), suggesting that amniotic fluid in MMC may be growth permissive.

As mentioned above, another postulated mechanism contributing to spinal cord damage in MMC includes mechanical trauma to the herniated spinal cord (Heffez et al., 1990, 1993; Meuli et al., 1995a,b). This mechanism may be more relevant in the later stages of gestation when the volume of amniotic fluid naturally begins to decline. Without protection by the amniotic fluid, there may be higher abrasive stress and shear forces exerted by the uterine wall onto the exposed neural tissue. Pathological specimens of human MMC do demonstrate signs of abrasion and loss of neural tissue almost exclusively in the dorsal spinal cord at the site of MMC defect, supporting the involvement of mechanical trauma in neural injury (Hutchins et al., 1996; Meuli et al., 1997; Sutton et al., 2001). Dorsal displacement of the spinal cord and the emergence of neural stem cells within the amniotic fluid during the development of rat MMC fetuses is also consistent with the contribution of mechanical trauma to neural damage (Danzer et al., 2011; Zieba et al., 2017). Our recent studies show that these pathological changes coincide with decreased levels of hyaluronic acid and lower amniotic fluid viscosity of late gestational age rat MMC fetuses (Zieba et al., 2019). We hypothesized that decreased viscosity of amniotic fluid surrounding MMC fetuses causes reduced lubrication between the exposed spinal cord and amniotic sac, further increasing abrasive or shearing stress on the exposed spinal cord (Zieba et al., 2019). Recently, Oliver et al. (2020) suggested that hydrostatic forces exerted on the exposed neural placode and nerve roots by cerebrospinal fluid may cause additional neurologic injury in MMC through a stretching or traction mechanism. Altogether, these data emphasize the multifactorial etiology of prenatal spinal cord injury and the need for a deeper understanding of the causative factors and pathophysiology of injury in MMC-afflicted fetuses.



POSTNATAL AND PRENATAL REPAIR FOR MMC

Traditionally, the spinal cord defect in MMC has been surgically closed soon after birth. Early postnatal repair may reduce infection or trauma to the spinal cord but affected neonates will still require life-long support, rehabilitation, or institutional care (Akalan, 2011; Perin et al., 2008; Roach et al., 2011). Mounting clinical and experimental evidence showing neurological deterioration and progressive damage to the open spinal cord during gestation provided the rationale for exploring prenatal surgical repair strategies (Korenromp et al., 1986; Heffez et al., 1990; Meuli et al., 1995b, 1997; Hutchins et al., 1996; Sival et al., 1997; Stiefel et al., 2007). This idea was further supported by animal studies demonstrating that in utero repair of surgically created MMC defects improved functional outcomes, including motor and sensory function, and prevented hindbrain herniation (Heffez et al., 1993; Meuli et al., 1995a, 1996; Paek et al., 2000). With the improvement of prenatal surgical techniques and prenatal detection of neural tube defects, in utero open repair of MMC lesions in humans has become a viable strategy to minimize spinal cord trauma and lessen neurological decline before birth (Adzick, 2012). A multicenter randomized prospective trial comparing outcomes of in utero fetal repair with postnatal surgical repair of MMC defects demonstrated a reduced number of children with hindbrain herniation, decreased need for cerebrospinal fluid shunting, as well as an increase in the ability to walk independently at 30 months of age in the prenatal surgery group (Adzick et al., 2011; Simpson and Greene, 2011). There were, however, considerable maternal and fetal risks, such as increased incidence of chorioamniotic membrane separation, spontaneous rupture of amniotic membranes, and preterm delivery in the prenatal surgery group (Adzick et al., 2011; Simpson and Greene, 2011; Johnson et al., 2016). Analysis of the full cohort data of 30-month outcomes did validate in utero open surgical repair as a treatment option for fetuses with MMC (Farmer et al., 2018). Follow-up cohort studies of school-age children showed improvement in mobility and fewer surgeries related to shunt placement or revision in those children who underwent prenatal surgery for MMC over those in the postnatal surgery group (Houtrow et al., 2020). While in utero open surgical MMC repair is neither a cure nor free of risk, prenatal repair is more effective than postnatal repair and is now a treatment option for patients who meet inclusion criteria (Adzick et al., 2011; Meuli and Moehrlen, 2014; Moise et al., 2016; Moldenhauer and Flake, 2019; Danzer et al., 2020).

In addition to open fetal surgery for MMC repair, minimally invasive fetoscopic surgery and closure techniques are currently being optimized. These less invasive approaches may reduce the maternal or fetal risk associated with open repair and can be applied earlier in gestation (Belfort et al., 2017; Joyeux et al., 2018). Despite these advances, closure of the MMC defect alone may not be sufficient to repair or prevent spinal cord damage in MMC, hence, additional strategies are necessary to promote functional recovery (Blumenfeld and Belfort, 2018).

Tissue engineering has recently emerged in experimental studies as a potential therapeutic approach to further improve outcomes of prenatal MMC repair (Watanabe et al., 2010, 2011, 2015, 2016; Dionigi et al., 2015a,b; Feng et al., 2016; Mazzone et al., 2016). Studies attempting to protect the spinal cord from intrauterine trauma by using tissue scaffolds, with or without stem cells, or intraamniotic delivery of stem cells demonstrate variable, but some improvement in outcome measures (Watanabe et al., 2010, 2011, 2015, 2016; Dionigi et al., 2015a,b; Feng et al., 2016). Continuing advances in our understanding of the pathological development of MMC defects, as well as the cellular and molecular mechanisms underlying the pathophysiology of spinal cord injury, are needed to develop novel treatment approaches so that we may more effectively intervene.



PERSPECTIVE

MMC is a devastating congenital defect that results from incomplete neural tube closure early in gestation followed by exposure of the affected spinal cord segment to the intrauterine environment. It is well established that this leads to prenatal spinal injury associated with deterioration of neural function (Korenromp et al., 1986; Hutchins et al., 1996; Meuli et al., 1997; Sival et al., 1997; Stiefel et al., 2007). Although the defect in neural tube closure is currently irreversible, eliminating or minimizing prenatal injury to the persistently exposed spinal cord is a promising therapeutic approach to improve neurological outcomes. Therefore, MMC studies have focused on optimizing closure of the MMC defect to protect the spinal cord from ongoing intrauterine trauma using surgical and/or tissue engineering approaches (Watanabe et al., 2015; Botelho et al., 2017; Danzer et al., 2020; Lazow and Fauza, 2020). To further improve neurological outcomes, development of targeted prenatal therapies must be an essential direction of MMC research. However, this requires a better understanding of pathophysiological mechanisms underlying the spinal cord injury.

Prior experimental and clinical MMC studies demonstrate the susceptibility of the exposed spinal cord to mechanical and/or chemical trauma within the intrauterine environment (Heffez et al., 1990, 1993; Meuli et al., 1995a,b, 1997; Hutchins et al., 1996). While in utero damage to the exposed spinal cord is well established, factors that trigger and/or contribute to the progression of the injury are not fully understood. Due to the dynamic nature of fetal development and in utero environment, these factors may also vary at different stages of gestation. Further investigation of contributory elements and more mechanistic studies are necessary to further elucidate the mechanisms of injury.

Identification of pathological alterations that parallel the injury in the unprotected segment of the developing MMC spinal cord is particularly important for pathophysiological understanding. This includes, but is not limited to, a full comprehension of the cellular and molecular mechanisms leading to the formation of astrocytosis observed at the MMC lesion site. In addition to architectural disruption, abnormal accumulation of astrocytes within the injured spinal cord tissue could be detrimental to spinal cord development in MMC fetuses.

Additionally, abnormalities in the development of neurons and their innervation patterns in MMC would greatly compromise the recovery. To date, very few studies have examined changes in the neural development of the spinal cord at the MMC site (Keller-Peck and Mullen, 1997; George and Cummings, 2003; Reis et al., 2007). Disruption of normal dorsoventral patterning due to the MMC lesion could lead to changes in numbers and distribution of developing neurons that establish vital local circuits involved in sensory and motor functions. As a systematic analysis of spinal cord development is not possible in human tissue, MMC experimental models could fill this gap and greatly influence future therapies.



CONCLUSIONS

While innovative in utero surgical techniques exemplify the substantial progress which has been made in the diagnosis and treatment of MMC, continued advancement in the field of MMC repair requires a deeper understanding of the pathophysiology of spinal cord injury. By elucidating the cellular and molecular mechanisms of neurological disfunction in MMC, we can devise targeted therapies to further improve clinical outcomes. Future research may also lead to the development of biomarkers that can detect the presence and progression of fetal spinal cord injury in pregnancies affected by MMC. Such biomarkers could aid in the timing of prenatal intervention, likely a significant factor influencing neurological outcome. Ultimately, there remains a substantial need for novel strategies that can aid in the detection and management of MMC.
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Axon growth inhibitors generated by reactive glial scars play an important role in failure of axon regeneration after CNS injury in mature mammals. Among the inhibitory factors, chondroitin sulfate proteoglycans (CSPGs) are potent suppressors of axon regeneration and are important molecular targets for designing effective therapies for traumatic brain injury or spinal cord injury (SCI). CSPGs bind with high affinity to several transmembrane receptors, including two members of the leukocyte common antigen related (LAR) subfamily of receptor protein tyrosine phosphatases (RPTPs). Recent studies demonstrate that multiple intracellular signaling pathways downstream of these two RPTPs mediate the growth-inhibitory actions of CSPGs. A better understanding of these signaling pathways may facilitate development of new and effective therapies for CNS disorders characterized by axonal disconnections. This review will focus on recent advances in the downstream signaling pathways of scar-mediated inhibition and their potential as the molecular targets for CNS repair.
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INTRODUCTION

Axonal disconnections in the CNS usually result in permeant dysfunction. Although glial scars play supportive role in tissue repair (Anderson et al., 2016), eventually they create an inhibitory environment for axon regeneration and contribute to functional loss after CNS injuries (Bradbury et al., 2002; Jones et al., 2003; Busch and Silver, 2007). Glial scars not only form a physical barrier but also upregulate chondroitin sulfate proteoglycans (CSPGs) and other extracellular matrix (ECM) molecules, which potently inhibit regrowth of injured axons into and beyond the lesion (Bradbury et al., 2002; Jones et al., 2003; Busch and Silver, 2007). CSPGs are strongly expressed in the lesion penumbra, with even higher levels in the epicenter of the scar (Davies et al., 1997). CSPGs are mostly produced by reactive astrocytes and to a lesser extent by other cells, including oligodendrocytes and monocytes. CSPGs are also produced and secreted by neurons in the developmental and adult CNS (Galtrey and Fawcett, 2007; Dyck and Karimi-Abdolrezaee, 2015). The major CSPGs expressed in the CNS include lecticans (aggrecan, brevican, neurocan, and versican), phosphacan, and NG2 (Figure 1; Bandtlow and Zimmermann, 2000). Lecticans have similar N-terminal hyaluronan-binding domains and C-terminal globular domains with a unique lectin domain. Lectican core proteins (size: 97–262 kD) are connected by a dominant chondroitin sulfate glycosaminoglycan (CS-GAG) anchoring backbone, bound to one or more long-chain CS-GAG polysaccharides (Yu et al., 2017). Lecticans interact with carbohydrate and protein ligands in the ECM to form the perineuronal nets (PNNs; Yamaguchi, 2000), which are primarily composed of hyaluronan, CSPGs, tenascin R, and link proteins. Interactions among these molecules form a stable pericellular complex around synapses. PNNs are formed during late stages of CNS development and probably are essential for the reduction of plasticity seen in mature neurons (Kwok et al., 2011). Phosphacan is the extracellular domain of the transmembrane receptor-type protein tyrosine phosphatase β (PTPβ). NG2 is a transmembrane CSPG that has no strong homologies to other proteins. CSPGs also are expressed in other systems and mediate proliferation, adhesion, migration, and growth of various cell types, such as neoplastic, immune ad cartilage cells.
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FIGURE 1. Schematic of chondroitin sulfate proteoglycans (CSPG) molecules expressed in the CNS. Lecticans include a core protein with globular G1 (N-terminal) and G3 (C-terminal) domains linked by a central domain to the chondroitin sulfate glycosaminoglycan (CS-GAG) chains. Unlike other lecticans, aggrecan also has a G2 domain linked to G1 by an interglobular domain. The G1 domain binds to hyaluronan and to link proteins, while the G3 domain interacts with tenascins and glycolipids through a lectin-like region. Phosphacan is a secreted splice variant of transmembrane receptor-type protein tyrosine phosphatase β (PTPβ). NG2 is a transmembrane proteoglycan and exists in a soluble form after its proteolytic cleavage.



CSPGs have been known to inhibit axonal growth for 30 years (Snow et al., 1990; McKeon et al., 1991), but the molecular mechanisms underlying their actions are not fully understood (Sharma et al., 2012; Ohtake and Li, 2015). All CSPGs have similar molecular structures, including GAG chains attached to the core proteins (Figure 1; Bandtlow and Zimmermann, 2000). Because digestion of GAGs by bacterial chondroitinase ABC (ChABC), or prevention of GAG sulfation, largely reduces suppression of axon growth by CSPGs (Gilbert et al., 2005; Sherman and Back, 2008; Wang et al., 2008), sulfated GAG chains are particularly important for the inhibitory properties of CSPGs. Previously, CSPGs were shown to block growth by sterically hindering growth-promoting adhesion molecules (such as laminins/integrins) and/or facilitating suppression by repulsive molecules, such as Sema 3a and 5a (Condic et al., 1999; Kantor et al., 2004; Tan et al., 2011). During the past decade, several groups demonstrated the crucial roles of some transmembrane receptors in mediating CSPG inhibition. Two members of the LAR (leukocyte common antigen related) subfamily of receptor protein tyrosine phosphatases (RPTPs), PTPσ and LAR, bind CSPGs with high affinity and mediate suppression of axon elongation by CSPGs (Figure 2; Shen et al., 2009; Fisher et al., 2011). Nogo receptor 1 (NgR1) and NgR3, two receptors for myelin associated inhibitors, also interact with CSPGs and may mediate some of their actions (Dickendesher et al., 2012).
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FIGURE 2. Schematic of the transmembrane receptors for CSPGs and myelin-associated inhibitors and the signaling pathways downstream of two receptor protein tyrosine phosphatases (RPTPs). CSPGs induce growth inhibition by binding and activating several transmembrane receptors, including PTPσ, leukocyte common antigen related (LAR), NgR1, and NgR3. (A) Intracellularly, activation of PTPσ and LAR by CSPGs activate RhoA/ROCK signaling and inactivate Akt and Erk pathways. However, the two receptors use distinct pathways downstream of RhoA/ROCK, Akt/GSK-3β, and Erk signals to mediate inhibition of axon growth by CSPGs. CSPGs also can bind NgR1 and NgR3 to inhibit axon growth. Intracellularly, NgR functions are mediated mainly by the Rho pathway. Red-filled: signals conveyed by PTPσ. Green-filled: signals conveyed by LAR. Yellow-filled: signals shared by both PTPσ and LAR. Ig-like, immunoglobulin-like domains; FN-III, fibronectin Type III domains; D1, D1 domain; D2, D2 domain; S6K, S6 kinase. (B) Myelin-associated inhibitors (NogoA, MAG, and OMgp) interact with NgR1 (for all three) and NgR2 (for MAG) to suppress axonal growth through RhoA activation or other pathways.



The intracellular signals downstream of CSPGs are not completely known, but a number of signaling proteins at least in part mediate CSPG inhibition on neuronal growth, including Akt, glycogen synthase kinase 3β (GSK-3β), RhoA, and Erk (Powell et al., 2001; Monnier et al., 2003; Sivasankaran et al., 2004; Fu et al., 2007; Dill et al., 2008). Importantly, as the crucial functional receptors of CSPGs from the same LAR subfamily (Shen et al., 2009; Fisher et al., 2011), PTPσ and LAR regulate neuronal functions by both convergent and divergent pathways (Ohtake et al., 2016). Several drugs that target the intracellular signals of CSPGs and other inhibitors have been moved to clinical trials for treating CNS axonal injuries (Kim et al., 2017; Wang et al., 2019). In this review, we focus on the progress that has been made recently in identifying CSPG signaling pathways and on their potential as the molecular targets for treating CNS injuries (Table 1), primarily in mammalian models. However, in mammals, it is difficult to do experiments with complete spinal cord transections and to distinguish regeneration of severed axons from collateral sprouting by spared fibers. Because these two processes may have different mechanisms (Jin et al., 2009), cautious investigators often refer to “axon growth” or “plasticity” rather than “regeneration” (Blesch and Tuszynski, 2009). Therefore, in some cases, we cite relevant work in non-mammalian species, particularly lampreys, which show robust but only partial axon regeneration after complete spinal cord transection, upregulate CSPGs at the injury site, and express homologs of the most molecules referred to in this review.

TABLE 1. Summary of the major topics reviewed in this article.
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SEVERAL TRANSMEMBRANE RECEPTORS MEDIATE GROWTH SUPPRESSION OF CSPG INHIBITORS

The unique structures of CSPGs are essential for their function because digesting their GAG chains with enzymes, or preventing sulfation of GAG chains, greatly reduces their inhibition of axon growth (Gilbert et al., 2005; Sherman and Back, 2008; Wang et al., 2008; Brown et al., 2012). CSPGs are characterized by a core protein to which the highly sulfated GAG chains are attached (Figure 1). Previous studies suggested that CSPGs acted through non-specific steric interactions, hindering the binding of ECM molecules to their cell surface receptors. Interactions between laminins and their receptor integrins, the growth-promoting adhesion ECM molecules, are crucial for regulating axon growth. CSPGs interrupted the laminin-integrin interactions and attenuated integrin activation (Condic et al., 1999; Afshari et al., 2010). Accordingly, high levels of integrins overcame growth inhibition by CSPGs (Tan et al., 2011).

CSPGs potentiate the functions of some repulsive proteins, such as Sema5A and Sema3A. The GAGs of both CSPGs and heparan sulfate proteoglycans (HSPGs) interacted with the thrombospondin repeats of Sema5A, and CSPG binding could convert Sema5A from an attractive to an inhibitory guidance cue (Kantor et al., 2004). The CS-E motifs of CSPGs, which are enriched in the perineuronal nets, could also interact with Sema3A and contribute to the chemo-repulsive action of this guidance cue (De Wit et al., 2005; Deepa et al., 2006; Kwok et al., 2011). Moreover, the CSPG GAGs could block neuronal growth by binding extracellular calcium or its channels, limiting calcium entry into neurons (Hrabetova et al., 2009).

Despite the molecular mechanisms described above, several transmembrane receptors are important in conveying CSPG inhibition of axon growth. Out of three vertebrate homologs (LAR, PTPσ, and PTPδ) in the LAR subfamily, LAR and PTPσ have been shown to be neuronal transmembrane receptors essential for mediating growth suppression by CSPGs. CSPG GAG chains bind several positively charged amino acids in the first Ig-like domain of PTPσ and LAR and activate these phosphatases (Aricescu et al., 2002; Shen et al., 2009; Fisher et al., 2011). Consistently, a PTPσ homolog binds the GAG chains of the HSPG agrin and of collagen XVIII also by its first Ig-like domain, but promotes retinal axon growth (Ledig et al., 1999; Aricescu et al., 2002). Drosophila LAR binds to the HSPGs syndecan and dallylike with high affinity, and thereby regulates synaptic function (Fox and Zinn, 2005; Johnson et al., 2006). A further study demonstrates that HSPGs and CSPGs compete for the same binding site on the first Ig domain of PTPσ (Coles et al., 2011). Because HSPG binding triggers PTPσ oligomerization and CSPG binding has the opposite effect, the ratio of CSPG:HSPG determines the overall activation status of this receptor. Upregulation of CSPGs blocks PTPσ oligomerization, activates this receptor, and thus suppresses neuronal outgrowth. Therefore, PTPσ is a bifunctional receptor and its activity depends on the types of ligands bound to it.

PTPσ and LAR are important functional receptors for CSPGs in adult mammals. In neuronal cultures, deletion of either PTPσ or LAR overcomes growth inhibition by CSPGs, but not by myelin associated inhibitors (Shen et al., 2009; Fisher et al., 2011). Deficiency of either PTPσ or LAR significantly increased regrowth of corticospinal tract neurons into the spinal cord several millimeters caudal to the lesion in adult mice with mid-thoracic hemisection injury (Fry et al., 2010; Fisher et al., 2011). Suppressing PTPσ or LAR also stimulated regrowth of other spinal cord tracts after spinal cord injury (SCI), including sensory (Shen et al., 2009) and serotonergic axons (Fisher et al., 2011; Lang et al., 2015). Previous studies had reported that regeneration of injured optic nerve and peripheral nerves was enhanced in PTPσ knockout mice (McLean et al., 2002; Thompson et al., 2003; Sapieha et al., 2005; Fry et al., 2010). It is not yet known whether PTPδ, the third member in LAR subfamily, also acts as a CSPG receptor to mediate inhibition of axon regeneration. PTPδ mediated Sema3A-regulated neuronal growth by activating Fyn and Src kinases (Nakamura et al., 2017). Similar to PTPσ and LAR, PTPδ regulates synaptogenesis during development and PTPδ variants bind with nanomolar affinities to recombinant versions of the HSPG glypican-4 (Ko et al., 2015).

Both LAR and PTPσ are important therapeutic targets to promote CNS axon regeneration in adult mammals. Pharmacological blockade of either LAR or PTPσ after SCI significantly promotes motor axon regrowth and functional recovery in adult rodents. Systemic treatments with small peptides representing extracellular or intracellular LAR sequences increased the density of serotonergic fibers in spinal cord 5–7 mm caudal to the lesion in adult mice with T7 dorsal over-hemisection, and also promoted recovery of locomotor function, as determined by multiple behavioral tests (Fisher et al., 2011). Similarly, systemic delivery of a peptide representing the intracellular PTPσ sequence dramatically enhanced regrowth of serotonergic axons into the caudal spinal cord, and promoted functional recovery in both locomotor and urinary systems of adult rats with thoracic contusion SCI (Lang et al., 2015).

In lampreys, both LAR and PTPσ are expressed selectively in neurons that regenerate poorly post-axotomy (Zhang et al., 2014). Paradoxically, knockdown of PTPσ by retrograde delivery of morpholinos from the transection site was followed by inhibition of regeneration and reduction in some measures of locomotor recovery (Rodemer et al., 2020). Presumably, PTPσ plays more than one role in the nervous system and the net effect of its knockdown may depend on the balance among its several roles in a given species and environment. In these lamprey experiments, the morpholino also enterred local cells at the lesion site, so the effect of PTPσ knockdown might be indirect through actions extrinsic to the reticulospinal neurons. This may highlight the difficulties in translating in vitro studies to partial SCI models and the effects of genetic manipulations to therapies for human SCI.

NgR1 and NgR3 also act as receptors to mediate growth suppression by CSPGs (Figure 2). The NgR family includes three GPI-anchored receptors (NgR1, NgR2, and NgR3), which have similar structures, including the eight leucine-rich repeats (LRR) flanked by N-terminal and C-terminal LRR-capping domains. NgR1 is the receptor for three myelin associated inhibitors: NogoA, myelin associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp; Fournier et al., 2001, 2002; McGee and Strittmatter, 2003; Liu et al., 2006), while NgR2 binds MAG but not MAP and OMgp (Venkatesh et al., 2005). The ligands that bind NgR3 have not been fully identified. NgR1 and NgR3 interacted with CS and dermatan sulfate chains and functioned as receptors for these proteoglycans (Dickendesher et al., 2012). In this study, deletion of both NgR1 and NgR3, but not NgR1 and NgR2, overcame CSPG inhibition and promoted regeneration of injured optic nerves in double knockout mice, suggesting that NgR1 and NgR3 mediate some suppression by two completely different groups of inhibitors generated by oligodendrocytes and reactive astrocytes. Furthermore, NgR2 bound versican at the dermo-epidermal junction and this interaction regulated plasticity of peripheral sensory fibers (Bäumer et al., 2014).



NUMEROUS INTRACELLULAR SIGNALS CONVEY CSPG INHIBITION ON NEURONAL GROWTH

Several intracellular signals have been shown to mediate CSPG inhibition on neuronal growth, including RhoA, Akt, GSK-3β, protein kinase C (PKC), and others (Ohtake and Li, 2015). CSPGs, myelin-derived growth inhibitors, and repulsive guidance molecules converge on certain downstream signals, such as activation of RhoA and inactivation of Akt, to regulate neuronal growth (Figure 2; Luo, 2000; Etienne-Manneville and Hall, 2002; McGee and Strittmatter, 2003; Mueller et al., 2005; Fu et al., 2007; Dill et al., 2008; Hata et al., 2009). Targeting the converged downstream signals, e.g., inhibiting the Rho signaling pathway, can overcome growth suppression by CSPGs and other inhibitors, thereby promoting axon elongation.

RhoA is important in mediating inhibition of axon growth by CSPGs, myelin-associated inhibitors, and other repulsive guidance cues. In addition to myelin inhibitors (NogoA, MAG, and OMgp; Niederöst et al., 2002) and guidance cues (Sema 3a and Ephrin; Klein, 2004; Gallo, 2006), CSPGs increase activities of RhoA and its effector Rho-associated kinase (ROCK) in neurons (Fournier et al., 2003; Monnier et al., 2003; Jain et al., 2004; Fu et al., 2007; Dill et al., 2008). CSPGs also control growth by targeting local RhoA in the axons because applying CSPGs to the axonal compartment of microfluidic chambers increased intra-axonal RhoA synthesis, while depleting RhoA transcripts in axons promoted their growth in the presence of CSPGs (Walker et al., 2012).

Rho and ROCK act as central regulators of axonal growth by targeting numerous growth-related proteins. Activating the Rho/ROCK pathway phosphorylates several downstream proteins (such as LIM domain kinase 2 and myosin light chain) promotes F-actin disassembly in axonal growth cones (Maekawa et al., 1999), prevents recruitment of microtubules required for axon elongation (Rodriguez et al., 2003), and subsequently induces growth cone collapse by rearranging cytoskeletal proteins (Maekawa et al., 1999; Wu et al., 2005). Collapsin response mediator protein 4 (CRMP4), a microtubule interacting protein, involves CSPG inhibition because CRMP4 deletion promotes growth of neurites on CSPGs in vitro and elongation of sensory axons after spinal cord transection (Nagai et al., 2016). Activation of ROCK by CSPGs and MAG increases the turnover of α-tubulin acetyltransferase-1α, which acetylates α-tubulin and thus reduces the levels of this acetyltransferase post-transcriptionally (Wong et al., 2018). Therefore, blocking either RhoA or ROCK with inhibitors overcomes growth inhibition by CSPGs and other inhibitors (Borisoff et al., 2003; Mueller et al., 2005) and enhances axon regeneration and functional recovery after CNS axon injury in rodents (Fournier et al., 2003). Moreover, knockdown of RhoA in lamprey reticulospinal neurons by retrogradely-delivered morpholinos inhibited retrograde apoptotic signaling and axon retraction and promoted axon regeneration after SCI (Hu et al., 2017). There also was evidence for transient upregulation of RhoA mRNA in these neurons and for its rapid translocation to the axon tip. After 2 weeks, RhoA expression was reduced selectively in those reticulospinal neurons that did not show caspase activity (Zhang et al., 2018).

CSPGs inactivate PI3K/Akt signals, another intracellular pathway essential for controlling neuronal growth (Ohtake and Li, 2015). In neuronal cultures, CSPG stimulation reduces the levels of phosphorylated Akt at Ser473 and S6 kinase (Dill et al., 2008; Fisher et al., 2011; Silver et al., 2014; Ohtake et al., 2016). Inactivation of Akt is likely to suppress signaling by mTOR, an upstream activator of protein synthesis involved in axonal regeneration (Park et al., 2008, 2010; Liu et al., 2010). Accordingly, deleting PTEN and degrading CSPGs prevent mTOR inhibition and enhance axon regrowth after CNS injury (Lee et al., 2014). Application of CSPGs also enhances the levels of 4E-BP1 (Walker et al., 2012), a negative signal along the PI3K/Akt pathway (Yang et al., 2014).

PKC also appears to be a downstream signal to mediate CSPG action. CSPGs and myelin-associated inhibitors activated PKC, while PKC blockade overcame the growth suppression and promoted regeneration of dorsal column sensory axons in adult rats with SCI (Sivasankaran et al., 2004). However, application of CS-E tetrasaccharide, one of the CSPG GAG chains, enhanced neurite outgrowth, and inhibition of PKC with bisindolylmaleimide II or digestion of GAGs with ChABC abolished the increased axon growth (Sotogaku et al., 2007). Thus, further studies are required to dissect the role of PKC in mediating CSPG action.

CSPGs also activate epidermal growth factor receptor (EGFR) pathways, while suppressing the kinase activity of EGFR, or its downstream mitogen-activated protein kinase (MAPK), reverses inhibition of axon growth by CSPGs (Koprivica et al., 2005; Kaneko et al., 2007). Inhibition of ErbB1, an EGFR, by either pharmacological or genetic approach, promotes neuronal growth in the presence of CSPG, CNS myelin, or fibrinogen (Leinster et al., 2013). Moreover, myosin II, an ATP-dependent motor protein, probably mediates CSPG inhibition on axonal growth (Hur et al., 2011; Yu et al., 2012). CSPGs increase phosphorylation of nonmuscle myosin II regulatory light chains, while pharmacological or genetic inhibition of myosin II promotes axon growth in vitro on inhibitory substrates including CSPGs and axon regeneration after optic nerve injury (Wang et al., 2020).

Repulsive guidance molecule A (RGMa), a GPI-linked glycoprotein, inhibits axon growth by interacting with its neuronal receptor neogenin, but it also promotes reactive astrogliosis and glial scar formation by activating the TGFβ1-Smad2/3 signaling pathway and preventing neurological functional recovery after stroke (Zhang et al., 2018). Consistently, treatments with RGMa antibodies promoted axon regeneration and functional recovery in adult rodents with SCI and also showed a trend toward reducing CSPG expression around the lesion (Hata et al., 2006; Mothe et al., 2017). In lampreys, neogenin mRNA is expressed selectively in poorly regenerating reticulospinal neurons, while RGM is downregulated in cells near a spinal cord transection, possibly increasing the ability of axons to grow through the lesion (Shifman et al., 2009).



TWO RPTPs USE BOTH CONVERGENT AND DIVERGENT SIGNALING PATHWAYS TO CONVEY CSPG INHIBITION IN NEURONS

CSPGs may suppress neuronal growth by sterically hindering growth-promoting adhesion molecules and facilitating inhibition by chemo-repulsive molecules (Condic et al., 1999; Kantor et al., 2004; Tan et al., 2011), but some receptors are important in transmitting CSPG inhibition, including PTPσ, LAR, NgR 1, and NgR3 (Shen et al., 2009; Fisher et al., 2011; Dickendesher et al., 2012; Lang et al., 2015; Xu et al., 2015). Among them, PTPσ and LAR, two members in the LAR subfamily, bind CSPGs with high affinity and mediate their suppression of neuronal growth. Using combined gain-of-function and loss-of function approaches (Ohtake et al., 2016), a group recently demonstrates that LAR and PTPσ use several common signaling pathways, including RhoA, Akt, Erk, and MAP1B (Ohtake et al., 2016). But they also transmit CSPG effects with distinct signals, including the use of CRMP2, adenomatous polyposis coli (APC), S6 kinase and CREB by PTPσ, and the use of cofilin, PKCζ, and liver kinase B1 (LKB1) by LAR (Figure 2). Combined deficiencies of both receptors promoted additional neurite outgrowth by adult neurons in the presence of CSPGs in vitro.

RhoA signaling mediates functions of both LAR and PTPσ in neurons. Application of CSPGs significantly increases the levels of active RhoA in N2A cells (a neuronal cell line) transfected with either PTPσ or LAR, indicating that interactions between CSPGs and each of the PTPs separately activate RhoA (Ohtake et al., 2016). Consistently, administration of CSPGs increased the levels of active RhoA in cultured cerebellar granule neurons (CGNs) derived from wildtype (WT) mice, but not from either PTPσ−/− or LAR−/− mice. As a downstream mediator of RhoA, ROCK can phosphorylate and activate LIM kinase, which in turn phosphorylates and inactivates cofilin (Maekawa et al., 1999; Zhang et al., 2006). Actin depolymerizing factor (ADF) and cofilin are highly expressed in the actin disassembly region of neuronal growth cones and play a critical role in regulating actin dynamics and axon growth. Upregulating ADF/cofilin increased neurite length by disassembling actin filaments and promoting microtubule-based extension. ADF/cofilin also controlled actin turnover to sustain regeneration of adult rodent axons after SCI by disarranging actin (Tedeschi et al., 2019). Levels of p-cofilin were dramatically elevated in LAR-transfected but not PTPσ-transfected N2A cells after incubation with CSPGs, suggesting that CSPG-LAR interactions increase cofilin phosphorylation and inhibit axon elongation by reducing actin disassembly. Accordingly, ROCK inhibitors diminished p-cofilin levels in CSPG-stimulated PC12 cells (Gopalakrishnan et al., 2008). CSPG stimulation also boosts the levels of p-cofilin in WT, but not LAR−/− CGNs. Therefore, inactivating cofilin by phosphorylation probably mediates the inhibition by CSPG-LAR, but not CSPG-PTPσ.

Several signals in the mTOR pathway convey the functions of both LAR and PTPσ although they mostly mediate the actions of PTPσ (Ohtake et al., 2016). CSPG stimulation reduced the levels of p-Akt in N2A cells transfected with either PTPσ or LAR, and in WT CGNs, but not in PTPσ−/− or LAR−/− CGNs, indicating that Akt mediates functions of both receptors upon CSPG application. Increased Akt activity has also been reported in PTPσ−/− neurons (Sapieha et al., 2005). Activation (phosphorylation) of S6 kinase, a downstream effector of mTOR, was reduced by CSPGs in a neuronal cell line overexpressing PTPσ, but not LAR, and in WT, but not PTPσ-deleted CGNs. Thus, S6 kinase mediates the interactions between CSPGs and PTPσ, but not LAR. The levels of pS6 have been correlated with increased translation of many mRNA transcripts and cell growth (Park et al., 2008).

Another mTOR downstream signal, p-4E-BP1(Thr37/46, inactive), plays a modest role in regulating CSPG-receptor interactions (Ohtake et al., 2016). Phosphorylation of CRMP2, a signal downstream of both the Akt and Rho pathways, contributes to axon growth inhibition produced by CSPG-PTPσ interactions. Inactivation of CRMP2 by phosphorylation induces axon growth cone collapse (Arimura et al., 2005; Uchida et al., 2005; Petratos et al., 2008; Wakatsuki et al., 2011). Furthermore, APC and MAP1B, two substrates of GSK-3β in the mTOR pathway, mediate functions of PTPσ (Figure 2), but APC is not involved in LAR action, and MAP1B appears to mediate the action of LAR to a greater degree than that of PTPσ (Ohtake et al., 2016).

Erk mediates actions of PTPσ and LAR by distinct downstream signaling pathways (Ohtake et al., 2016). Evaluation of Erk activity by measuring p-p44/42 MAPK (Erk1/2) at Thr202/Tyr204 demonstrates that CSPGs greatly reduce its levels in neurons derived from WT mice, but not PTPσ- or LAR-deleted mice. CSPGs and myelin-associated inhibitors were previously linked to Erk signaling (Stern and Knöll, 2014), and treatment with nerve growth factor, a signal upstream of Erk, promoted neuronal growth on CSPGs (Zhou et al., 2006). Downstream of Erk, CREB regulates the interactions between CSPGs and PTPσ. In contrast, the 90 kDa ribosomal S6 kinases (p90RSKs), which are characterized by two non-identical functional kinase domains and a C-terminal docking site for Erks (Fisher and Blenis, 1996; Smith et al., 1999), play only a minor role in mediating functions of PTPσ and LAR.

LKB1 signaling mediates CSPG-LAR, but not CSPG-PTPσ, interactions (Ohtake et al., 2016). Erk and S6 kinase phosphorylate multiple substrates, including LKB1 at Ser325 and Ser428 (Ser431 in the mouse), which is critical for subsequent activation of AMP-activated protein kinase (AMPK; Zheng et al., 2009) and for control of axon development (Barnes et al., 2007; Huang et al., 2014). Measurement of p-LKB1 indicated the significant role for LKB1 in mediating LAR, but not PTPσ action. PKCζ, a member of the atypical PKC subfamily, phosphorylates LKB1 at Ser-428/431 and mediates AMPK activation in endothelial cells (Shifman et al., 2009; Xu et al., 2015). In neurons, the PKCζ isoform contributes to the action of LAR in response to CSPG application, probably by regulating LKB1 activity (Ohtake et al., 2016). Overexpression of LKB1 in mature neurons promoted dramatic axon regeneration in adult mice with SCI (Ohtake et al., 2019). NG2, a non-lectican CSPG, also activates PKCζ and Cdc42 and increases association of PKCζ with Par6 (Lee et al., 2013). Although the cAMP-dependent PKA may activate LKB1 by phosphorylating it at S431, and thereby promote axon differentiation during development (Collins et al., 2000; Barnes et al., 2007; Shelly et al., 2007), PKA plays only a minimal role in mediating actions of LAR or PTPσ (Ohtake et al., 2016). Neither does the conventional PKC mediate the functions of either LAR or PTPσ in neurons.

Several other proteins have been reported to function as signals downstream of PTPσ. NDPK2 (nucleoside diphosphate kinase 2) interacts with PTPσ and NDPK2 knockdown in cortical neurons overcomes inhibition by CSPGs (Hamasaki et al., 2016). Ezrin, a linker protein between the plasma membrane and actin cytoskeleton, is a substrate of PTPσ and regulates migration and organization of cells by altering adhesion of their surface structures (Doody et al., 2015). N-cadherin and β-catenin are also PTPσ substrates and may regulate axon growth downstream of PTPσ (Siu et al., 2007). Moreover, CSPG-PTPσ interactions may regulate autophagic flux at the axon growth cone by inhibiting autophagosome-lysosomal fusion step (Tran et al., 2020).

Together, LAR and PTPσ share certain signaling pathways but also employ distinct signals to covey CSPG effects on neurons, suggesting that targeting both PTP receptors have additive effects in overcoming CSPG inhibition of axon growth. Indeed, deleting either of these receptors enhanced neurite growth in adult neurons cultured on CSPGs, but deleting both displayed greater axon growth in vitro, indicating synergy between two RPTPs in mediating CSPG function (Ohtake et al., 2016).



CSPG DOWNSTREAM SIGNALS ARE THERAPEUTIC TARGETS FOR CNS INJURIES

Currently, there are no FDA approved pharmacological therapies to recover motor and sensory functions in patients with CNS axon injuries. Overcoming strong suppression by glial scars and CSPG-mediated growth inhibition is a major target for therapeutic intervention after CNS injuries. Previously, the main in vivo method to overcome inhibition by CSPGs was enzymatic digestion with locally applied ChABC, but some disadvantages (such as the short duration of enzymatic activity at 37°C and potential immune responses after repeated applications) may prevent using this bacterial enzyme as a therapeutic option for patients (Sharma et al., 2012; Ohtake and Li, 2015). Better understanding of signaling pathways, including identification of CSPG receptors, has led to new approaches for overcoming CSPG-mediated inhibition. Systemic applications of selective antagonists for CSPG receptors have promoted remarkable axon regrowth and functional recovery of motor and autonomic systems after SCI (Fisher et al., 2011; Lang et al., 2015; Urban et al., 2019a,b). Diverse axon growth inhibitors from scar tissues and myelin debris suppress neuronal growth through converging downstream pathways, suggesting the alternative approaches to overcome inhibition of axon growth in the CNS. Some compounds that regulate the activities of intracellular signals, including inhibitors of signaling by Rho and GSK-3β, are promising for promoting CNS axon regeneration and recovery in adult mammals (Meijer et al., 2004; Mueller et al., 2005; McKerracher and Higuchi, 2006; Fehlings et al., 2011).

Inhibitors of RhoA and ROCK have been reported to promote cell survival, axon regrowth, and functional recovery after SCI, stroke, and other CNS injuries (Kubo and Yamashita, 2007; Chong et al., 2017; Sladojevic et al., 2017). After CNS lesions, CSPGs and other inhibitors activate Rho and its downstream ROCK, which cause apoptotic cell loss, growth cone collapse, and axon regeneration failure. The bacterial C3 transferase and its derivatives have been frequently used as selective inhibitors of Rho by ADP-ribosylating the Rho effector domain and blocking Rho function. C3 treatment prevents cell loss and promotes axon regeneration after SCI and optic nerve crush in rodents (Lehmann et al., 1999; Dergham et al., 2002; Dubreuil et al., 2003). In SCI rodents, a modified C3 that is cell-permeable (also called Cethrin, BA-210, and VX-210) and a recombinant fusion protein containing C3 inactivated RhoA in the lesioned spinal cord reduced secondary tissue damage and glial scarring, stimulated axon regeneration and functional recovery, even when applied 16 days after injury (Lord-Fontaine et al., 2008). Other Rho inhibitors that have been used to promote CNS regeneration include C3-peptides, siRNA, and ibuprofen (Fu et al., 2007; Boato et al., 2010; Dill et al., 2010; Gwak et al., 2017). Furthermore, several ROCK inhibitors have been developed, including Fasudil and its derivatives (hydroxyfasudil and dimethylfusudil), Y-27632 and Y-39983. They also enhanced axon regrowth and provided neuroprotection in different models of neurological disorders (Kubo and Yamashita, 2007; Fujita and Yamashita, 2014).

Because preclinical studies showed promising results on the Rho inhibitor C3, a phase I/IIa clinical trial of VX-210 had been completed to test its potential to enhance motor function in patients with acute SCI (NCT00500812; Fehlings et al., 2011; McKerracher and Anderson, 2013). In this trial, 48 acute traumatic cervical and thoracic SCI patients received a single dose of VX-210 (range: 0.3–9.0 mg) applied to the spinal cord dura mater during decompression surgery within the first 7 days after injury. The results suggested the tolerability of the treatment and improvement in motor strength in patients with cervical SCI compared to its natural course. The recovery trajectory of thoracic SCI cases was similar to that in natural history studies (Fehlings et al., 2011). Because of the promising results of phase I/IIa clinical trial, VX-210 was moved to a phase IIb/III SPRING (SCI Rho inhibition investigation) trial for acute traumatic cervical SCI (NCT02669849). The major goal of this randomized, double-blind, placebo-controlled trial was to evaluate its safety and efficacy in promoting functional recovery by Rho inhibition (Fehlings et al., 2018). However, this trial was terminated by Vertex probably because of lack of efficacy after an interim analysis.

A subset of non-steroidal anti-inflammatory drugs (NSAIDs), including ibuprofen, indomethacin, and sulindac sulfide, inhibit Rho activity independently of their classical function as the inhibitors of cyclooxygenases and promote axon regrowth and functional recovery after SCI in rodents (Zhou et al., 2003; Fu et al., 2007; Wang et al., 2009). PPARγ activation contributes to the ibuprofen-mediated Rho inhibition in neurons (Dill et al., 2010). Meta-analysis of multiple preclinical studies on the effects of Rho-inhibiting NSAIDs suggested a moderate effect on motor recovery after ibuprofen or indomethacin treatment (Watzlawick et al., 2014). Because NSAIDs are widely used clinically for relieving pain and treating various disorders, it would be especially attractive to test Rho-inhibiting NSAIDS, including ibuprofen, as treatments for CNS axonal injuries. A phase I clinical SCISSOR (SCI study on small molecule-derived Rho inhibition) trial has been initiated to treat acute SCI with high-dose ibuprofen (NCT02096913; Kopp et al., 2016). The key inclusion criteria include acute traumatic motor-complete SCI (classified as AIS A or AIS B) with lesions at the levels of C4-Th4. The major goal of this trial is to evaluate the safety, feasibility, and pharmacokinetics of ibuprofen when used at the high dose of 2,400 mg per day. Preclinical studies showed potent Rho inhibition by ibuprofen when applied at high doses (50–70 mg/Kg body weight; Zhou et al., 2003; Fu et al., 2007; Wang et al., 2009).

Treatments with GSK-3β inhibitors, including the clinical drug lithium, have overcome the growth suppression of CNS inhibitory substrates and promoted axonal regeneration and functional recovery in adult rodents with SCI (Dill et al., 2008). As one of the downstream signals in the mTOR pathway, GSK-3β mediates CSPG action and plays a critical role in regulating axon genesis and elongation. Thus, inhibiting GSK-3β, possibly with lithium, which is commonly used to treat bipolar illness, is an interesting potential therapeutic approach for promoting axon regrowth and functional recovery after CNS injuries (Dill et al., 2008; Ohtake et al., 2016). Lithium also enhanced proliferation and neuronal differentiation of neural progenitor cells in the spinal cord of adult rats (Su et al., 2007).

A phase I clinical trial was completed to evaluate the safety and pharmacokinetics of lithium in chronic SCI patients (NCT00431171). This trial suggests that lithium is safe for treating chronic SCI patients (Wong et al., 2011). A randomized, double-blind phase II clinical trial was performed to evaluate its efficacy for treating chronic SCI patients (NCT00750061; Yang et al., 2012). Lithium was effective for reducing neuropathic pain in chronic SCI but did not improve the neurological outcomes of patients. Further clinical trials with combined strategies, including transplanting umbilical cord blood-derived mononuclear cells plus oral lithium or methylprednisolone followed by locomotor training, improved both motor and autonomic functions in some SCI patients (NCT01046786 and NCT01354483; Zhu et al., 2016), but the exact role of lithium was less clear in these trials.



PROSPECTIVE

Achieving functional regeneration after CNS axonal injury is a challenging topic in neuroscience research. Although a developmentally determined reduction in the intrinsic capacity of mature neurons for growth contributes to CNS regeneration failure, the scar tissue and its associated inhibitors form potent physical and chemical barriers to axon elongation after CNS injury. Therefore, it is critical to design effective regenerative strategies that target the inhibitory CNS environment. Early after injury, reactive astrocytes exert positive effects in promoting tissue repair and axon regrowth by limiting tissue damage, preventing extension of the injury into adjacent areas, and generating many ECM components such as fibronectin and laminin that have growth-promoting properties (Bush et al., 1999; Faulkner et al., 2004; Anderson et al., 2016).

In the past decade, researchers have made significant progress in further understanding the functions of reactive scar tissue, including identification of several functional receptors for scar-associated inhibitors and dissection of intracellular signals downstream of these inhibitors. It would be valuable to identify additional receptors of CSPGs and to determine whether different CSPGs and HSPGs have binding preferences to the diverse receptors recognized. Although CSPGs, HSPGs, Ezrin, and nucleoside diphosphate kinase 2 have been recognized as the ligands of PTPσ and/or LAR, additional substrates might to be identified.

CSPGs and other extracellular molecules (such as myelin-associated inhibitors, guidance cues, and neurotrophins) share certain intracellular signals (e.g., RhoA, Akt, and Erk) that mediate neuronal growth. It would be valuable to determine whether specific interventions of the identified downstream signals alter the responses of individual extracellular molecules and their corresponding receptors. As outlined in Figure 2, PTPσ and LAR mediate CSPG actions by both convergent and divergent signaling pathways, but it is critical to dissect additional pathways, their molecular links to transmembrane receptors and cytoskeletal structures, and the potential interactions among these intracellular signals. A better understanding of the molecular pathways for axon growth regulators should facilitate the design of effective regenerative and reparative strategies to treat CNS injuries.

Overcoming strong suppression of axon growth by CSPGs and glial scars is a main target for therapeutic intervention after CNS injuries. Many researchers have focused on digestion of the CSPG GAG side chains with local application of ChABC. Because several disadvantages may prevent using this bacterial enzyme as a therapeutic option for patients, alternative approaches to neutralizing growth inhibition by glial scars are needed, including targeting CSPG receptors and their downstream signals. Indeed, intervening in the convergent signals is promising because they may convey actions of multiple extracellular molecules, including both repulsive and attractive factors for neuronal growth. Several drugs that block Rho or GSK-3β were moved to clinical trials for treating CNS axonal injuries but have not yet borne fruit. Because multiple factors contribute to CNS repair failure, combined strategies, such as effective neuroprotectants to prevent cell loss, regenerative approaches to target both neuron-intrinsic and extrinsic factors, cell/biomaterial transplants to bridge rostral and caudal neural tissues, and task-specific rehabilitative training to enhance plasticity of neural circuits, may be required to further promote neural regeneration and functional recovery after CNS injuries.
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Schwann cell (SC) transplantation is a promising approach for the treatment of spinal cord injury (SCI); however, SC grafts show a low migratory capacity within the astrocytic environment, which inevitably hampers their therapeutic efficacy. The purpose of this study was to explore mechanisms to modify the characteristics of SCs and astrocytes (ASs), as well as to adjust the SC-AS interface to break the SC-AS boundary, thus improving the benefits of SCI treatment. We observed that the expression levels of miR-124 in SCs and ASs were significantly lower than those in the normal spinal cord. Furthermore, overexpressing miR-124 in SCs (miR-124-SCs) significantly inhibited gene and protein expression levels of SC-specific markers, such as GFAP and Krox20. The expression of neurotrophic factors, Bdnf and Nt-3, was up-regulated in miR-124-SCs without affecting their proliferation. Further, the boundary assay showed an increased number of miR-124-SCs that had actively migrated and entered the astrocytic region to intermingle with ASs, compared with normal SCs. In addition, although Krox20 protein expression was down-regulated in miR-124-SCs, the luciferase assay showed that Krox20 is not a direct target of miR-124. RNA sequencing of miR-124-SCs revealed seven upregulated and eleven downregulated genes involved in cell migration and motility. Based on KEGG pathway and KOG functional analyses, changes in these genes corresponded to the activation of Hippo, FoxO, and TGF-beta signaling pathways, cytokine-cytokine receptor interactions, and the cell cycle. Finally, co-culturing of miR-124-SCs and ASs in a transwell system revealed that GFAP and p-STAT3 protein expression in ASs was significantly reduced. Collectively, these results show that overexpression of miR-124 in SCs promotes SC-AS integration in vitro and may attenuate the capacity of ASs to form glial scars. Thus, this study provides novel insights into modifying SCs by overexpressing miR-124 to improve their therapeutic potential in SCI.
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INTRODUCTION

Spinal cord injury (SCI) is a traumatic disease with direct and indirect causes. It has received increasing attention in the medical community due to its high potential of leading to disability, the difficulty of spinal cord surgery, and its impaired healing process. SCI is accompanied by a series of complex pathological changes and microenvironment imbalances that occur at the cellular, and molecular levels (Fan et al., 2018), including the formation of glial scar, which primarily consists of reactive ASs. Following SCI, ASs proliferate and become hypertrophic and reactive (Sofroniew and Vinters, 2010), migrating along, and toward, the lesions to form a dense glial scar that protects the normal tissue from inflammation and necrosis (Faulkner et al., 2004). However, the scar interlaces, resulting in steric hindrance and production of inhibitory molecules, such as chondroitin sulfate proteoglycans, which hinder the axonal sprouting and interfere with damage repair (O’Shea et al., 2017). In short, scar formation restricts tissue repair. Thus, reducing the formation of glial scar and promoting axon growth to effectively connect distal and terminal axons and fill the cavity, are vital strategies for SCI treatment.

Cell transplantation therapy is a promising treatment for SCI (Lin et al., 2012; Assinck et al., 2017). SCs are the main glial cells of the PNS derived from the neural crest. They secrete neurotrophic factors to protect neurons, strengthen axon myelination, and form Büngner bands to guide axons during peripheral nerve damage (Saberi et al., 2011; Jessen et al., 2015) evaluated the safety of autologous SC after intramedullary injection on 33 patients for 2 years and reported no incidence of deep infection or deformity. Furthermore, the phase I clinical trial of autologous human SC transplantation in subjects with SCI was approved in 2016 (Anderson et al., 2017), which provided evidence for the safety and efficacy of SC transplantation for SCI treatment.

However, its potential application has been severely restricted as SC grafts rarely intermingle with host ASs both in vivo and in vitro following injection into the host spinal cord (Andrews and Stelzner, 2007; Pearse et al., 2007; Afshari et al., 2011). Briefly, ASs insulate SCs from the CNS and hinder SC remyelination of demyelinated axons (Blakemore et al., 1986). During CNS damage, the ASs are activated, and up-regulate the expressions of GFAP (Shields et al., 2000), inhibitory molecules such as chondroitin sulfate proteoglycans (Silver, 2016), and N-cadherin (Fairless et al., 2005), which characterizes the interface of SCs and ASs (SC-AS), indicating a limited functional SCI recovery after SC transplantation due to the poor migration and integration between SC-AS via an unknown mechanism. Currently, migration of SCs into the AS-containing region has been effectively enhanced by magnetizing SCs with superparamagnetic iron oxide nanoparticles (Xia et al., 2016).

Accumulating evidence has demonstrated that artificially altering SC intrinsic micoRNA (miRNAs) levels may serve to modify inherent cells’ characteristics and potentially promote SC-AS integration. miRNAs are a class of non-coding small endogenous RNA molecules (20–24 nucleotides in length) that either suppress the translation of, or degrade target mRNAs, by complementary interaction with specific sequences in its 3′-untranslated regions (3′-UTR). MiRNAs are involved in nearly all biological processes, including cell proliferation, differentiation, and development. For instance, the transfection of SCs with the miR-221/222 mimic was reported to promote their proliferation and migration following sciatic nerve damage (Yu et al., 2012). Additionally, miR-sc8 inhibits SC proliferation and migration by targeting Egfr (Gu et al., 2015), indicating that the artificial manipulation of miRNAs in SCs alters the biological characteristics of the latter. In the present study we focused on microRNA-124 (miR-124), which is a non-coding miRNA ubiquitous in the brain and plays important roles in neurogenesis and neuronal maturation, while also modulating neural stem cell differentiation (Sun et al., 2015). MiR-124 low-expressing cells, such as Hela, fibroblasts, embryonic stem cells, and mesenchymal stem cells, become induced to differentiate into neurons via upregulating miR-124 levels (Lim et al., 2005; Ambasudhan et al., 2011; Mondanizadeh et al., 2015). Moreover, our preliminary study demonstrated relatively low expression of miR-124 in ASs cultured from neonatal rat cortices, and decreased Sox9 and GFAP expression following overexpressing miR-124 (unpublished data). These results demonstrated that in cells with low miR-124 levels, its ectopic expression alters inherent cellular characteristics. We also observed in our preliminary studies that SCs express lower miR-124 levels than neural tissue. Therefore, in this study, we hypothesized that by enhancing miR-124 levels, the inherent characteristics, bioactivities, and motility of SCs would be modulated to ultimately promote SC-AS integration. However, the effect of miR-124 levels on SCs has not yet been previously reported. To the best of our knowledge, this is the first study to assess the effects of miR-124 overexpression on SCs differentiation.

In this study, we modified the characteristics and bioactivities of SCs using a specific miRNA to promote the integration of SC-AS. We showed that the overexpression of miR-124 in SCs facilitates SC-AS integration by indirectly down-regulating Krox20 expression and inhibiting the activation of ASs. Our novel findings could serve as theoretical guidance to improve the interface between SC grafts and host ASs, thus reducing the occurrence of astrogliosis. Hence, SCI treatment using miR-124-modified SCs may strengthen neural tissue repair, thus providing a therapeutic benefit.



MATERIALS AND METHODS


Antibodies and Reagents

The following antibodies were used in this study: anti-Sox10 Rabbit antibody (69661; CST, United States); anti-GFAP rabbit antibody (ab7260; Abcam, United Kingdom); anti-NGFR/p75 NGF Receptor mouse antibody (MLR2; Thermo, United States); anti-GAPDH mouse antibody (AT0002; CMC-TAG, United States); anti-β-actin mouse antibody (AT0001; CMC-TAG); anti-Sox9 rabbit antibody (ab5535; Abcam); Goat anti-rabbit IgG H&L (Allexa 488/594; Abcam); anti-S100β rabbit antibody (ab52642; Abcam); anti-EphA4 rabbit antibody (GTX1116; GeneTex, United States); anti-N-Cadherin rabbit antibody (GTX1273; GeneTex); and anti-Krox20 rabbit antibody (ab108399; Abcam).

We used the following cytokines: human FGF basic (bFGF, Peprotech, United States), human-heregulin (neuregulin) β-1 (Peprotech), Forskolin (Selleckchem, United States), and N2-supplement (100×; Gibco, United States), TGF-β1 (Peprotech).

The biological reagents and kits used are as follows: RNeasy Mini Kit (Qiagen, Germany), All-in-One First-Strand cDNA Synthesis Kit (GeneCopoeia, United States), TransScript One-step gDNA Removal and cDNA Synthesis SuperMix (Transgen, China), 2× Easytaq PCR SuperMix (+Dye) (Transgen), ChamQ Universal SYBR qPCR Master Mix (Vazyme, China), All-in-One miRNA qRT-PCR Reagent Kits (GeneCopoeia), Deoxyribonuclease I (Worthington, United States), DMEM/F-12 (1×) (Hyclone, United States), trypsin 0.25% EDTA (1×) (Gibco, United States), trypsin 0.05% EDTA (1×) (Gibco), type I Collagenase (Sigma, United States), BeyoECL Plus (Beyotime, China), PBS (Solarbio, China), FBS (Transgen), poly-D-lysine hydrobromide (Sigma), penicillin-streptomycin liquid (Invitrogen, United States), tritonX-100 (Solarbio), Hoechst 33342 (Beyotime, China), agarose (Biowest, France), RIPA lysis buffer (Solarbio), and 4% PFA (Solarbio).



Culture of SCs and Astrocytes

All animals were supplied by the Experimental Animal Center (Yisi Company, China). All animal experimental procedures were approved by the Ethics Committee of Jilin University and performed in accordance with the institutional guidelines (ethical approval code: 2018-12).

Primary SCs were prepared from the sciatic nerves of adult female Wistar rats (200–220 g) as previously described with minor modifications (Andersen et al., 2016). Briefly, the sciatic nerves were removed from the epineurium using fine forceps under the microscopic examination. They were then sliced (2 mm long) and digested with 0.1% type I collagenase in DMEM/F-12 for 20 min at 37°C under 5% CO2 atmosphere. Next, the tissue samples were rinsed with PBS, carefully seeded onto a sterile cell culture dish, and cultured in DMEM/F-12 with 10% FBS. The media was changed every 3 days. Many fibroblasts migrated out from the tissue samples during this period. Approximately every 12 days, the tissue samples were transferred to a new culture dish, which was repeated until fibroblast migration from the tissue samples ceased and bipolar SCs migration increased; generally requiring 3–4 weeks. At which point the medium was changed to the Schwann cell medium (ScM) containing DMEM/F-12, 10% FBS, forskolin (2.5 μM), bFGF (10 ng/mL), and neuregulin-β1 (15 ng/mL) every 3 days for 1 month to facilitate active proliferation of SCs. Afterward, the tissue samples were homogenized with a 5 mL pipette, collected in a 15 mL centrifuge tube, and centrifuged for 5 min (1,500 rpm). The supernatant was discarded, and the remaining tissue was digested with 0.25% trypsin for 5 min at 37°C. Enzymatic treatment was stopped once a single-cell suspension was obtained. Cells were plated onto a poly-D-lysine (Sigma)-coated 10 cm2 cell culture dish and maintained with ScM.

Primary ASs were prepared from the cerebral cortex of postnatal Wistar rats (days 1–3). The vascular membrane and excess cortices were removed and digested with 0.05% trypsin and deoxyribonuclease I (4 ng/mL) for 25 min at 37°C. Enzymatic treatment was stopped with 10% FBS supplemented DMEM/F-12; the solution was filtered through a 40 μm sterile EASYstrainer (Greiner Bio-One, Germany) to achieve single-cell suspension, and cells were collected after centrifugation. The cells were then seeded into cell flasks and cultured in the AS medium containing DMEM/F-12 with 10% FBS, bFGF (10 ng/mL), TGF-β1 (10 ng/mL), and N2-supplement (1×). After the cells proliferated to confluency, unattached cells including microglial and oligodendrocytes were removed by shaking continuously at 200 rpm for 8 h at 37°C daily for 2 days.



Immunocytofluorescence

Confluent cells were fixed with 4% PFA (Solarbio) for 30 min and washed with PBS. Unspecific binding was blocked with 0.2% triton X-100 and 10% goat serum for 45 min. Primary antibodies (p75NTR 1:200, GFAP 1:1000, Sox10 1:1600, S100β 1:100) were diluted in 1% goat serum and incubated with the cells overnight at 4°C. The cells were rinsed with PBS and incubated with secondary antibodies while shielded from light for 1 h at room temperature. Samples were washed with PBS and stained with Hoechst 33342 for 10 min and stored in PBS. The cells were studied under a fluorescence microscope (Olympus IX71, Germany), and the images were captured by cellSens Entry Software.



Construction of Lentiviral Vectors and Transfection of SCs

The linearized vector was obtained through restriction digestion. PCR was performed to amplify the vector. The final sequences of the 5’ and 3’ amplification products were consistent with the terminal sequences of the linearized vector. The reaction system was prepared with the linearized vector and the objective amplification products for recombination reaction. LV-rno-mir-124-1 (Genechem, China) was constructed using GV309, pHelper 1.0 (gag, pol, and rev), and pHelper 2.0 (VSV-G) plasmids. Egr2-RNAi (Genechem) was constructed using GV102 plasmids inserted with shRNAs (Egr2-RNAi 6164-1, Egr2-RNAi 6165-11, and Egr2-RNAi 6166-1). The plasmids were transfected into 293T cells and cultured for 48 ∼ 72 h. The supernatant was harvested and filtered, and the recombinant lentiviral vector containing the GFP reporter gene was obtained (Genechem). SCs were seeded in a 24-well plate and transfected with lentiviral vectors with the miR-124 or Egr2-RNAi sequence at a MOI. The medium was exchanged with the fresh one after transfection for 18 h, and the strongest GFP expression was detected 48 h after transfection. The transfection efficiency of the lentiviral vectors with the miR-124 and Egr2-RNAi sequences was evaluated via quantitative RT-PCR and western blotting, respectively.



Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was extracted from the control cells using QIAzol (Qiagen), and the concentration was measured by NanoDrop 2000c (Thermo, United States). Genomic DNA was removed using the TransScript One-step gDNA Removal, and RNA was reversed transcribed (RT) in a reaction containing 500 ng total RNA, 1 μL Anchored Oligo (dT)18 primer (0.5 μg/μL), 10 μL o2 × TS Reaction Mix, 1 μL TransScript RT/RI Enzyme Mix, and 1 μL gDNA Remover from the cDNA Synthesis SuperMix kit (Transgen). Double distilled water was added to the reaction to a final volume of 20 μL. The products were incubated for 30 min at 42°C for RT reaction; then TransScript RT/RI Enzyme and gDNA Remover were inactivated for 5 s at 85°C.

The cDNA was amplified by PCR in a reaction containing 0.8 μl cDNA, 0.4 μL Forward Primer, 0.4 μL Reverse Primer, 10 μL 2× Easytaq PCR SuperMix (+Dye), and 8.4 μL double distilled water. The samples were initially incubated at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at primer-specific temperature for 30 s, and extension at 72°C for 30 s; the final extension was performed at 72°C for 7 min. The PCR products were electrophoresed in a 1.5% agarose gel (Applied Biosystems, United States) and analyzed with a Gel Image System (Tanon, China). The figures were captured by Tanon MP software and analyzed by ImageJ. The primer names and sequences used are listed in Table 1.


TABLE 1. Primer sequences used for RT-PCR.
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Quantitative RT-PCR

We analyzed the relative expression of miR-124 in primary SCs, ASs, normal spinal cord, miR-124-SCs, and SCs in NC. RNA was extracted with QIAzol (Qiagen) and subjected to RT reaction with All-in-One First-Strand cDNA Synthesis Kit (Genecopoeia). Later, the RT reaction was conducted with the Applied Biosystems 7300 Plus Real-time PCR System software. The reaction contained approximately 100–1,000 ng total RNA, 1 μL 2.5 U/μL poly-A polymerase, 1 μL RTase Mix, 5 μL 5× PAP/RT buffer, and double distilled water to a final volume of 25 μL. The RT conditions were as follows: 60 min at 37°C, 5 min at 85°C, and extension at 4°C.

The qPCR reaction contained 10 μL 2× All-in-One qPCR Mix, 2 μL cDNA (100–1,000 ng, diluted 1:5), 0.4 μL ROX Reference Dye, 2 μL miR-124 forward primer, 2 μL Universal Adaptor PCR Primer (2 μM), and 3.6 μL double distilled water. The reaction was conducted as follows: pre-denaturation at 95°C for 10 min and 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 10 s. U6 snRNA was the internal reference control used, and the miR-124 expression was quantified by the 2–ΔΔCt method. The experiment was repeated at least thrice.

SC secretion of neurotrophic factors, such as ciliary neurotrophic factor (Cntf), neurotrophin-3 (Nt-3), brain-derived neurotrophic factor (Bdnf), and nerve growth factor (Ngf), was analyzed following transfection. Total RNA extracted from SCs 48 h after transfection was used to synthesize cDNA using TransScript One-step gDNA Removal and cDNA Synthesis SuperMix. Afterward, quantitative RT-PCR was performed with ChamQ Universal SYBR qPCR Master Mix and the Applied Biosystems 7300 Plus Real-time PCR System. The reaction volume contained 10 μl ChamQ Universal SYBR qPCR Master Mix (2×), 0.4 μL forward primer (10 μM), 0.4 μL reverse primer (10 μM), 2 μL cDNA, and 7.2 μL double distilled water. The reaction was performed as follows: pre-denaturation at 95°C for 30 s, 40 cycles of denaturation at 95°C for 10 s, and annealing at 60°C for 30 s. β-actin was selected as the internal reference, and the expression of mRNAs was analyzed by the 2–ΔΔCt method. The experiments were repeated at least thrice. The primer names and sequences are shown in Table 2.


TABLE 2. Primer sequences used for qRT-PCR.

[image: Table 2]


Western Blotting

After transfection, the SCs were incubated with RIPA lysis buffer and PMSF (RIPA: PMSF = 100: 1) in RNase tubes for 30 min in an ice bath. The samples were centrifuged for 20 min at 4°C (12,000 × g). The supernatants were collected, and the protein concentrations were measured by a Bicinchoninic Acid kit and NanoQuant plate analyzer (Infinite m200 PRO, Tecan, Switzerland). The protein samples were boiling for 5 min to denature them and were stored at −20°C until use. Western blotting was performed with 20 μg of each sample/well on a 10% polyacrylamide gel. After electrophoresis, the proteins were transferred onto PVDF membranes for 1.5 h at 100 V. Primary antibodies were incubated on the shaker for 1 h and preserved at 4°C overnight. Goat anti-mouse IgG (H + L, HRP conjugate, 1:2000) and goat anti-rabbit IgG (H + L, HRP conjugate, 1:2000) were added to the samples for 1 h at room temperature. Proteins were detected with BeyoECL Plus (Beyotime, China), and images were captured by Gel Image System (Tanon) and analyzed by ImageJ. GAPDH was used as the internal reference protein. The experiments were repeated at least thrice.



Cell Proliferation Assay

Cell proliferation was measured using the Cell-Light EdU Apollo643 In Vitro Kit (EdU, Ribobio, China). SCs were transduced with lentivirus for 48 h, at which point the virus infection peaked and the SCs overexpressing miR-124 (miR-124-SCs) were established in vitro. They were then seeded into 96-well cell culture plates at 3 × 103 cells per well and cultured until the appropriate stage. EdU medium was then added to the cells and incubated for 2 h at 37°C. The cells were fixed with 4% PFA for 30 min, washed with PBS, and incubated with 1× Apollo staining solution for 30 min in the dark. The staining solution was removed, and the cells were permeabilized with 0.5% Triton X-100. Nuclear cell staining was performed with Hoechst 33342 for 10 min. Two duplicate wells were included in each experimental group (i.e., WT, NC, and miR-124). A total of 10 fields of vision were selected for each well, and the images were obtained under fluorescence microscopy (Figure 3F). Fluorescence expressing cell numbers were quantified by ImageJ software, and the color mode of the image was converted into an 8-bit gray scale image and inverted to a black and white image by Edit/Invert. The contrast was then adjusted using Image/Adjust/Threshold. The positive rate was calculated from the total number of cells and the number of positive-staining cells. All data were analyzed using GraphPad Prism 7.0 (United States) software.

Cell proliferation was measured using the Cell Counting Kit-8 (CCK-8, Dojindo, China). After transfection for 48 h, 96 h, and 7 days, SCs were seeded into 96-well cell culture plates at 2 × 103 cells per well and cultured to the appropriate stage. CCK-8 medium was added to the cells and were incubated at 37°C for 4 h. The absorbance of each well at 450 nm was analyzed with a NanoQuant plate analyzer (Infinite m200 PRO, Tecan).



Boundary Assay

Boundary assay was performed according to the method by Afshari with some modifications (Afshari et al., 2011; Afshari and Fawcett, 2012). SCs and ASs were harvested and centrifuged for 5 min. A straight line in reverse was carved in the cell culture plate with a diamond knife. Posteriorly, 20 μL SC suspension (1 × 105/20 μL) was dropped on one side of the line in the well and was smeared toward the edge of the line with a sterile glass strip; then, 20 μL ASs suspension (3 × 104/20 μL) was dropped on the opposite side of the line and spread with the glass strip parallel to the SCs, leaving a small gap between them. The cells were cultured at 37°C for 40 min. Then, the non-attached cells were removed with DMEM/F-12, whereas the adhered cells were cultured with DMEM/F-12 containing 10% FBS. The culture was maintained for approximately 5 days in a 5% CO2 incubator at 37°C until the two cell fronts reached each other. The plate was kept for another 7 days in the incubator, and then the cells were fixed with 4% PFA. Unspecific binding of antibodies was blocked by incubating the fixed cells with 0.2% triton X-100 for 30 min, followed by 10% goat serum for 45 min. ASs were incubated with primary antibody (GFAP 1:1000) diluted in 1% goat serum overnight at 4°C. SCs displayed green autofluorescence after transfection (lentiviral plasmids carried a GFP reporter gene).

Boundary images were captured and analyzed and fluorescence was quantified as follows. To determine the compatibility of integration, the maximum distance and relative migration areas of SCs and ASs were compared, and the interface between the confluence of SCs and ASs was considered as the baseline. Lentiviral transfection with the control sequence was set as the NC group. The cell migration distance was measured using the scale provided with the electronic software of the fluorescence microscope. A minimum of ten fields of vision were selected for each group to obtain the maximum distance. NC was set as 1, the multiple of the experimental group higher than NC was then calculated and appropriate statistical analysis was performed. The cell migration area was quantitatively analyzed by ImageJ software. A minimum of 10 fields of view were also selected to analyze the cell migration area of each group. The color mode of each image was converted to the black and white mode under the GRB stack, the shape of the red area was adjusted closest to the fluorescent area of the original image under Adjust/Threshold, and finally the fluorescent area was calculated using the result obtained by Set measurement/Area fraction. The multiple of the migration area in NC was then calculated and the appropriate statistical analyses performed. Each experiment was repeated a minimum of three times.



Transwell Assay

To test the indirect effect of miR-124 overexpression of SCs on ASs and to simulate the three-dimensional (3D) microenvironment after transplantation, Transwell assays were performed with 6-well Polyester membrane Transwell Clear inserts (Corning, 3450; pore size: 0.4 μm). SCs were transfected by lentiviral vectors comprising miR-124 and GFP sequences for 72 h, and they were plated into the upper chamber at a density of 3 × 105 cells per well in the presence of 1.5 mL DMEM/F-12 containing 10% FBS. ASs were cultured into the lower chamber filled with 2.6 mL DMEM/F-12 containing 10% FBS. The cultures were maintained for 7 days, and the media were refreshed every 3 days. RNAs and proteins were extracted from SCs and ASs for further analyses.



Dual Luciferase Assay

Krox20 (also known as EGR2) was predicted as the target gene of miR-124 using the Targetscan1. The miR-124 binding site in the 3′-UTR of Krox20 mRNA and the fragments harboring the mutant miR-124 binding site were inserted into the luciferase reporter gene plasmid to obtain 3′UTR, 3′UTR-NC, and 3′UTR-MU plasmids, respectively. The 293T cells were cultured and transfected with plasmids constructed with the hU6-MCS-CMV-GFP-SV40-Neomycin (Rat, MI0000893, Genechem) (Table 3) and X-tremeGENE HP transfection reagent (Roche, Switzerland). TRAF6 and has-mir-146b were used as the positive control (Li et al., 2013; Park et al., 2015). Transfection efficiency after 48 h was determined by measuring the fluorescence emitted by the labeled genes contained in the plasmid under a fluorescence microscope. Luminescence was measured with the microplate reader. Comparison between 3′UTR-NC + miR-124, 3′-UTR + miR-124, and 3′UTR-MU + miR-124 was based on the same miRNA (miR-124) plasmid, which was calibrated to eliminate differences, and re-quantified using the Firefly/Renilla luminescence fold comparison to determine whether the 3′UTR-NC, 3′UTR, and 3′UTR-MU plasmids combined with miRNA to hinder the expression of luciferase.


TABLE 3. Various plasmids used in dual luciferase assay.
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RNA Sequencing

RNA sequencing was performed by Sangon Biotech (MRNAA191168CC, Sangon Biotech, China). RNA from the SCs transfected with miR-124-containing lentiviral vectors and its respective control (negative for miR-124) was extracted with Qiazol (Qiagen). RNA quantity control and sequenced reads were performed with FASTQ. Mapping statistics were applied with HISAT2, and the duplicated reads were obtained from the read-distribution of insert gene of RSeQC output. The distribution of gene coverage and gene density in the chromosome were analyzed by BEDTools. Homogeneous distribution was performed with Qualimap. Single nucleotide polymorphisms (SNP)/InDel calling were detected by VCF tools to find the mutated regions. Genetic structure analysis included ASprofier for alternative splicing (AS) and EricScript for fusion analysis. Gene expression was analyzed and explored by StringTie and WGCNA. Analysis of differentially expressed genes (DEG) was performed with DESeq2. Meanwhile, the results were visualized as scatter, volcano, and MA plots. To obtain significantly different genes, we set the following conditions: Q-value < 0.05, and | Foldchange| > 2. TopGO was used for gene ontology (GO) enrichment analysis, and the significant GO-directed acyclic graph was plotted. ClusterProfiler was applied for analysis of the Kyoto encyclopedia of genes and genomes (KEGG) pathway and eukaryotic ortholog groups (KOG) classification enrichment. The network analysis was performed based on the results of gene function enrichment analysis.



Statistical Analysis

Data from western blotting, RT-PCR, qRT-PCR, and the EdU test were analyzed using GraphPad Prism 7.0 (United States) software. Comparisons of these results (number of experimental groups ≥ 3) were determined by one-way analysis of variance (ANOVA). The normality of data was determined by the Shapiro–Wilk normality test. Data was of normal distribution when p-value > 0.1. The Kruskal–Wallis test was applied when data did not pass the normality test. The results of CCK-8, western blotting for plasmid transfection, and the boundary assay involved two sets of comparative experiments and were analyzed by unpaired t-test (two-tailed); all of which were normally distributed (p > 0.1). The results of the dual luciferase assay were analyzed using an unpaired Student’s t-test; differences between 3′UTR-NC + miR-124/3′UTR + miR-124, 3′UTR + miR-124/3′UTR-MU + miR-124, and TRAF6-3′UTR + miR-NC/TRAF6-3′UTR + has-miR-146b were detected.

p-values corresponding to ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ****p < 0.0001 were considered statistically significant. All data are presented as the mean ± SEM. Power analysis of all data was performed using G∗power 3 (Faul et al., 2007), and the results are shown as power (1−β) > 0.8.



RESULTS


Immunocytofluorescence Confirms the Isolation of Schwann Cells and Astrocytes

Primary SCs were prepared from the sciatic nerve of adult Wistar rats (Figure 1A). Several fibroblasts proliferated and migrated from the tissue on day 10 of culture (Figures 1a,a′). SCs proliferated rapidly and reached high confluency in ScM on day 30 of culture (Figures 1b,b′). Their morphology can be described as needle-like, spindle-shaped, bipolar or triple-polar with elongated and spiral growth, which corresponds to normal SCs after digestion and purification (Figures 1c,c′). Immunocytochemistry detected the primary SCs. The expressions of GFAP, p75NTR, and Sox10 were localized in the cytoplasm, on the cell membrane, and in the nucleus, respectively (Figure 1B). These results confirmed the successful isolation and culture of SCs.
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FIGURE 1. Isolation, culture, and identification of Schwann cells (SCs) and astrocytes (ASs). (A) Cultivation of SCs from sciatic nerve tissue. (a,a′) Numerous fibroblasts proliferated on day 10 of tissue culture, while few SCs survived. (b,b′) SCs reached a high confluence on day 30 of culture and were digested. (c,c′) The primary SCs were elongated in a spindle shape. The right graph is the magnification of the white dotted box of the left graph (a–c, scale bar = 200 μm; a′–c′, scale bar = 50 μm). (B) Characteristic markers (GFAP, Sox10, p75NTR) were highly expressed in SCs (red). The nucleus was dyed by Hoechst 33342 (blue) (n = 3, scale bar = 50 μm). (C) ASs derived from the neonatal rat brain cortex, presenting a branched, irregular morphology (left figure, scale bar = 200 μm; right figure, scale bar = 50 μm). (D) Characteristic markers (GFAP, S100β) were highly expressed in ASs (red), and the nuclei were stained by Hoechst 33342 (blue) (n = 3, scale bar = 50 μm).


Primary ASs were derived from the brain cortices of neonatal rats 1–3 days after birth. The cells proliferated rapidly with an irregular morphology, having numerous branches and rich cytoplasm (Figure 1C). The expressions of GFAP and S100β were detected in the cytoplasm by immunocytofluorescence staining (Figure 1D), indicating successful isolation and culture of ASs.



Transfection of Schwann Cells With a Lentiviral Vector Overexpressed MicroRNA-124 in Schwann Cells and Astrocytes

We next evaluated miR-124 expression in rat SCs, ASs, and normal spinal cord (isolated from adult Wistar rats). As shown in Figure 2A, the relative expression of miR-124 in SCs and ASs was remarkably lower than that in the normal spinal cord (****p < 0.0001).
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FIGURE 2. Transfection efficiency of Schwann cells (SCs) with miR-124-containing vector. (A) miR-124 expression in SCs and ASs was significantly lower than that in the normal spinal cord according to qRT-PCR analysis (n = 3, ****p < 0.0001). (B) SCs showed green fluorescence 48 h after transfection with lentivirus. No significant cell morphology change was noted. The third figure is the magnification of the white dotted box in the middle one (first and second, scale bar = 100 μm; third, scale bar = 20 μm). (C) miR-124 expression in SCs after transfection for 48 h, 96 h, and 7 days were increased fourfold than those in NC and WT (n = 4, ****p < 0.0001).


The lentiviral vector carrying the miR-124 sequence was constructed, and its control sequence served as the NC. Untreated and non-transfected SCs were used as WT controls. The LV-rno-mir-124-1 was introduced into SCs at various MOIs (1, 10, 25, 50, and 75), and the fresh medium was changed after 18 h. Fluorescence was observed 48 h after transfection and the condition in which a minimum of 90% infection efficiency was observed, with the lowest level of cytotoxicity induced (MOI of 50) was deemed the optimal MOI for further assays. To explore the duration of transfection, we assessed the expression of miR-124 at 48 h, 96 h, and 7 days after transfection by qRT-PCR, the results of which are shown in Figures 2B,C (****p < 0.0001). miR-124 expression levels increased by approximately three times after transfection compared with those of the NC and WT. Therefore, the transfection method was effective and consistent. Herein, we refer to SCs with up-regulated miR-124 levels as miR-124-SCs.



Overexpression of MicroRNA-124 Inhibited the Gene Expression of Schwann Cell-Specific Markers and Promoted the Gene Expression of Neurotrophic Factors Without Affecting Proliferation

Sox10 is a key transcription factor for myelination and differentiation, which can regulate the fate of SCs (Reiprich et al., 2010). SC-specific markers after miR-124 overexpression were investigated by RT-PCR. The expressions of GFAP and Sox10 genes were significantly reduced in miR-124-SCs, compared with the NC and WT (Figures 3A,B; ∗p < 0.05, ∗∗p < 0.01). The expression of GFAP was also significantly reduced, whereas that of Sox10 did not change (Figures 3C,D; ∗∗∗p < 0.001). SCs secretion of neurotrophic factors plays an important role in nerve regeneration and neural protection. Therefore, we then evaluated the gene expressions of neurotrophic factors such as Cntf, Nt-3, Bdnf, and Ngf after transfection by qRT-PCR. The results indicated that the gene expressions of Nt-3 and Bdnf were significantly up-regulated as shown in Figure 3E (∗∗p < 0.01, ∗∗∗p < 0.001).
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FIGURE 3. Analysis of mRNAs and protein expression levels of Schwann cell (SC) markers and their proliferation after miR-124 overexpression. (A,B) GFAP and Sox10 mRNA levels were down-regulated as detected by RT-PCR (n = 3, *p < 0.05, **p < 0.01). (C,D) The protein expression of GFAP was significantly decreased, whereas that of Sox10 was unaffected (n = 3, ***p < 0.001). (E) The gene expressions of Nt-3 and Bdnf were significantly up-regulated, whereas those of Cntf and Ngf did not significantly change (n = 3, **p < 0.01, ***p < 0.001). (F–H) SCs proliferation was not influenced by miR-124 overexpression (EdU assay: n = 3, p > 0.05, scale bar = 50 μm; CCK-8 assay: n = 5, p > 0.05).


Schwann cell proliferation after miR-124 overexpression was tested by CCK-8 and EdU assays. No significant change was observed (Figures 3F–H; p > 0.05). These results revealed that the overexpression of miR-124 in SCs inhibited the transcription and translation of the GFAP gene, as well as the transcription of Sox10 gene. In contrast, it enhanced the gene expressions of Bdnf and Nt-3 and did not affect cell proliferation.



In vitro Integration of Schwann Cells and Astrocytes Was Promoted by MicroRNA-124 Overexpression

We then explored SC-AS integration after the up-regulation of miR-124 in SCs through the boundary assay (Figure 4A). Cells were fixed after remaining in culture for another 2 weeks, after which the two cell fronts reached each other. As shown in Figure 4B, NC cells were significantly separated and formed a sharp boundary, whereas miR-124-SCs and ASs were mixed. SCs migrated to distant areas in the astrocytic region and proliferated in combination with ASs. The SC-AS integration was quantified and compared with the maximum distance of migration and cell migration area by cellSens Entry and ImageJ software. As shown in Figures 4C,D, the relative migrations of miR-124-SCs and ASs to the maximum distance were longer than those of the control SCs and ASs. Therefore, the relative migration abilities of both cells in the experimental group have been improved (∗p < 0.05, ∗∗∗p < 0.001, ****p < 0.0001).
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FIGURE 4. MiR-124 promoted in vitro integration of Schwann cells (SCs) and astrocytes (ASs). (A) A diagram for modeling the boundary assay for SCs and ASs. (B) The SC-AS integration was investigated by immunofluorescence. ASs were detected using anti-GFAP antibody (red), whereas SCs exhibited GFP (green) fluorescence. SCs migrated into astrocytic regions after miR-124 overexpression, while a sharp boundary formed between normal SCs and ASs. The white arrows indicate SCs migrating to ASs (scale bar = 100 μm). (C) The relative maximum distances of SC-AS migrating toward each other were both higher after miR-124 overexpression in SCs (n = 3, *p < 0.05, ***p < 0.001). (D) The relative migration areas of SCs and ASs were significantly higher after miR-124 up-regulation (n = 4, ***p < 0.001, ****p < 0.0001). (E,F) The expressions of EphA4 and N-Cadherin in SCs did not significantly change (n = 3, p > 0.05). (G,H) The expression of Krox20 in SCs was obviously lower after miR-124 overexpression (n = 4, **p < 0.01).


We therefore speculated that SCs migration and intermingling with ASs could be inhibited by Eph/ephrin (Afshari et al., 2010) and N-cadherin (Fairless et al., 2005). The protein expressions of EphA4 and N-cadherin in SCs after miR-124 overexpression did not significantly change (Figures 4E,F; p > 0.05), indicating that the integration of miR-124-SCs and ASs was not regulated by either Eph/ephrin reaction or N-cadherin inhibition.

We found that the Krox20 protein expression in SCs after miR-124 overexpression was significantly lower than those in WT and NC (Figures 4G,H), thereby illustrating that the integration of miR-124-SCs and ASs might be regulated by the down-regulation of Krox20 (∗∗p < 0.01).



MicroRNA-124 Mediated Schwann Cell-Astrocyte Integration by Indirectly Regulating Krox20

We further explored the relationship between SC-AS integration and Krox20 expression.

Two binding sites (850 ∼ 856 and 899 ∼ 905) between rno-miR-124-3p and UTR of Krox20 have been predicted2 (Figure 5A). Dual luciferase assay revealed the opposite—the relative luciferase activity of 3′UTR-NC + miR-124 did not significantly change compared with that of 3′UTR-miR-124 (p > 0.05). Compared with TRAF6-3′UTR + miR-NC, the relative expression of luciferase in TRAF6-3′UTR + has-miR-146b was significantly decreased, indicating that the transfection method was successful. These results indicate that Krox20 is not a target gene of miR-124 (Figure 5B; ∗∗∗p < 0.001). We then speculated that miR-124 might have an indirect effect on Krox20 in regulating cell integration, and this mechanism remains to be studied.
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FIGURE 5. MiR-124 overexpression enhanced SC-AS integration through indirect regulation of Krox20. (A) Bioinformatic websites predicted that Krox20 (Egr2) and rno-miR-124-3p had two binding sites at 850 ∼ 856 and 899 ∼ 905. (B) MiR-124 did not bind to 3′UTR of Krox20 according to the dual luciferase assay. Positive control (TRAF6-3′UTR + has-miR-146b) showed no problems in the detection system (n = 3, p > 0.05, ***p < 0.001). (C) Lentivirus of Krox20-interference vectors (Krox20i) were applied to knockdown Krox20 expression in SCs (scale bar = 100 μm). (D,E) The efficiency of interference was analyzed by western blotting, and the results showed that the Krox20 expression was down-regulated by Krox20i (n = 3, **p < 0.01). (F) The SC-AS integration was observed by immunofluorescence. The results showed the increased ability of SC-AS integration after Krox20 was down-regulated (scale bar = 100 μm). (G) The relative migration of the maximum distance of SCs into the astrocytic region was higher after Krox20 interference in SCs (n = 3, *p < 0.05). The migration of ASs was not affected. (H) The relative migration area of SCs was significantly higher after Krox20 interference in SCs (n = 3, ***p < 0.001). The integration ability of ASs did not significantly change.


To verify that the intermingling of miR-124-SCs and ASs was regulated by Krox20, we inhibited the Krox20 expression in SCs using an RNAi lentivirus (herein, Krox20i). SCs were transfected for 48 h, and green fluorescence was detected (Figure 5C). From Figures 5D,E (∗∗p < 0.01), the protein expression of Krox20 was reduced threefold as compared with the NC (examined by western blotting). Meanwhile, the boundary assay demonstrated that integration of SC-AS was promoted when Krox20 expression in SCs was affected (Figures 5F–H; ∗p < 0.05, ∗∗∗p < 0.001). Overall, these results indicate that miR-124 overexpression in SCs enhanced SC-AS integration by indirect inhibition of Krox20 expression in SCs; this regulatory mechanism needs to be further explored.



Exploring Potential Target Genes and Signaling Pathways Involved in the Motility and Migration of Schwann Cell After MicroRNA-124 Overexpression

We identified a total of 24 up-regulated and 29 down-regulated genes (Figure 6A). The expression of DEGs were presented as volcano plots, and the significant differences between M and C were observed (Figure 6B). KEGG pathway (Figure 6C) and KOG function classifications (Figure 6D) were studied, and gene enrichment analysis was performed. We obtained 7 up-regulated DEG genes (Figure 6E) mainly related to cell motility according to KEGG pathway and KOG function classifications, including nexilin (Nexn) (Li et al., 2018), moesin (Msn) (Vitorino et al., 2015), myosin light chain kinase (Mylk) (Xia et al., 2019), connective tissue growth factor (CTGF) (Han et al., 2016), transforming growth factor-beta 2 (TGF-β2) (Kim et al., 2016), transforming growth factor-beta 3 (TGF-β3) (Ju et al., 2018), and tropomyosin 1 (Tpm1) (Jiang et al., 2017). We found that 11 genes were down-regulated (Figure 6E), including matrix metallopeptidase 10 (Mmp10), calcitonin-related polypeptide alpha (Calca), Neurotrophic receptor tyrosine kinase (Ntrk2), secretogranin 2 (Scg2), c-x-c motif chemokine ligand-2 (Cxcl2), neuropeptide Y (Npy), insulin-like growth factor binding protein 5 (Igfbp5), cyclin D2 (Ccnd2), leukemia inhibitory factor (Lif), serpin family E member 2 (Serpine 2), and pro-neuropeptide Y-like (LOC100912228). The potential pathways and related mechanisms from the pathway maps included Hippo signaling pathway (Ma et al., 2017), cytokine-cytokine receptor interaction (Liu et al., 2017), FoxO signaling pathway (Hu et al., 2017), TGF-beta signaling pathway (Larco et al., 2018), and cell cycle (Bendris et al., 2015) (Figure 6F).
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FIGURE 6. Analysis of genes and signaling pathways involved in Schwann cells (SCs) migration after overexpression of miR-124 according to RNA sequencing. (A) Scatter plot of differentially expressed genes. The horizontal and vertical axes are the two sets of sample log (TPM) values; each point in the figure represents a gene. Red, green, and black indicate the up-regulated, down-regulated, and non-differentiated genes, respectively. (B) Heatmap of differentially expressed genes. Red indicates higher gene expression level in the sample, whereas green indicates the opposite. The results showed the expression level and patterns of miR-124-SCs (M) significantly changed compared with the control group (C). (C) KEGG pathway classification. (D) KOG function classification. (E) GO map for genes enriched in cell motility and migration, as well as the regulation of these two processes and of cell proliferation and glial cell migration. (F) Pathway map for the potential molecular mechanisms and signaling pathways.




Inhibition of Astrogliosis Through Negative Regulation of GFAP and p-STAT3 by MicroRNA-124 Overexpression in Schwann Cells

To identify the indirect effects of miR-124-SCs on ASs, a 3D-model simulating a transplantation microenvironment was established with a Transwell assay, as shown in Figure 7A. After 7 days of culture, GFP fluorescence was still steadily observed in SCs, indicative of transfected SCs (Figure 7B). The RNA expressions of GFAP, Sox9, and S100β in ASs did not significantly change according to qRT-PCR (Figure 7C; p > 0.05). JAK/STAT3 activation is critical for reactive astrogliosis and glial scar formation (Reichenbach et al., 2019). Our results indicated that the expression of GFAP and p-STAT3 protein significantly decreased in ASs after indirect co-culture with miR-124-SCs. Therefore, SCs could inhibit glial scar formation by paracrine or other mechanisms after miR-124 overexpression (Figures 7E,F; ∗p < 0.05, ∗∗p < 0.01).
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FIGURE 7. Schwann cells (SCs) inhibited astrogliosis by miR-124-mediated negative regulation of GFAP and p-STAT3. (A) Stereoscopic culture pattern of SCs transplanted into astrocytic environment. (B) SCs overexpressing miR-124 and cultured in the upper inserts emitted spontaneous green fluorescence for 2 weeks (scale bar = 100 μm). (C) Gene expressions of GFAP, Sox9, and S100β were detected by qRT-PCR in ASs; the results showed no significant change (n = 3, p > 0.05). (D) The relative expression of miR-124 in SCs and ASs was detected by qRT-PCR in the Transwell system. The results indicated that miR-124 expression increased in SCs but was not significantly changed in ASs (n = 3, **p < 0.01). (E,F) The protein expressions of GFAP and p-STAT3 were significantly down-regulated in ASs in the Transwell system, whereas that of Sox9 did not change (n = 3, *p < 0.05, **p < 0.01).


To explore whether miR-124 affected the translation of GFAP and p-STAT3 in ASs under a paracrine mechanism, miR-124 expressions in SCs and ASs were analyzed in the Transwell system by qRT-PCR. Its expression in SCs was significantly higher in the experimental group, compared to those in NC and WT. Meanwhile, that in ASs was not affected (Figure 7D; ∗∗p < 0.01). These results suggested that the inhibition of GFAP and p-STAT3 expression in ASs by miR-124-SCs was not caused by the paracrine transfer of miR-124 to ASs via SC, and its mechanism needs further investigation.



DISCUSSION

Although its effectiveness and safety have improved, many challenges regarding SC transplantation remain. For instance, most SCs surrounded by reactive ASs remain in the lesion core with minimal capacity to migrate to the surrounding tissue following injection into the damaged spinal cord. ASs respond to CNS disorders through a process called reactive astrogliosis, which further contributes to glial scar formation. Inhibitors are produced by the glial scar, and more extracellular matrix is secreted by reactive ASs after contact with SCs, thus excluding SCs from the CNS, which limits the function of SCs in neural regeneration and repair. Therefore, we aimed to modify the bioactive characteristics and phenotype of SCs to improve their migration and integration with ASs, thus allowing SCs survival and facilitating neural tissue repair in the host spine. By inhibiting the formation of glial scar or the generation of A1-neurotoxic ASs, a permissive niche for spine regeneration could be created (Lukovic et al., 2015; Liddelow et al., 2017).

Here, the results indicated that the expression of miR-124 in SCs after transfection was increased and sustained without affecting cell proliferation. The expression of GFAP was significantly down-regulated at the gene and protein levels. GFAP is expressed by immature SCs and mature, non-myelinating SCs (Mirsky et al., 2008), and the overexpression of miR-124 probably changed SCs into mature phenotype. The expression of Sox10 was also down-regulated at the mRNA level without significant down-regulation of protein expression, presumably due to the high expression of Sox10 at the transcriptional level for a short time without affecting protein translation. Sox10 and Krox20 are closely related to the development of SCs and can synergistically regulate their myelination. These results indicated that the myelination process might be influenced by the up-regulation of miR-124. We will perform experiments on myelination formation to validate this speculation. Interestingly, we detected that the gene expressions of Nt-3 and Bdnf were significantly up-regulated, thus the expression of genes related to the growth of neurons was also increased. Accordingly, we speculate that the change in the gene expression of neurotrophic factors in miR-124-SCs might ameliorate the microenvironment of SCI, thus favoring neuron survival and axon regeneration after miR-124-SC transplantation. We also plan to further investigate these changes in neurotrophic factors through ELISA. These results showed that mature miR-124 may alter the characteristics of SCs by inhibiting the expression of multiple potential target genes and affecting the myelination and the production of neurotrophic factors of SCs.

MiRNAs can regulate SC migration and proliferation through target genes (Sohn and Park, 2018); thus, we hypothesized that miR-124 altered the motility of SCs through related genes and simultaneously affected the expression of cell surface molecules and extracellular signaling to enhance SC migration. MiRNAs have been previously shown to suppress SC proliferation and migration by targeting Bdnf (Yi et al., 2016). However, in the present study, the expression of Bdnf and Nt-3 genes was significantly up-regulated in miR-124-SCs, which might be the reason for the increased SC motor ability. Furthermore, nutrient factors might regulate cell surface molecules and bind cell-specific receptors (Yamauchi et al., 2004), thus modulating the movement of SCs and ASs via miR-124 signaling network. We further noted that the expressions of EphA4 and N-Cadherin proteins in miR-124-SCs did not significantly change, whereas that of Krox20 was clearly down-regulated, which is in agreement with a recent study showing that the invasion and migration of ASs and oligodendrocytes into the PNS region occurred after Krox20 inactivation (Coulpier et al., 2010). In the present study, we validated that interference with Krox20 expression in SCs significantly enhanced the SC-AS integration. Therefore, the down-regulation of Krox20 was induced by miR-124-enhanced SC migration. In other words, miR-124 enhanced the movement of both SCs and ASs through more complex, unelucidated mechanisms.

To further explore potential target genes and signaling pathways involved in SC motility and migration after miR-124 overexpression, we analyzed the differentially expressed genes and signaling pathways using RNA-seq technology and several databases. According to the heat map and scatter plot analyses of DEGs, 24 genes were up-regulated, and 29 were down-regulated in miR-124-SCs, of which 7 up-regulated and 11 down-regulated DEGs were related to promote migration and motility of cells. Among these, we focused on Sox10 as the leading cause of the alteration of SC traits after miR-124 overexpression. Sox10 has been reported to be expressed throughout the development of SCs as it is essential for their specification and identification. Sox10 deletion affected the integrity of the CNS/PNS boundary function, and the expression of Sox10 was under the control of Krox20 regulatory elements (Frob et al., 2012). In our experiments, the transcription of Sox10 was down-regulated in SCs after miR-124 overexpression, whereas its expression Krox20 remained remarkably inhibited, which promoted the SC-AS integration. Furthermore, RNA-seq technology showed that the expression of TGF-β (TGF-β2 and TGF-β3) was up-regulated in the miR-124-SCs. Neural crest stem cells can generate mesenchymal progenitors by the negative regulation of Sox10 via TGF-β signaling pathway (John et al., 2011). Thus, we speculated that the enhancement of SC-AS integration might be negatively regulated by the Krox20/Sox10 signaling through TGF-β pathway after miR-124 overexpression in SCs.

Furthermore, we hypothesized that miR-124 overexpression in SCs indirectly restrained the glial properties and activation of ASs. Our results showed that the protein expression levels of GFAP and p-STAT3 significantly decreased in ASs after their co-culture with miR-124-SCs in the Transwell system. GFAP is the marker of reactive ASs, and thus becomes intensely positive after damage. The active proliferation of reactive ASs depended on the activation of the STAT3 signaling pathway (Zhou et al., 2017). Our results illustrated that miR-124-SCs could inhibit the protein expressions of GFAP and p-STAT3 in ASs, suggesting that miR-124-SCs may repress AS reactivity and the formation of glial scar. Because we used a Transwell culture system, in which the two type of cells did not interact directly, we conclude that miR-124-SCs indirectly influenced the characteristics of ASs by secreting biological factors including growth factors and cytokines. As mentioned above, after miR-124 overexpression in SCs, the mRNA expression levels of Nt-3 and Bdnf were up-regulated, indicating that, at the least, miR-124-SCs might increase the secretion of these neurotrophic factors and influence the phenotypes of ASs after their co-culture with miR-124-SCs.

In summary, miR-124 overexpression in SCs affected SCs characteristics and promoted its integration with ASs through the inhibition of Krox20 expression via indirect regulation of miR-124. The reactive activity of ASs was restrained by miR-124-SCs, which may reduce glial scar formation. To further elucidate the integration of transplant miR-124-SC graft with the host ASs, we plan to transplant SC graft into rat spinal cord after SCI surgery in the future. Thus, our novel findings expanded the therapeutic potential of SC transplantation following SCI.
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 AS, astrocyte; AsM, astrocyte culturing medium; BDNF, brain-derived neurotrophic factor; CNS, central nervous system; CNTF, ciliary neurotrophic factor; DMEM, Dulbecco’s modified eagle medium; EGR2 (also known as Krox20), early growth response 2; FBS, fetal bovine serum; GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein; miR-124, microRNA-124; miR-124-SC, Schwann cell overexpressing miR-124; miRNA, microRNA; MOI, multiplicity of infection; NC, negative control; NGF, nerve growth factor; Nt-3, neurotrophin 3; PBS, phosphate buffer saline; PCR, polymerase chain reaction; PFA, paraformaldehyde; PNS, peripheral nervous system; p-STAT 3, phosphorylated-signal transducer and activator of transcription 3; RT, reverse transcription; SC, Schwann cell; SCI, spinal cord injury; ScM, Schwann cell culturing medium; Sox10, SRY-Box transcription factor 10; Sox9, SRY-Box transcription factor 9; STAT3, signal transducer and activator of transcription 3; TGF- β, transforming growth factor- β; WT, wild type.
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After an injury to the central nervous system (CNS), functional recovery is limited by the inability of severed axons to regenerate and form functional connections with appropriate target neurons beyond the injury. Despite tremendous advances in our understanding of the mechanisms of axon growth, and of the inhibitory factors in the injured CNS that prevent it, disappointingly little progress has been made in restoring function to human patients with CNS injuries, such as spinal cord injury (SCI), through regenerative therapies. Clearly, the large number of overlapping neuron-intrinsic and -extrinsic growth-inhibitory factors attenuates the benefit of neutralizing any one target. More daunting is the distances human axons would have to regenerate to reach some threshold number of target neurons, e.g., those that occupy one complete spinal segment, compared to the distances required in most experimental models, such as mice and rats. However, the difficulties inherent in studying mechanisms of axon regeneration in the mature CNS in vivo have caused researchers to rely heavily on extrapolation from studies of axon regeneration in peripheral nerve, or of growth cone-mediated axon development in vitro and in vivo. Unfortunately, evidence from several animal models, including the transected lamprey spinal cord, has suggested important differences between regeneration of mature CNS axons and growth of axons in peripheral nerve, or during embryonic development. Specifically, long-distance regeneration of severed axons may not involve the actin-myosin molecular motors that guide embryonic growth cones in developing axons. Rather, non-growth cone-mediated axon elongation may be required to propel injured axons in the mature CNS. If so, it may be necessary to use other experimental models to promote regeneration that is sufficient to contact a critical number of target neurons distal to a CNS lesion. This review examines the cytoskeletal underpinnings of axon growth, focusing on the elongating axon tip, to gain insights into how CNS axons respond to injury, and how this might affect the development of regenerative therapies for SCI and other CNS injuries.
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INTRODUCTION

Traumatic spinal cord injury (SCI) leads to devastating and persistent functional loss because damaged mammalian central nervous system (CNS) axons typically fail to regenerate. To restore lost function, injured axons must extend processes across various distances to reconnect with distal targets or form synaptic relays with interneuron populations. The growth cone, a specialized sensory-motility structure characterized by its distinctive distribution of actin, microtubule, and neurofilament cytoskeletal proteins, is the site of tip-mediated axon extension during development (Dent and Gertler, 2003; Figure 1). While the role of the growth cone in developmental axon extension has been studied extensively, its role in axon growth in response to CNS injury remains an active area of investigation. This review will focus on the cytoskeletal dynamics at the axon tip underlying regenerative axon extension.
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FIGURE 1. An example of the growth cone of a chicken embryonic sensory axon in vitro (phase-contrast imaging). The peripheral domain of growth cones consists of filopodia and flat lamellipodia. The central domain of growth cones is the region where the axon shaft dilates giving rise to the main body of the growth cone (approximated by the white dots). The central domain contains most of the organelles found in growth cones and the plus tips of axonal microtubules. The peripheral domain is supported by an underlying actin filament cytoskeleton.



Immediately following traumatic injury, the first task of the severed axon is to repair the axolemmal membrane to restore homeostasis and limit the influx of toxic factors from the extracellular environment. Membrane repair is an active, calcium-driven, proteolytic process that exploits the machinery of synaptic fusion to form a vesicle plug (Strautman et al., 1990; Spira et al., 1993; Steinhardt et al., 1994; Ziv and Spira, 1995; Howard et al., 1999; Spaeth et al., 2012; Zuzek et al., 2013). Importantly, axon resealing is not an all or nothing process but proceeds progressively as the vesicle plug stabilizes, and increasingly smaller molecules are excluded from the injured tip (Eddleman et al., 2000; Lichstein et al., 2000). Evidence from in vitro studies suggests the initial plug typically forms within 10–30 min after injury (Shi et al., 2000; McGill et al., 2016). However, the specific kinetics of resealing ultimately depends on multiple factors including species, neuron-type, axon caliber, and distance to the axon injury from the soma (McGill et al., 2016; Zhang et al., 2018). The calcium-dependent proteolytic environment that drives membrane resealing, in turn, is responsible for facilitating the dramatic cytoskeletal depolymerization and subsequent repolymerization needed to form a growth cone (Ziv and Spira, 1998; Bradke et al., 2012).



ACTIN

Growth cones are characterized by the elaboration of filopodia and lamellipodia; protrusive structures strictly dependent on actin filament nucleation, polymerization, and turnover (Figure 2). Although growth cones are required for axon guidance, they are not necessarily required for axon extension (Letourneau et al., 1987; Dent and Gertler, 2003). The inhibition of the extension of axons from cultured cerebellar neurons in response to actin filament depolymerizing drugs that collapse growth cones is dependent on the culturing substratum (Abosch and Lagenaur, 1993). Actin filament depolymerization does not impact axon extension on substrata coated with cell adhesion molecules such as L1 or P84, but strongly decreases extension on laminin and N-CAM. Embryonic sensory axons in vitro exhibit a developmental stage dependence for actin filaments, and thus growth cones, in maintaining some level of axon extension (Jones et al., 2006). Depolymerization of actin filaments in cultured hippocampal neurons does not impair the formation of minor processes, and axons are longer and extend at elevated rates in the presence of actin filament inhibitors (Ruthel and Hollenbeck, 2000). However, these findings have been challenged by reports suggesting that those inhibitors, namely cytochalasin E, reduced but did not completely abolish F-actin assembly (Chia et al., 2016). Ultimately, these studies indicate that the requirement for growth cones and the actin filament cytoskeleton in regulating the rate of axon extension is a complex issue and dependent on both neuron-intrinsic and extrinsic factors. Whether the growing tip of an axon should be called a “growth cone” despite the absence of filopodia, lamellipodia or an actin filament cytoskeleton is a semantic point, but because axon growth under different conditions may employ different mechanisms, we refer to simple-looking ends of axons that are growing without a prominent actin filament cytoskeleton as “growing axon tips.”
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FIGURE 2. An example of the cytoskeleton of the chicken embryonic sensory axon growth cone. Actin filaments and microtubules were labeled using rhodamine-conjugated phalloidin and fluorescein-conjugated anti-alpha tubulin antibodies, respectively. Bundles of aligned actin filaments form the core of filopodia and meshworks of filaments support lamellipodia. The plus tips of axonal microtubules splay apart as they enter the central domain of the growth cone.



The vertebrate central nervous system undergoes a developmental transition from being able to regenerate axons to failing to regenerate. Extrinsic and intrinsic factors are thought to contribute to this transition (Tedeschi and Bradke, 2017). Herein we focus on neuron-intrinsic factors related to the cytoskeleton. The shapes of the growth cones of a variety of neurons undergo developmental simplification in vivo (Mason, 1985; Nordlander, 1987; Gorgels, 1991). This phenomenon also has been established in vitro by comparing the growth cones of the same population of neurons cultured from different developmental ages (Argiro et al., 1984; Kleitman and Johnson, 1989; Jones et al., 2006). The rates of filopodia elongation at growth cones, which are considered to reflect net polymerization of actin filaments at the tips of filopodia, also decrease with the age of neurons (Argiro et al., 1985). Dorsal root ganglion sensory neurons can be cultured from any age animal. in vitro studies have determined that as the sensory neuron ages, it undergoes a transition from forming one or two axons, which then grow rapidly, to generating multiple shorter axons, further emphasizing the intrinsic changes in axons and growth cones as neurons follow a developmental program (Smith and Skene, 1997). This program can be reversed by subjecting the axons of the sensory neurons to a “conditioning lesion” before culturing, indicating that the sensory neuron can revert to an earlier developmental stage of axon growth (Neumann and Woolf, 1999).

Growth Associated Protein 43 (GAP-43) is an important regulator of growth cone elaboration, acting through the regulation of the actin filament cytoskeleton (Denny, 2006). The levels of neuronal GAP-43 decline with developmental age (Jacobson et al., 1986). A conditioning injury to a peripheral nerve before a subsequent injury results in increased expression of GAP-43 and promotes sensory axon regeneration (Van der Zee et al., 1989; Cafferty et al., 2004). Overexpression of GAP-43 and the related CAP-23 in adult sensory neurons promotes sensory axon regeneration in the spinal cord (Bomze et al., 2001). GAP-43 thus provides an example of how a regulator of the actin filament cytoskeleton of growth cones undergoes developmental downregulation that correlates with decreased regenerative potential.

Cofilin and the related Actin Depolymerizing Factor (ADF) regulate actin filament turnover by accelerating the rate of filament severing, thus promoting the depolymerization of actin monomers from the pointed ends of filaments (Fass et al., 2004; Tanaka et al., 2018). A conditioning lesion increases the activation of cofilin and cofilin is required for the promotion of axon regeneration by the conditioning lesion (Tedeschi et al., 2019). Overexpression of cofilin in non-injury-conditioned neurons also promotes dorsal column axon regeneration after an SCI (Tedeschi et al., 2019). As determined by point mutants of cofilin, the actin severing activity of cofilin mediates the regeneration-promoting effects. Studies using knockout neurons showed that cofilin and ADF, which can have redundant functions, both contribute to the reversal of the developmental axon extension program established in adult sensory neurons by a conditioning lesion. Overexpression of cofilin also promotes the extension of axons on chondroitin sulfate proteoglycans (CSPG) and Nogo-A, extracellular inhibitors of axon growth. Thus, cofilin is emerging as an important regulator of both the developmental switch in sensory axon growth pattern and the regenerative competency of axons.

Regeneration of axons is impaired by the presence of multiple extracellular inhibitory signals. While a full discussion of the mechanisms mediating the inhibition of axon regeneration by these signals is beyond the scope of this review, the reader is directed toward reviews on these issues (Schwab and Strittmatter, 2014; McKerracher and Rosen, 2015; Tran et al., 2018). However, in congruence with the main themes addressed herein, these inhibitors of axon regeneration decrease growth cone complexity ranging from full collapse (loss of all filopodia and lamellipodia) to causing the growth cone to act in a “dystrophic’ manner, characterized by attenuated formation and elaboration of lamellipodia and filopodia (Li et al., 1996; Tom et al., 2004; Kurihara et al., 2012; Manns et al., 2014; Sainath et al., 2017). As noted in the first paragraph of this section, axons can extend in the absence of growth cones, albeit in a context-dependent manner. Thus, the mere attenuation of actin filament dynamics by inhibitory signals is not likely to fully explain their inhibitory effects. A major aspect of actin filament biology in growth cones is to interact with the mechanoenzyme myosin II to generate both pulling forces through substratum attachment, promoting the advancement of the growth cone at a normal rate, and to attenuate the forward advance of microtubules required for axon extension (Bridgman et al., 2001; Burnette et al., 2008; Schaefer et al., 2008). Inhibition of myosin II activity decreases the rate of sensory axon extension on laminin-coated substrata, which require myosin II-dependent substratum attachment, but promotes axon extension on a polylysine-coated substratum, which does not require myosin II-dependent attachment, by promoting the advancement of microtubules in growth cones (Turney and Bridgman, 2005; Ketschek et al., 2007). Inhibition of myosin II also promotes the ability of axons to extend on CSPG, inhibitors of axon extension and regeneration, and to cross from a permissive substratum onto a CSPG-coated substratum (Hur et al., 2011; Yu et al., 2012). In vitro, semaphorin 3A induces sensory growth cone collapse, followed by axon retraction (Gallo, 2006; Brown et al., 2009). The induction of growth cone collapse is independent of myosin II, but the ensuing retraction requires myosin II activity. Although growth cones collapse after treatment with semaphorin 3A, the axon shaft responds by developing a novel cytoskeletal organization consisting of actin filament bundles, which likely serve as the substratum for the myosin II-based force generation that drives subsequent retraction (Gallo, 2006; Brown and Bridgman, 2009). These studies indicate that to understand how axon extension-inhibiting signals impact the function of the actin filament cytoskeleton, it is necessary to consider not just the levels of actin filaments, but also the organization of actin filaments and their distribution since form and function are linked. Consistent with this notion, RhoA is a GTPase that regulates the dynamics and organization of the actin cytoskeleton and concurrently promotes myosin II activity (Ridley, 1997; Somlyo and Somlyo, 2000; Dupraz et al., 2019). RhoA is activated by and mediates, at least in part, the effects of a variety of axon extension/regeneration inhibitory signals (Fujita and Yamashita, 2014). Inhibition of RhoA signaling has axon growth-promoting effects in vivo, and in vitro, promotes axon extension on axon growth-inhibitory substrata. In the context of semaphorin 3A, RhoA drives the formation of the axonal actin filament bundles that are required for the subsequent retraction of the axon (Gallo, 2006; Brown and Bridgman, 2009). Furthermore, activation of the RhoA pathway inhibits cofilin, which results in the suppression of both the actin filament-based structures that generate contractile forces for axon extension and those that mediate the formation of filopodia and lamellipodia (Bamburg et al., 1999). The coordinated reorganization of the actin cytoskeleton, and the activation of myosin II, set the tip of the axon in a contractile state, which is functionally opposite to that required to promote extension and guidance. It will be of interest to further understand how regeneration-inhibiting signals impact the organization of actin filaments in the growth cone and axon, and how these organizational changes translate into inhibition of axon growth, beyond the mere decrease in actin filament content of the growth cone.



MICROTUBULES

The polymerization and transport of axonal microtubules are necessary mechanistic aspects of axon extension (Dent and Gertler, 2003). Within growth cones, the plus tips of microtubules undergo dynamic instability and the tips advance into the peripheral domain through polymerization. Short microtubule “seeds” undergo long-distance transport throughout the axon, and likely serve as the initial building blocks for the formation of longer microtubules through subsequent plus tip polymerization. Following polymerization of tubulin dimers into the microtubule lattice, alpha-tubulin undergoes multiple time-dependent post-translational modifications that reflect the length of time that the dimer has been incorporated into the microtubule lattice (e.g., acetylation and detyrosination), and can have functional consequences on microtubules and proteins that associate with microtubules (e.g., motor proteins; for a comprehensive review see Song and Brady, 2015).

Given the fundamental role of microtubules in axon elongation, they have been considered potential targets for promoting axon regeneration. Although polymerization of microtubules is the primary way that they promote axon extension, initial studies sought to determine the effects of pharmacological stabilization of microtubules on axon regeneration. Taxol is a drug that has concentration-dependent effects on microtubules (Singh et al., 2008). At low concentrations it attenuates plus tips dynamic instability, while at higher concentrations it can promote microtubule plus tip polymerization. At high concentrations taxol also stabilizes microtubules against a variety of depolymerization-inducing insults. Treatment of spinal cord-injured rats with taxol resulted in the promotion of axon regeneration (Hellal et al., 2011). Taxol treatment also promoted the regeneration of injured optic nerves (Sengottuvel et al., 2011). However, the enhanced axon regeneration cannot be ascribed exclusively to the direct effects of taxol on axonal microtubules. The treatment also alters aspects of scar formation and inflammation at the injury site (Hellal et al., 2011; Sengottuvel et al., 2011). Regardless of the multiple cellular sites of action, these studies determined that drugs that impact microtubule stability and dynamics may have therapeutic value in promoting axon regeneration. However, these drugs can lead to peripheral neuropathy, a potential major therapeutic caveat (Landowski et al., 2016; Tamburin et al., 2019). Furthermore, in contrast to the beneficial effects of taxol on CNS regeneration, treatment with taxol adversely affected regeneration in peripheral nerves (Hsu et al., 2017). Finally, microtubule dynamics are required for axon guidance. Therefore, taxol treatments may well impair the guidance of axons to appropriate targets, even if regeneration is promoted (Liu and Dwyer, 2014).

Microtubules in axons are subject to the action of microtubule-severing proteins (spastin, katanin, fidgetin; Matamoros and Baas, 2016). These proteins bind to and depolymerize microtubules, resulting in the formation of microtubule fragments. Gene dosage analysis in Drosophila indicates that normal axon regeneration requires normal levels of spastin expression, and spastin may promote regeneration through the regulation of endoplasmic reticulum (ER) repositioning to the tip of regenerating axons (Stone et al., 2012; Rao et al., 2016). The positioning of the ER at the axon tip was reduced in sensory axons growing on CSPG in vitro, emphasizing that ER is likely of significance to axon regeneration (Sainath et al., 2017). Whether CSPG affects ER positioning through spastin remains to be determined. Fidgetin is another microtubule-severing protein that upon downregulation, can promote axon extension in vitro on both permissive and inhibitory substrata (Austin et al., 2017). Depletion of fidgetin in adult sensory neurons in vivo promoted the entry of sensory axons into the spinal cord after a dorsal root crush injury (Austin et al., 2017). Collectively, these studies suggest that microtubule-severing proteins play a role in axon regeneration, likely through the regulation of the microtubule cytoskeleton and organelle positioning within axons, or through currently unclear additional functions of these proteins.

Kinesin 5 is a microtubule motor protein that attenuates the rate of axon extension (Myers and Baas, 2007). Pharmacological inhibition of kinesin 5 also promotes axon extension on CSPG in vitro and allows adult sensory axons to cross from a permissive substratum onto one containing CSPG (Lin et al., 2011). After a complete transection injury to the adult spinal cord in vivo, administration of the kinesin-5 inhibitor Monastrol, along with digestion of CSPG, promoted axon regeneration into a graft but did not result in functional improvement (Xu et al., 2015). Similarly, kinesin 12 has been reported to reduce both developmental and regenerative axon extension rates in zebrafish (Dong et al., 2019). In contrast, kinesin 1 mutant zebrafish exhibit impaired regeneration of peripheral axons (Ducommun Priest et al., 2019). Kinesin 1 mediates the anterograde transport of a variety of cargos, including mitochondria. The targeting of mitochondria to the tips of regenerating axons has emerged recently as a fundamental aspect of axon extension and regeneration (Smith and Gallo, 2018; Chamberlain and Sheng, 2019). The effects of manipulating kinesin 1 activity on regeneration may thus be attributable to dysregulation of axonal transport of required organelles. Dynein is the motor protein that mediates retrograde transport along axons (Olenick and Holzbaur, 2019). Zebrafish loss-of-function dynein mutants exhibit impaired peripheral axon regeneration that may be attributed to an impairment of microtubule stabilization during regeneration (Ducommun Priest et al., 2019). In addition to a role for dynein in regulating microtubule stability during regeneration, dynein-mediated retrograde transport also is involved in the regenerative response of axons following injury through retrograde nuclear signaling mechanisms (Hanz et al., 2003; Perlson et al., 2005; Ben-Yaakov et al., 2012). The above studies highlight that molecular motor proteins are emerging as potential targets for the promotion of axon regeneration.

Cytoplasmic alpha-tubulin that is available for polymerization into the microtubule lattice has a C-terminus tyrosine residue that is subsequently enzymatically removed after the tubulin is incorporation into the microtubule lattice (Fukushima et al., 2009). This results in the dynamic plus ends of microtubules exhibiting an enrichment in tyrosinated tubulin, while the tubulin that has been incorporated previously into the lattice of the microtubule has undergone detyrosination. Axon injury increases the levels of tyrosinated tubulin at the injury site (Hall et al., 1991; Mullins et al., 1994; Cho and Cavalli, 2012). Tubulin tyrosine ligase (TTL) is the enzyme that adds the C-terminal tyrosine to tubulin. In cultured adult sensory neurons, TTL is required for the injury-induced increase in tyrosinated tubulin levels, which in turn supports retrograde signaling that promotes axon regeneration (Song et al., 2015). Pharmacological inhibition of detyrosination in vivo also results in increased regeneration after sciatic nerve crush injury (Gobrecht et al., 2016).

Alpha-tubulin also undergoes time-dependent acetylation after it is polymerized into the microtubule lattice. The result is that the dynamic plus ends of microtubules have low levels of acetylated tubulin, while the main lattice of previously polymerized microtubules exhibits high levels of tubulin acetylation (Fukushima et al., 2009). The acetylation of tubulin correlates with but does not appear to causally contribute to, the stability (e.g., longevity) of microtubules (Perdiz et al., 2011; Song and Brady, 2015; Baas et al., 2016). Nevertheless, tubulin acetylation regulates a variety of microtubule-dependent processes in cells, including the promotion of axonal transport (Perdiz et al., 2011). Axon injury decreases tubulin acetylation levels in regeneration-competent peripheral axons but not central axons (Cho and Cavalli, 2012). Histone deacetylase 5 (HDAC5) acts as a tubulin deacetylase and mediates the injury-induced deacetylation. One report indicated that inhibition of HDACs impaired regeneration of peripheral sensory axons following nerve crush in vitro and in vivo (Cho and Cavalli, 2012). However, this finding was challenged by a subsequent study in which promoting acetylation by inhibiting HDAC5 or overexpressing the alpha-tubulin acetyltransferase (αTAT1) failed to promote sensory axon regeneration following sciatic nerve crush in vivo (Lin et al., 2017). Interestingly, in that study, axon extension was promoted by αTAT1 in vitro, but this was independent of its transferase activity. Thus, the issue of whether tubulin acetylation is involved in regulating axon regeneration would benefit from the continued investigation.



NEUROFILAMENTS

The third and most abundant components of the neuronal cytoskeleton are the neurofilaments (NFs), which provide structural support and determine axon caliber (Hoffman et al., 1987). While abundant in axons, NFs are sparse in dendrites and neuronal cell bodies (Burton and Wentz, 1992). Within axons, these 10 nm intermediate filaments are arranged in parallel arrays spaced by side chains that extend perpendicular to the filament core. In immature CNS neurons, NFs self-assemble into heteropolymers of the light and medium molecular mass NF proteins (NF-L and NF-M, respectively), and α-internexin (Kaplan et al., 1990; Yuan et al., 2006). With maturation, the heavy molecular mass NF protein (NF-H) gradually becomes incorporated into the NFs (Carden et al., 1987). NF subunits share a similar structure including a variable N-terminal head domain, a C-terminal tail of varying length, and a conserved central α-helical rod region, which mediates self-assembly via coil-coil interactions (Yuan et al., 2017). Both the head domain and C-terminal are subject to post-translational modifications, including glycosylation and phosphorylation. Extensive phosphorylation of lysine-serine-proline repeats within the C-terminal tail is particularly important in conveying stability to the filament. NF-H contains over 40 of these repeat motifs, and this is associated with enhanced NF stability and loss of dynamism as the neuron matures. Remarkably, heavily phosphorylated NFs have an in vivo half-life estimated at approximately 55 days (Nixon and Logvinenko, 1986). Although, NFs are often considered obligate heteropolymers, NF-L, α-Internexin, and a 5th NF subunit found exclusively in the PNS, type III peripherin, are capable of forming homopolymeric filaments under some conditions (Carter et al., 1998; Beaulieu et al., 1999; Yuan et al., 2006).

The role of NFs in axon regeneration remains unclear. Immediately after injury, NF expression is suppressed but recovers among neurons undergoing successful regeneration (Hoffman and Cleveland, 1988; Muma et al., 1990; McKerracher et al., 1993; Jacobs et al., 1997; Gervasi et al., 2003). Indeed, during active regeneration, NF subunit mRNA levels often exceed levels observed in uninjured neurons and maybe more translationally active (Tesser et al., 1986; Gervasi et al., 2003; Ananthakrishnan and Szaro, 2009). The purpose of this transient reduction in NF expression is unknown but may serve to enhance cytoskeleton dynamics in the injured axon, particularly the infiltration of tubulin into the growth cone (Oblinger et al., 1989; Tetzlaff et al., 1996). Alternatively, it has been suggested that changes in NF expression after injury may represent an attempt at the recapitulation, albeit unsuccessful among CNS neurons, of the embryonic axon growth program, where triplet NF proteins are suppressed in favor of other intermediate filaments (Szaro and Strong, 2010). Interestingly, NF-L knockout mice, which co-experience precipitous declines in NF-M and NF-H levels, develop normally but experience impaired PNS axon regeneration after sciatic or facial nerve crush (Zhu et al., 1997). Similarly, inhibiting NF expression in other models reduces regeneration efficiency but does not fully abolish outgrowth. Notably, in dissociated embryonic frog (Xenopus laevis) spinal cord culture, inhibition of NF-M reduced the time neurites spent actively growing but did not alter outgrowth velocity (Walker et al., 2001). In lampreys, which undergo robust axon regeneration after a complete SCI, in vivo inhibition of the lamprey NF-M-like homolog, NF180, reduced the number of axons regenerating 5 mm beyond the SCI at 4 and 9 weeks post-injury (Zhang et al., 2015). However, regeneration was not grossly inhibited and the initial axon retraction after injury was unaltered. Notably, NF-H overexpression attenuated neurite outgrowth in differentiated Nb2a/d1 neuroblastoma cells (Boumil et al., 2015). This was likely the result of increased NF stability since outgrowth was unaffected in mutants lacking the NF-H C-terminal. Interestingly, inducing expression of vimentin, another intermediate filament expressed predominately by neural precursors, promoted neurite outgrowth in these same cells (Dubey et al., 2004). Ultimately, the role of the NF subunits in promoting or inhibiting regeneration may be due, in part, to their net effects on cytoskeletal dynamics, with excess stability unfavorable to outgrowth.

Although in vitro, growth cones may form within hundreds of micrometers from the neuronal cell body, in vivo growth cones often form centimeters, or even meters away. Thus, the question arises, how do the NFs arrive in the distal axon? NFs are actively transported, bidirectionally, along with the microtubule network (Helfand et al., 2003; Uchida and Brown, 2004), and it was originally believed that NFs were synthesized in the soma, then anterogradely transported, whether as individual subunits or partially assembled, to where they were needed, with excess NF subunits being bulk degraded in the axon terminal. However, increasingly convincing evidence suggests that NF subunits also are synthesized locally within the axon. Early studies noted that the NF assembly in the distal axon appeared independent of NF subunit synthesis in the soma (Tetzlaff and Bisby, 1989). More recently, studies have profiled NF mRNAs in the axon and demonstrated that they are preferentially enriched in the growing tips (including growth cones) of axons (Zheng et al., 2001; Lee and Hollenbeck, 2003; Baraban et al., 2013; Wang et al., 2014; Jin et al., 2016). Local NF protein synthesis has been demonstrated in vitro and EM analysis suggests synthetic capability is also present in axons in vivo (Zheng et al., 2001; Lee and Hollenbeck, 2003; Jin et al., 2016). Interestingly, in vivo evidence from lampreys suggests that NF mRNAs are enriched selectively in actively elongating axon tips, suggesting that local NF synthesis may contribute directly to regeneration (Jin et al., 2016).



GROWTH CONES VS. NEUROFILAMENT-PACKED AXON TIPS

Due to their association with cytoskeletal stability, NFs were initially not believed to contribute significantly to growth cone dynamics. Indeed, early studies suggested that bulk accumulation of NFs in axon terminals was prevented by calcium-mediated proteolysis (Roots, 1983). Nevertheless, it has been shown that a dynamic population of NFs resides within the central region of growth cones (Tennyson, 1970; Chan et al., 2003). Moreover, in vitro experiments have demonstrated that compared to the trailing axon shaft, growth cones were more highly enriched in newly synthesized NF subunits (Chan et al., 2003). These newly synthesized subunits were believed to participate in regional NF formation, to provide structural support to the elongating axon. However, evidence from lower vertebrates, especially lampreys, raises the possibility that NFs play a more direct role in axon outgrowth. Lamprey CNS axons, despite their impressive ability to regenerate, do not form canonical growth cones after injury (Lurie et al., 1994; Figure 3). Their relatively simple axon tips lack filopodia and lamellipodia and contain little F-actin (Hall et al., 1997; Jacobs et al., 1997). Instead, they are densely packed with NFs, whose expression patterns are correlated with regeneration (Lurie et al., 1994; Jacobs et al., 1997). Thus, an alternate mechanism for axon elongation has been hypothesized in this model. Rather than canonical actin-microtubule treadmilling, protrusive forces from NF assembly have been postulated to drive axon outgrowth (Zhang et al., 2005). Although intriguing, evidence supporting this hypothesis as a general mechanism of axon elongation has been slow to accumulate. In part, this may be due to the difficulty of imaging regenerating axons in vivo, forcing many studies of mammalian growth cones to use in vitro models. The resulting short-distance neurite outgrowth observed in these systems may be mechanistically distinct from sustained long-distance regeneration in vivo. Support for this hypothesis can be found in embryonic DRG cultures, in which inhibiting F-actin polymerization with cytochalasin B, collapsed the filopodia and lamellipodia but did not abolish neurite outgrowth—although subsequent reports have questioned whether F-actin assembly was truly abolished or merely severely reduced (Marsh and Letourneau, 1984; Letourneau et al., 1987; Chia et al., 2016). Of interest, even in the regenerating lamprey axons that lack filopodia and lamellipodia, and have little F-actin, the growing tips contain numerous vesicle-like inclusions, and these appear to be surrounded by a layer of F-actin (Jin et al., 2009). These inclusions may provide materials to extend the axolemma during regeneration, in a membrane recycling process that involves sub-axolemmal F-actin (Prager-Khoutorsky and Spira, 2009; Bloom and Morgan, 2011).


[image: image]

FIGURE 3. An example of lamprey neurofilament-packed axon tips. (A) Representative dye-labeled lamprey axon tips (*) in cleared wholemount spinal cord, 10 days post-spinal cord injury (SCI). Note the absence of filopodia and lamellipodia. (B) Schematic of a typical regenerating lamprey axon tip. These tips contain little F-actin but are packed with neurofilaments (Lurie et al., 1994; Jin et al., 2009). Emerging from the distal axon shaft, the tip consists of an enlarged body and a finger-like protrusion, which in some tips contains structures resembling rough endoplasmic reticulum (RER; Jin et al., 2016). In actively growing tips, the distal region of the tip is often filled with numerous vesicle like-inclusions decorated by F-actin (Jin et al., 2009). Note, the shapes of the tips vary in vivo, likely relating to whether the tip is elongating or retracting, but consistently lack filopodia and lamellipodia.



The question arises whether the absence of typical growth cones in severed lamprey spinal cord axons represents a general difference between embryonic axons and axons in cell cultures on the one hand, and regenerating CNS axons in vivo on the other, or merely a peculiarity of lamprey neurons. Unfortunately, this is difficult to test, because lamprey neurons have proven challenging to culture reliably for more than a few hours. Nevertheless, in those in vitro studies that had some success, neurite tips assumed varying morphologies (Ryan et al., 2007; Pale et al., 2013). While some neurites had bulb-like endings resembling lamprey axon tips in vivo, others developed typical-looking growth cones, with structures that look like filopodia and lamellipodia. The molecular/cytoskeletal contents of these growth cones have not been studied, and it also is unlikely that the cultured neurons include the large reticulospinal neurons typically imaged in vivo. Nevertheless, those results support the hypothesis that the morphological differences between growth cones and growing CNS axon tips in the intact animal reflect in part the differences between in vitro and in vivo environmental conditions, associated with a developmental loss of the ability to form growth cones in most post-natal neurons. If standardized, an in vitro lamprey neuron model would be very useful to unravel the conditions determining the formation of canonical growth cones or neurofilament-packed tips and, critically, more fully elucidate the molecular mechanisms underlying neurofilament-associated axon outgrowth. The distinction could be important if the growth cone represents the anatomical substrate for axon guidance over short distances, perhaps more akin to collateral sprouting in the CNS, often referred to as “axonal plasticity,” whereas the kind of long-distance regeneration that would be needed to restore connections in many instances of CNS injury might require a different, more sustained mechanism of axon elongation.



DISCUSSION

To recover lost function, injured axons must regenerate. However, in the mammalian CNS, unlike the PNS or the CNS of lower vertebrates, regrowth stalls. In part, this failure is due to inefficient cytoskeletal dynamics at the axon tip. Elucidating the mechanisms by which cytoskeletal rearrangements mediate axon outgrowth is essential to identifying therapeutic targets to promote sustained regeneration after injury. Despite substantial advances in our understanding of these mechanisms, many questions have yet to be fully answered. These questions include the roles of protein transport and local synthesis in providing cytoskeletal components to distal axon regions, how the balance between filament stability and dynamism shapes outgrowth, whether alternate mechanisms to actin treadmilling may mediate axon extension during regeneration, and how the mechanisms underlying regeneration of axons in the injured CNS differ from those that mediate collateral sprouting by neighboring spared axons.

It is clear that the growth cone and its actin filament cytoskeleton are critically important to axon growth in early development, and are implicated in axon growth in the CNS after injury. However, as noted above, the growth cone is not essential to axon elongation in all circumstances, and it is not clear that growth cones could underlie longer-distance regeneration of axons after injury in the mature CNS, as seen after spinal cord transection in the lamprey (Lurie et al., 1994; Jacobs et al., 1997; Jin et al., 2009). Thus, environmental factors that inhibit axon growth in mammals (e.g., Nogo), and trigger growth cone collapse in vitro, maybe suppressing collateral sprouting rather than true axon regeneration in vivo (Lee et al., 2009). This is particularly relevant to mammalian studies since it often is difficult to distinguish regeneration of injured axons from collateral sprouting by uninjured neighboring axons. Thus, cautious investigators often use the more general term “axonal plasticity” (Blesch and Tuszynski, 2009). While canonical growth cones and neurofilament-packed, vesicle-containing growing tips may represent entirely distinct mechanisms of axon regeneration, it also may be possible that they represent opposite ends of a spectrum of regenerating axon morphologies, depending on neuron-intrinsic and environmental cues, and the stage of outgrowth (e.g., pathfinding vs. elongation).
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Following an injury to the central nervous system (CNS), spontaneous plasticity is observed throughout the neuraxis and affects multiple key circuits. Much of this spontaneous plasticity can elicit beneficial and deleterious functional outcomes, depending on the context of plasticity and circuit affected. Injury-induced activation of the neuroimmune system has been proposed to be a major factor in driving this plasticity, as neuroimmune and inflammatory factors have been shown to influence cellular, synaptic, structural, and anatomical plasticity. Here, we will review the mechanisms through which the neuroimmune system mediates plasticity after CNS injury. Understanding the role of specific neuroimmune factors in driving adaptive and maladaptive plasticity may offer valuable therapeutic insight into how to promote adaptive plasticity and/or diminish maladaptive plasticity, respectively.
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INTRODUCTION

Damage to the central nervous system (CNS) in the form of traumatic brain injury (TBI), spinal cord injury (SCI), or stroke are among the leading causes of disability, morbidity, and mortality (Rubiano et al., 2015). Depending on the location and severity of the primary insult, individuals affected by CNS injury often exhibit early impairments in motor, sensory, and autonomic functions which greatly impair their quality of life and overall health. Over the days, weeks, months, and years which proceed the initial trauma, extensive plasticity throughout the nervous system contributes to the regaining of functional activity in numerous neural circuits. The mechanisms underlying this plasticity has been an important topic of research within the field, as therapeutic targeting of these circuits may promote the recovery of crucial functions such as locomotion, sensation, and bladder/bowel function. Moreover, understanding how this plasticity contributes to the development of detrimental consequences, such as chronic pain, spasticity, and autonomic dysreflexia, will provide a foundational basis for targeting maladaptive vs. adaptive plasticity.

The neuroimmune system is a major driving factor in plasticity throughout the neuraxis. Immediate activation of both central and peripheral neuroimmune and inflammatory processes contributes to both reparative and pathological activity that can persist in a chronic state of inflammatory cascades (Jassam et al., 2017; Chen et al., 2018). Moreover, this injury-induced neuroimmune activity, directly and indirectly, influences cellular, anatomical, and physiological plasticity that can be ultimately beneficial or detrimental, depending on the context. Due to these juxtaposing effects, neuroinflammation is often regarded as a controversial target for therapeutic modification. However, understanding the diverse and intricate mechanisms by which the neuroimmune system mediates plasticity at a local and global level will provide crucial insight as to how neural circuits are differentially altered and ultimately result in beneficial and/or deleterious function. Moreover, this insight will be of great clinical and scientific importance. Therefore, the goal of this review is to provide an overview of how the neuroimmune system shapes plasticity following CNS injury and how neuroimmune-mediated plasticity drives functional and/or dysfunctional outcomes. Additionally, we will discuss advancements in pre-clinical and clinical therapies that target neuroimmune and inflammatory activity to enhance or suppress factors associated with adaptive or maladaptive outcomes, respectively.



EARLY INFLAMMOGENESIS AND VASCULAR PLASTICITY

Primary insult to the CNS causes immediate damage to the blood-brain barrier (BBB), blood-spinal barrier (BSB), and the blood-cerebrospinal fluid barrier (BCSF), as well as to neuro-axonal structures and tissue deformation. Consequently, this homeostatic disruption triggers a wave of inflammatory cascades via activation of innate residential (microglia and astrocytes), peripheral (neutrophils and monocytes/macrophages), and adaptive (T- and B-lymphocytes) immune cells, ultimately contributing to mechanisms of secondary injury that may persist for months or years (Wang et al., 2007; Donnelly and Popovich, 2008; Anwar et al., 2016; Jassam et al., 2017). Although astrocytes are not typically classified as a neuroimmune cell, the ability of these cells to produce and secrete numerous immune factors is a distinguishing characteristic of immunocompetent cells (Dong and Benveniste, 2001; Farina et al., 2007; Brambilla, 2019) and warrants including astrocytes in this category. Thus, for this review, astrocytes will be considered as a glial immune cell. Until recently, when the transmembrane surface protein Tmem119 was discovered as a specific marker for microglia (Bennett et al., 2016; Kaiser and Feng, 2019), it was extremely difficult to distinguish peripherally-derived macrophages from microglia in CNS tissue. Thus, the vast majority of literature on this topic utilizes insufficient markers to distinguish microglia from macrophages. For these reasons, these cells will be grouped as microglia/macrophages unless identified singularly.

Throughout the acute post-injury phase, neuroimmune and inflammatory cells are crucial components involved in driving reparative processes. Upon detecting cues of cellular and tissue damage [e.g., inflammatory chemokines (CCL2, CXCL1, CXCL2, CCL21), ATP, glutamate, heat shock proteins (HSPs), neuregulin-1 (NRG1), high mobility group box 1 protein (HMGB1), fibronectin, etc., Calvo et al., 2010; Grace et al., 2014; Jassam et al., 2017], resting microglia are immediately activated and initiate the release of proinflammatory amplifiers such as interleukin (IL)-1β and IL-18 (Olson and Miller, 2004). Coupled with endogenous alarmins, antigens, and inflammatory signals, this microglial response further stimulates the infiltration of neutrophils, monocytes/macrophages, lymphocytes, and dendritic cells to the injury site (Donnelly and Popovich, 2008). These temporal cascades are further correlated with increased expression of inflammatory mediators [e.g., tumor necrosis factor-alpha (TNFα), IL-1β, IL-6, reactive oxygen species (ROS), etc.,] and neurotrophic factors [e.g., brain-derived neurotrophic factor (BDNF), glial cell-line derived neurotrophic factor (GDNF), nerve growth factor (NGF), NT-3, etc., Donnelly and Popovich, 2008; Jin et al., 2010; da Silva Meirelles et al., 2017], which contribute to driving cellular, axonal, and anatomical plasticity described below in more detail.

These immune cells, as well as the factors that they produce, directly and indirectly, modify key components involved in vascular function and contribute to a secondary wave of increased vascular permeability (Donnelly and Popovich, 2008; Sprague and Khalil, 2009). Specifically, sites of enhanced vascular permeability are spatially correlated with clusters of activated microglia (Popovich et al., 1996) and injury-induced expression of matrix metalloproteinase-9 (MMP-9) is implicated as a potent regulator of microglial activation and macrophage infiltration by increasing vascular permeability (Hansen et al., 2013, 2016). This increased permeability and enhanced infiltration of immune cells are furthered by the release of pro-inflammatory cytokines, such as TNFα and IL-1β which are immediately and persistently upregulated after injury and can further enhance vascular permeability (Schnell et al., 1999; Donnelly and Popovich, 2008; Mironets et al., 2018, 2020). Through these mechanisms, the neuroimmune system can drive vascular plasticity by establishing a feed-forward cycle of increased permeability and widespread leukocyte infiltration and inflammation throughout the parenchyma. The persistence of this cycle may lead to further long-lasting changes in the BBB, BSB, and/or BCSF and contribute to plasticity distal to the injury site as well as increase infection susceptibility (Haruwaka et al., 2019).

Interestingly, the effects of this vascular plasticity can be beneficial and detrimental. Enhanced vascular permeability supports the infiltration of leukocytes, which, in turn, exert crucial roles in containing damage, regulating cellular activity, and supporting neuroprotective processes by interacting with resident neuroimmune cells to further regulate inflammatory cascades. Within the lesion core, immune responders recruited from the periphery (monocyte-derived macrophages, neutrophils) aid residential microglia in phagocytosing debris from necrotic cells, myelin, and damaged tissue (Trivedi et al., 2006; Russo and McGavern, 2015; Jassam et al., 2017). Through this phagocytic activity, macrophages, neutrophils, and microglia produce a slew of harmful factors, including ROS, inflammatory cytokines, and cytotoxins (Liu et al., 2000; Dong and Benveniste, 2001; Trivedi et al., 2006; Donnelly and Popovich, 2008; Wang, 2018).

To protect healthy tissue from this toxicity and limit the expansion of the secondary injury site, a scar comprised of reactive astrocytes, microglia, fibroblasts, and oligodendrocyte precursor cells (OPCs) forms around the lesion core (Yiu and He, 2006; Burda et al., 2016; Hackett and Lee, 2016). Within this region, activated glia secrete extracellular matrix proteins, including chondroitin sulfate proteoglycans (CSPGs) and semaphorins (Silver and Miller, 2004; Fawcett, 2006; Burda et al., 2016; Sims and Yew, 2017), which limit axonal regrowth through the injury site. In spared regions distal to the injury site, microglia/macrophages continue to clear debris, albeit very inefficiently, produced by Wallerian degeneration of axonal tracts, oligodendrocyte apoptosis, and chronic, secondary demyelination of axons that are surrounded by astrocytic processes (David and Lacroix, 2003; Buss et al., 2004; Totoiu and Keirstead, 2005; Vargas and Barres, 2007). Throughout each of these acute post-injury cellular processes, cross-talk between residential and infiltrating immune cells, as well as between innate and adaptive immune cells, forms a crucial feedback network that further modifies the inflammatory environment and influences tissue pathology post-injury (Bradbury and Burnside, 2019). For example, infiltrating macrophages are crucial for scar formation and fibroblast recruitment (Zhu et al., 2015; Mescher, 2017), and secretion of transforming growth factor-beta (TGF-β1) by microglia/macrophages is suggested to stimulate scar formation following stroke (Doyle et al., 2010).

Taken together, the ability of the neuroimmune system to enhance vascular permeability and increase leukocyte infiltration is highly advantageous early after injury, as residential and circulating immune-responders function together to clear debris, contain damage, minimize secondary injury, and promote tissue remodeling. Importantly, however, chronic, persistent activation and accumulation of immune cells may result in detrimental, non-resolving tissue pathology and scarring. For example, persistent phagocytosis via microglia/macrophages and neutrophils contributes to a continued loss of neurons, synaptic inputs, and conduction activity which ultimately leads to substantial cellular and anatomical plasticity, as detailed in the following section. Therefore, although enhanced vascular plasticity supports the infiltration of circulating immune cells to aid residential immune factor-producing cells in mediating tissue pathology, such persistent vascular permeability and subsequent cell infiltration can become detrimental to recovery over time. Through understanding the mechanisms underlying vascular permeability and the time-dependent properties of infiltrating and residential immune cells, these properties may be further optimized for the delivery of therapies that would be otherwise unable to cross the BBB, BSB, and/or BCSF.

The duality of neuroimmune-mediated activity and their functional consequences is exemplified by studies examining microglia/macrophage depletion and astrogliosis. The abundance of inflammatory cells and cytotoxic factors that fill the lesion epicenter is crucial for clearing debris and tissue reconstruction, but can also exacerbate tissue damage, lesion pathology, and expand the secondary injury site (Mallat and Chamak, 1994; Gensel et al., 2009). The complexity of the impact of these cells after injury becomes further apparent when they are selectively and conditionally ablated. For example, depletion of hematogenous macrophages via liposomal clodronate attenuates secondary injury and improves locomotor function in models of SCI and ischemia (Popovich et al., 1999; Popovich and Hickey, 2001; Zhu et al., 2015; Ma et al., 2016). Contrary to this, other studies have demonstrated that depletion of circulating monocytes and monocyte-derived macrophages impairs functional recovery (Shechter et al., 2009), and implantation of macrophages into SCI lesion epicenter and parenchyma promotes functional locomotor recovery (Rapalino et al., 1998). An explanation for such dichotomy may lie in the heterogeneity of microglia/macrophage cell populations, as microglia/macrophages are influenced by the microenvironment to adopt a phenotype along a spectrum of two polarized states: “classically activated” pro-inflammatory M1 cells and “alternatively activated” anti-inflammatory M2 cells that foster repair (Mills et al., 2000; Mantovani et al., 2004; Kigerl et al., 2009; David and Kroner, 2011). Emerging evidence also supports such cellular heterogeneity and phenotypic duality concerning astrocytes (Anderson et al., 2014), as scar-forming reactive astrocytes act as a major barrier to regeneration due to their production of proteoglycans and other growth-inhibitory extracellular matrix molecules (Silver and Miller, 2004); yet reactive astrocytes are also crucial and necessary for limiting tissue degeneration, cell infiltration, and improving functional motor activity (Bush et al., 1999; Faulkner et al., 2004; Myer et al., 2006). In a detailed review by Bradbury and Burnside (2019) that goes beyond the scope of the present review, the neuroimmune system exhibits a complex and diverse role in mediating neural plasticity after CNS injury that can be portrayed as “good vs. bad”; however, the multifaceted properties of neuroimmune and inflammatory cells are an even further impetus to understand targeting specific components of this system that drive specific plasticity to enhance therapeutic outcomes.



NEUROIMMUNE-MEDIATED CELLULAR AND SYNAPTIC PLASTICITY POST-INJURY

Throughout early inflammogenesis and secondary injury, there is an initial depression of cellular excitability local and remote to the injury site (D’Amico et al., 2014; Carron et al., 2016). Within the context of SCI, this often manifests as spinal shock by exhibiting symptoms of hyporeflexia, hypotonicity, depression of sympathetic reflexes, and loss of sensation below the injury (Ditunno et al., 2004). Acute development of this cellular hypoactivation is caused by immediate cell death, tract severing, and overall loss of pre-synaptic inputs induced by the trauma, as well as secondary apoptosis and demyelination caused by glutamate excitotoxicity (Park et al., 2004). Moreover, chronic and progressive axonal degeneration and demyelination results in further loss of inputs, as well as slower axonal signaling, reduced conduction velocity, hyperpolarized resting membrane potentials, and an overall decrease in action potential propagation sufficient for post-synaptic cell polarization (Beirowski et al., 2005; Totoiu and Keirstead, 2005; Gaudet et al., 2011). This initial hypoactivation is observed in both sensory and motor neurons, as well as interneurons following TBI (Johnstone et al., 2014; Carron et al., 2016), SCI (Ditunno et al., 2004; D’Amico et al., 2014), and stroke (Carmichael, 2012). However, in the weeks and months that follow a CNS injury, these affected neural circuits progressively adapt to the loss of inputs and hypoactivity consequent of the neurotrauma. Extensive synaptic and cellular plasticity contribute to this rebound in cellular activity, which results in a similar effect in different types of neurons: enhanced excitability and diminished inhibition. The functional consequences of such changes can be both adaptive and maladaptive, depending on the destination of this cellular output and the context.

Numerous studies have demonstrated that neuroimmune cells and the factors they produce are crucial components involved in driving cellular plasticity. This section will highlight the primary mechanisms by which astrocytes, microglia/macrophages, and immune mediators influence glutamatergic activity, synaptic transmission, and excitatory-to-inhibitory balance to ultimately establish a pro-excitatory forward feedback loop. Furthermore, this section will highlight key factors involved in each of these mechanisms and which may prove to be valuable therapeutic targets for promoting recovery.


Enhanced Neuronal Excitability

Following CNS injury, neuroimmune and inflammatory factors spread throughout the nervous system and influence cellular activity both local and remote to the injury epicenter. This is observable early after injury, as activated microglia, monocyte-derived macrophages, and astrocytes can, directly and indirectly, regulate glutamatergic excitotoxicity, synaptic transmission, and neuronal activity. Dysregulation of the excitatory neurotransmitter glutamate after an injury is a key component contributing to aberrant neuronal activity and neurotoxicity, ultimately influencing secondary injury and functional outcomes. Normally, cross-talk between astrocytes and microglia/macrophages, as well as other glial cell types, regulate ion and neurotransmitter homeostasis via direct synapse formation and/or indirectly via cytokine signaling (Sofroniew and Vinters, 2010; Szepesi et al., 2018).

Astrocytes, in particular, are widely considered to be principal regulators of neuronal activity and exert a crucial role in regulating neurotransmitter release and clearing excess glutamate from the extracellular space via expression of the glutamatergic transporters excitatory amino acid transporter 1 (EAAT1) and EAAT2 (Schousboe et al., 2013; Gaudet and Fonken, 2018). However, these crucial homeostatic functions of astrocytes are disrupted immediately upon injury. Within hours post-injury, reactive astrocytes exhibit reduced expression of EAAT1 and EAAT2, thereby enhancing excitatory synaptic transmission and excitotoxicity (van Landeghem et al., 2001; Xin et al., 2009; Grace et al., 2014). Reduced expression of EAAT2 specifically in astrocytes is also associated with increased neuronal loss and apoptosis, exacerbated secondary injury, and worsened locomotive function (Lepore et al., 2011). Furthermore, the release of neuroimmune mediators such as TNFα, IL-1β, IFNγ, and ROS impair glutamate metabolism and clearance by astrocytes (Chao et al., 1995; Grace et al., 2014; Haroon et al., 2017).

Microglia and macrophages also influence glutamate homeostasis post-injury, as elevated expression of microglia-derived TNFα elicits excess glutamate release from astrocytes (Bezzi et al., 2001). Moreover, persistent activation of microglia/macrophages, as observed in a chronic injury microenvironment, further contributes to sustained, elevated production of pro-inflammatory cytokines and enhances the release of glutamate (Hanisch, 2002; Domercq et al., 2013; Donat et al., 2017). However, while such studies may suggest that microglia and macrophages are detrimental to neuronal survival and lesion pathology, evidence demonstrates that depletion of these neuroimmune cells results in increased cell loss (Bellver-Landete et al., 2019) and enhanced excitotoxicity (Vinet et al., 2012), suggesting a neuroprotective role for these cells. This is further exemplified by findings demonstrating that microglia/macrophages exhibit increased expression of EAAT1 and EAAT2 following injury, and are therefore suggested to exert a compensatory role in regulating extracellular glutamate levels and controlling excitotoxicity (Rimaniol et al., 2000; van Landeghem et al., 2001). Although this compensatory activity does not appear to be sufficient to mitigate the overall increase in glutamate activity to confer significant, robust neuroprotection, this highlights the duality of microglia/macrophages (i.e., being detrimental or beneficial, depending on context) in mediating excitatory activity and that neuroimmune mediators are a crucial component involved in driving such plasticity.

In addition to these intrinsic mechanisms by which astrocytes and microglia/macrophages influence neuronal excitability, these neuroimmune cells drive further plasticity within the post-synaptic cell via direct synapses with nearby neurons and glial cells (Miyamoto et al., 2016; Akiyoshi et al., 2018). Although these direct synaptic formations are most often discussed concerning anatomical plasticity (discussed in more detail in the following section), heightened cellular excitability and homeostatic imbalance of glutamate following injury ultimately induces more excitatory postsynaptic currents (EPSCs), elicits increased glutamatergic synapse formation, and enhances excitability throughout the neural circuit (Chung et al., 2015; Akiyoshi et al., 2018).

The secretion of pro-inflammatory cytokines by these neuroimmune cells is among the most predominant mechanisms by which the neuroimmune system drives synaptic plasticity and ultimately influences circuit signaling. As reviewed by Grace et al. (2014), mediators such as TNFα, IL-1β, IL-17, ROS, and chemokines CCL2 and CXCL1 induce post-synaptic sensitization by increasing synaptic transmission (Beattie et al., 2002; Viviani et al., 2003; Stellwagen et al., 2005; Zhang et al., 2013). Numerous studies have demonstrated that TNFα increases surface expression of AMPA receptors (Beattie et al., 2002; Stellwagen et al., 2005) and can indirectly increase NMDA receptor expression via extracellular signal-regulated kinases (ERKs; Xu et al., 2010; Grace et al., 2014; Olmos and Lladó, 2014). Additionally, IL-1β, IL-17, and ROS have been shown to enhance post-synaptic NMDA receptor activation by increasing phosphorylation of NMDA receptor subunits NR1 and NR2A/B (Viviani et al., 2003; Gao et al., 2007; Meng et al., 2013). Consistent with this, TNFα and IL-1β enhance AMPA- and NMDA-induced currents (Kawasaki et al., 2008), and TNFα alters neuronal electrophysiological threshold properties to ultimately increase excitatory post-synaptic activity (Spicarova et al., 2011; Olmos and Lladó, 2014; Chen et al., 2015). These cytokines may further drive such cellular plasticity via activation of NF-κB, a transcription factor complex that is activated by numerous inflammatory and immune agents. Specifically, activation of NF-κB signaling via TNFα application has been shown to increase neuronal expression of glutamatergic receptors and inhibition of NF-κB prevents this effect (Yu et al., 2002). Enhanced activation of NF-κB is also associated with increased excitatory synapses, fewer inhibitory synapses, hyperexcitable neuronal activity, and an overall shift in the balance of excitatory to inhibitory (E/I) activity, favoring increased glutamatergic presynaptic activity, increased spontaneous EPSCs, and increased hyperexcitability (Yu et al., 2002; Shim et al., 2011; Dresselhaus and Meffert, 2019). Importantly, persistent activation of NF-κB following injury also increases transcription of pro-inflammatory factors and IκB family members, thereby establishing a proinflammatory autocrine loop to perpetuate injury-induced inflammation and enhance excitatory cellular activity (Shim et al., 2011; Shih et al., 2015; Mironets et al., 2018).

Together, astrocytes and microglia/macrophages influence cellular excitability following injury directly via central synaptic and cytokine signaling as well as indirectly via crosstalk signaling between neuroimmune cells. The persistent upregulation of numerous neuroimmune mediators for weeks, months, and even years post-injury ultimately results in sustained biochemical, electrophysiological, and synaptic changes. Over time, this long-term plasticity drives the formation of pro-excitatory feedback loops, which perpetuate heightened cellular excitability and excitotoxicity (Donnelly and Popovich, 2008; Yawata et al., 2008). This is exemplified by motoneurons following chronic SCI, which progressively recover intrinsic, electrophysiological properties to propagate depolarizing signals (D’Amico et al., 2014). Importantly, however, the development of such excitatory feedback loops is also due to a loss of inhibitory inputs.



Diminished Inhibition

Concurrent with neuroimmune-mediated mechanisms driving enhanced cellular excitability, the neuroimmune system also plays a major role in reducing cellular inhibition following CNS injury. This diminished inhibition, or disinhibition, is largely associated with a loss of inhibitory neurons, reduced concentrations of inhibitory neurotransmitters γ-aminobutyric acid (GABA) and glycine, reduced surface receptor expression, and altered transmembrane ion gradient regulation. The consequence of such compromised GABAergic control results in further enhancement of excitatory activity of circuits throughout the neuraxis. This subsection will, therefore, highlight the crucial neuroimmune factors suggested to drive cellular and synaptic plasticity and subsequent disinhibition.

The initial loss of both glutamatergic and GABAergic neurons following injury is the result of both primary and secondary injury mechanisms, as previously described. Interestingly, various models of central injury utilizing immunohistochemistry have demonstrated increased signaling and connectivity of glutamatergic interneurons over time, whereas the quantity of GABAergic interneurons both proximal and distal to the injury epicenter are persistently decreased for weeks following injury (Meisner et al., 2010; Cantu et al., 2015; Fernández-López et al., 2016; Ueno et al., 2016). Although the initial loss of inhibitory neurons is consequent of microglia/macrophage-mediated apoptosis, this continued, secondary loss of inhibitory neurons is likely due to a loss of inhibitory synaptic tone regulated by neuroimmune factors following injury.

As discussed above, such diminished inhibitory transmission has been attributed to impaired astrocyte-mediated neurotransmitter homeostasis and cytokine-mediated plasticity. Similar to their pivotal role in regulating glutamate homeostasis, astrocytes are crucial for maintaining GABA homeostasis due to their production of the GABA precursor glutamine. Normally, astrocytes convert glutamate and GABA neurotransmitters into glutamine via glutamine synthetase, which is then utilized by neurons for further production of either glutamate or GABA (Schousboe et al., 2013). Impaired regulation of this GABA-glutamate-glutamine cycle is observed after CNS injury, as proinflammatory cytokines alter the gene expression of key enzymes involved in this cycle. Specifically, TNFα downregulates glutamate synthetase expression in astrocytes (Zou et al., 2010) and activation of astrocytes and microglia following SCI downregulates the production of the GABA-precursor glutamic acid decarboxylase (GAD65; Gwak et al., 2008). Consequently, synthesis and transmission of GABA is thought to be reduced, which is supported by reduced GABA immunoreactivity in astrocytes following SCI (Fernández-López et al., 2014). This may further contribute to an impaired regulation of neural circuits (Um, 2017).

In addition to these biochemical mechanisms of diminished inhibition, neuroimmune mediators are involved in reducing extracellular concentrations of GABA by modulating GABAergic neurotransmission and the expression of vesicular GABA transporters (VGATs). Specifically, neuroimmune mediators prevalent at high concentrations following CNS injury (e.g., TNFα, IL-1β, IL-6, IFNγ) have been shown to reduce the release of GABA and glycine from spinal interneurons and inhibitory descending projections (Vikman et al., 2007; Kawasaki et al., 2008; Grace et al., 2014). Inhibitory neurotransmission is further influenced by IL-10 and microglia, which increase the quantity of VGATs, and IL-1β antagonizes this activity (Lim et al., 2013). Interestingly, increased expression of VGATs following SCI (Gwak and Hulsebosch, 2011; Ko et al., 2018) and stroke (Qian et al., 2018) is suggested to diminish extracellular concentrations of GABA and subsequently reduce inhibitory tone in neural circuits. Based on these findings and the highly sensitive role of astrocytes in mediating neurotransmitter homeostasis, increased astrocytic reuptake of GABA may ultimately increase the synthesis of glutamine and consequently glutamate, thereby further driving neuronal hyperexcitability and circuit plasticity (Mahmoud et al., 2019). However, our understanding of injury-induced VGAT plasticity is far from complete. Seemingly contradictory results suggest VGAT expression is downregulated following CNS injury (Raghavendra Rao et al., 2003; Vemuganti, 2005; Meisner et al., 2010), although these results may be due to an overall decrease in GABAergic signaling and transmission.

In addition to these pre-synaptic mechanisms of plasticity, impaired inhibitory tone following CNS injury is further influenced by neuroimmune factors directly modulating post-synaptic activity. Post-synaptic surface expression of GABA receptors is also altered by cytokine activity, as TNFα causes endocytosis of GABAA receptors (Stellwagen et al., 2005) in in vitro assays. However, in vivo injury and inflammation models have demonstrated that TNFα and IL-1β increase GABAA receptor trafficking to the cell surface (Serantes et al., 2006; Stück et al., 2012), yet activation of these cytokines has also been shown to suppress post-synaptic GABA receptor activation and decrease inhibitory synaptic strength (Stellwagen et al., 2005; Kawasaki et al., 2008; Pribiag and Stellwagen, 2013; Yan et al., 2015). Therefore, although the quantity of post-synaptic GABA receptors appears to increase, the strength of inhibitory activity is still diminished in a pro-inflammatory environment.

The basis of such dichotomy may be attributed to an overall lack of GABA and glycine production (described previously), but may also be due to the development of a “phenotypic switch” following CNS injury, wherein GABAergic synapses and agonist activation induces an excitatory, depolarizing response rather than hyperpolarizing (Marty and Llano, 2005; Keller et al., 2007; Stück et al., 2012; Huang et al., 2016). In a study by Nabekura et al. (2002), agonist activation of GABAA receptors resulted in elevated intracellular chloride (Cl−) concentrations following axotomy and depolarized reversal potential, shifting the balance to favor excitatory post-synaptic potential (EPSP) activation over inhibitory post-synaptic potential (IPSP) activity after injury. Furthermore, the study revealed significantly reduced levels of the neuronal potassium-chloride cotransporter, KCC2, following injury, thereby resulting in dysregulation of the Cl− ion gradient equilibrium and excitatory activity upon agonist binding to GABA receptors (D’Amico et al., 2014; Garraway and Huie, 2016). Since this discovery, models of SCI (Keller et al., 2007; Boulenguez et al., 2010), TBI (Bonislawski et al., 2007; Lizhnyak et al., 2019), and stroke (Jaenisch et al., 2010; Toda et al., 2014) have identified KCC2-mediated switches in GABAergic activity as contributing to impaired inhibitory activity following CNS injury.

Although the exact mechanisms underlying this switch are not yet fully understood, microglia are known to contribute to the downregulation of KCC2. Specifically, models of neuropathic pain after nerve injury have demonstrated that microglia-derived BDNF binds to its neuronal cognate receptor tropomyosin-related kinase B (TrkB), thereby inhibiting kcc2 mRNA transcription and subsequently decreasing KCC2 membrane insertion following injury (Coull et al., 2005; Ferrini and De Koninck, 2013). Based on this finding, current investigations are beginning to explore the role of neuroimmune mediators in contributing to this GABAergic phenotypic switch. Corradini et al. (2018) found that IL-1β is a modulatory factor involved in reducing KCC2 expression, as the deletion of its cognate receptor IL-1R protected embryos from altered KCC2 and GABA activity. Finally, as injury-induced activation of cytokines and chemokines can engage in a positive pro-inflammatory feedback loop with microglia, factors such as TNFα and IL-1β may be indirectly driving KCC2 downregulation by continuously stimulating the release of microglia-derived BDNF and/or via modulating TrkB receptor expression.

In summation, the neuroimmune system is implicated in driving diminished inhibition within neural circuits by reducing the vesicular release of inhibitory neurotransmitters, contributing to weakened synaptic strength, and stimulating a shift in ionic membrane gradients that ultimately impairs sufficient cellular hyperpolarization. Coupled with mechanisms of enhanced excitability (discussed above) and disruptions in neurotransmitter biosynthesis via glial GABA-glutamate-glutamine cycle, such presynaptic and postsynaptic plasticity contribute to an imbalanced activation of neural circuits following CNS injury that can have profound physiological implications.



Synaptic Remodeling

As described in previous sections, injury-induced cell death and axonal degeneration result in a loss of inputs onto spared neurons. Consequently, activated astrocytes and microglia/macrophages not only phagocytose and clear such cellular debris but also contribute to the formation and/or pruning of neuronal synapses and dendritic spines after injury (Blinzinger and Kreutzberg, 1968; Chung et al., 2015; Ziebell et al., 2015). Moreover, hyperactivation of microglia in a chronic inflammatory environment results in excessive pruning, and depletion of these cells has been shown to attenuate spine loss and apoptosis after TBI (Wang et al., 2020). Compared to the primarily phagocytic role of microglia/macrophages, activated astrocytes exhibit a multifunctional role in synaptic remodeling by both promoting the recovery of functional synapses as well as mediating their elimination via direct and indirect signaling mechanisms. Although reviewed in more depth previously (Chung et al., 2015; Burda et al., 2016), astrocytes have been shown to directly promote synapse formation via expression of the synaptogenic molecules thrombospondin 1 and 2 (TSP-1/2) after injury (Liauw et al., 2008; Tyzack et al., 2014), as well as mediate synapse elimination directly via phagocytosis (Chung et al., 2013) and indirectly via secretion of transforming growth factor-β (TGF-β), which induces neuronal expression of phagocytic signals recognized by microglia (Stevens et al., 2007).

In addition to these glial-derived neuroimmune mediators, factors such as TNFα and IL-1β have been shown to regulate synaptic remodeling and function. As previously highlighted, these factors are predominantly known for driving cellular plasticity by mediating synaptic receptor expression and synaptic strength; however, growing evidence supports the global role of these cytokines in mediating circuit-wide function. Specifically, glia-derived TNFα is implicated as a key mediator in synaptic scaling, the homeostatic process by which the strength of all synapses on a cell are modulated (Stellwagen and Malenka, 2006; Burda et al., 2016). Moreover, remodeling of cortical dendritic spines following systemic inflammation is suggested to be mediated by TNFα and contributes to deficits in learning and cognitive function (Garre et al., 2017). IL-1β is also among the most notable cytokines contributing to such synaptic plasticity via direct and indirect mechanisms of modulating the structure and function of dendritic spines (Li et al., 2003; Gilmore et al., 2004), number of synaptic sites (Mishra et al., 2012), and synapse stabilization (reviewed in more detail in Besedovsky and del Rey, 2011; Pozzi et al., 2018; Rizzo et al., 2018). Furthermore, numerous cytokines are suggested to influence long-term potentiation (LTP) of synaptic transmission between neurons via gliogenic paracrine signaling and may, therefore, contribute to the development of pain hypersensitivity and cognitive dysfunction (Besedovsky and del Rey, 2011; Kronschläger et al., 2016). IL-1β, in particular, is suggested to inhibit LTP (Katsuki et al., 1990; Bellinger et al., 1993) and may, therefore, influence cognitive recovery following neurotrauma; however, such findings are controversial due to reported differential effects of endogenous vs. exogenous cytokine activity (Besedovsky and del Rey, 2011). Although the majority of studies examining neuroimmune-mediated synaptic plasticity have focused on the implications in relation to cognitive development, learning, and memory, these findings become increasingly intriguing within the context of CNS injury. As it is well documented that deficits in cognitive and circuit function following TBI (White et al., 2017), stroke (Di Filippo et al., 2008), and SCI (Ferguson et al., 2012) are associated with alterations in LTP, understanding the role of persistent neuroimmune signaling in mediating this activity could elucidate potential targets for modulating synaptic plasticity in affected neural circuits.

Throughout this section, many of the aforementioned neuroimmune factors exhibit multi-functional roles for mediating cellular and synaptic plasticity that ultimately produce overlapping implications. For example, TNFα activity is repeatedly identified as a crucial factor that modulates glutamatergic and GABAergic receptor expression to enhance excitation and diminish inhibition but also modulates synaptic scaling and circuit-wide synapse activity. Although it could be suggested that such synaptic plasticity will further enhance the excitability of neural circuits, further research is necessary to draw this conclusion.




NEUROIMMUNE-MEDIATED AXONAL AND ANATOMICAL PLASTICITY

Following an injury to the CNS, anatomical plasticity is observed throughout the neuraxis including cortical, subcortical, and intraspinal levels. Specifically, such plasticity includes afferent fiber sprouting and reorganization of cortical and subcortical structures following CNS injury. The basis for this anatomical plasticity is at least partially attributed to plasticity in cellular and synaptic activity described previously. As enhanced cellular excitability alters cell-to-cell signaling activity after an injury, structural processes undergo diverse mechanisms of plasticity that ultimately remodel entire neural circuits throughout the neuraxis. Moreover, these structural changes further influence cellular activity and synaptic plasticity, establishing a feedforward loop of plasticity that ultimately influences functional outcomes following CNS injury. This section will, therefore, highlight various structural changes observed after injury and the mechanisms by which the neuroimmune system drives such plasticity.


Axonal Sprouting and Remodeling

Changes in cellular and synaptic activity are not the only forms of plasticity observed after injury. Growth of spared injured and un-injured axons following CNS injury is a well-documented phenomenon that is suggested to aid in the formation of new connections and recovery of circuit activity after injury. Although various forms of growth are proposed to exist depending on origin (e.g., collateral sprouting vs. frank regeneration), it is quite evident that such structural and anatomical plasticity occurs throughout the neuraxis. Sprouting of ascending and descending spinal pathways, propriospinal neurons, and subcortical pathways have been demonstrated in various models of CNS injury and are thought to contribute to spontaneous functional recovery or maladaptive dysfunction after injury, depending upon the circuit being assessed (Raineteau and Schwab, 2001; Wieloch and Nikolich, 2006; Tuszynski and Steward, 2012; Carmichael et al., 2017; O’Shea et al., 2017; Farrell et al., 2019; Michael et al., 2019).

Reactive astrocytes are implicated as crucial neuroimmune cells involved in axonal sprouting and reorganization of cortical, subcortical, and spinal networks following injury. As previously described, reactive astrocytes have been historically regarded as an inhibitory obstacle that impedes axonal sprouting and growth after injury. This is exemplified by findings that reduced astrocytic reactivity is correlated with improved serotonergic fiber growth into the contralateral, denervated spinal cord following a hemisection SCI (Giménez Y Ribotta et al., 1995). Furthermore, this growth-inhibitory activity of reactive astrocytes is supported by evidence that these cells express a myriad of inhibitory molecules such as CSPGs (e.g., brevican, neurocan, versican, phosphacan) which inhibit axonal sprouting and consequently influence tissue remodeling and reorganization following injury (McKeon et al., 1991; Anderson et al., 2016). Numerous studies utilizing transgenic approaches to attenuate or ablate astrocyte activity have also demonstrated increased fiber growth and axonal plasticity following CNS injury (Bush et al., 1999; Menet et al., 2000, 2003; Sofroniew, 2005). However, contrary to the premise that astrocytes exert an inhibitory function in mediating axonal plasticity, recent evidence demonstrates that attenuation or ablation of reactive astrocytes following CNS injury does not promote axonal growth (Anderson et al., 2016), suggesting a growth-supportive role of these glial cells post-injury. Indeed, numerous studies have highlighted reactive astrocytes as supportive cells for axon growth. Specifically, studies have suggested that immunoreactive astrocytes are crucial for promoting fiber sprouting and growth in limbic and striatal cortical circuits following CNS injury (Gage et al., 1988; Kawaja and Gage, 1991). Consistent with this evidence, astrocyte-associated fibronectin is implicated as an important substrate for promoting CNS axon growth (Tom et al., 2004). Moreover, astrocytic TSP-1/2 is implicated in contributing to compensatory axonal sprouting in models of stroke injury, as TSP-1/2 knockout mice exhibit significantly less cortical and striatal sprouting as well as impaired behavioral recovery (Liauw et al., 2008). Taken together, these contrasting studies not only highlight the complex functions of reactive astrocytes but also exemplify the importance of further research exploring this topic. Furthermore, although this seemingly contradictory evidence is currently a matter of great debate and intrigue, the differential functional role of reactive astrocytes may be attributed to variances in injury/animal models, experimental time points, the multitude of factors expressed by reactive astrocytes, and heterogeneous forms of activated astrocytes following CNS injury.

In addition to the production of growth-supportive and -inhibitory factors to influence axonal plasticity post-injury, neuroimmune cells also produce neurotrophic factors that can similarly mediate axonal sprouting and regrowth. Moreover, neuroimmune-derived neurotrophic factors interact with immune mediators such as cytokines and chemokines to influence immune cell activation and establish an interconnected system for driving axonal plasticity (reviewed in more detail in Peruzzotti-Jametti et al., 2014; Garraway and Huie, 2016; Liberman et al., 2018). This interconnected regulatory system is exemplified by findings that TNFα specifically increases BDNF production in microglia/macrophages (Schulte-Herbrüggen et al., 2005) and increases astrocyte production of NGF and GDNF (Kuno et al., 2006). Importantly, each of these neurotrophic factors is implicated as key factors involved in promoting axonal growth post-injury. Based on this, persistently elevated neuroimmune cell and proinflammatory cytokine activity is suggested to drive neurotrophic factor expression and consequently axonal plasticity.

The physiological implications of this network are exemplified by NGF/TrkA signaling-induced sprouting. Injury-induced up-regulation of NGF expression results in enhanced binding to TrkA receptors on primary nociceptive calcitonin gene-related peptide (CGRP)-expressing afferent fibers. Importantly, NGF administration in vivo has been shown to increase the sprouting of TrkA+ fibers (Mearow, 1998; Mantyh et al., 2011). As nearly all TrkA+ neurons express CGRP (Averill et al., 1995), this increased sprouting and enhanced synthesis of CGRP and nociceptive ion channel expression (e.g., TRPV1) ultimately enhances nociceptive signaling and sensitivity (Mantyh et al., 2011). Moreover, sprouting and arborization of TrkA+ CGRP+ fibers are strongly enhanced following CNS injury and plays a role in the remodeling of sensory and sympathetic fibers implicated in the development of neuropathic pain and autonomic dysreflexia (Krenz et al., 1999; Cameron et al., 2006; Mantyh et al., 2011; Nitzan-Luques et al., 2013; Mironets et al., 2018, 2020). A key role of this signaling in such plasticity was corroborated by studies demonstrating that blocking NGF/TrkA signaling attenuates CGRP+ afferent sprouting after injury (Christensen and Hulsebosch, 1997; Krenz et al., 1999; Mantyh et al., 2011).

Interestingly, TNFα/TNFR1 signaling is implicated as a critical neuroimmune mediator of afferent sprouting by modulating the sensitivity of TrkA signaling to NGF (Wheeler et al., 2014; Mironets et al., 2018). Moreover, central inhibition of soluble-TNFα via continuous intrathecal delivery of the biologic XPro1595 following SCI has been shown to significantly decrease TrkA expression below-injury and attenuate CGRP+ fiber sprouting (Mironets et al., 2018, 2020). Coupled with findings that inhibition of TNFα increased lumbar NGF levels (Mironets et al., 2018) and that NGF is primarily expressed by non-neuronal cells post-injury (Krenz and Weaver, 2000), these results suggest that TNFα/TNFR1 signaling mediates neuronal TrkA receptor sensitivity to NGF and drives subsequent afferent sprouting and plasticity. In addition to mediating sensory afferent sprouting, TNFα signaling also contributes to collateral sprouting of corticospinal tract (CST) fibers and influences locomotor recovery after TBI (Oshima et al., 2009).

Numerous studies have demonstrated a crucial role for immune-mediated activation of other neurotrophic factors and modulatory cytokines to promote axonal plasticity after CNS injury. In addition to TNFα, cytokines such as IL-6 and IL-1β contribute to axonal plasticity and mediate growth factor release post-injury. Specifically, IL-6 is proposed to support axonal growth and plasticity post-injury, as genetic depletion of this cytokine reduces serotonergic fiber growth post-injury (Ramer et al., 1998; Cafferty et al., 2004). In contrast, IL-1β is proposed to suppress axonal plasticity as recombinant IL-1β administered to transgenic IL-1β knockout mice reduced the quantity of CST fibers and worsened locomotor functional outcomes (Boato et al., 2013). Moreover, the absence of IL-1β resulted in increased CST sprouting and improved functional outcomes. Interestingly, however, the role of IL-1β in axonal plasticity may not be solely inhibitory, as studies suggest that IL-1β promotes the release of growth-supportive factors such as IL-6 and NGF by stimulating reactive astrocytes (Lindholm et al., 1987; Cotman, 1999). IL-1β signaling is also suggested to interfere with BDNF/TrkB signaling (Tong et al., 2008, 2012) and NT-3 signal transduction (Soiampornkul et al., 2008). As BDNF and NT-3 are both critically involved in axonal growth, sprouting, and plasticity (Chen et al., 2008; Garraway and Huie, 2016), IL-1β may be a crucial mediator of growth-supportive and -inhibitory axon plasticity following CNS injury.



Phenotypic Plasticity

As synapses and axons undergo strengthening, pruning, and sprouting, this plasticity may contribute to the additional expansion of axonal arbors and the formation of new connections that influence circuit signaling in a newfound capacity. Within the context of SCI, this is commonly exemplified by extensive arborization of sensory afferents in the deep dorsal horn (laminae III–V) proximal and distal to the injury epicenter. Normally, touch-sensitive Aβ-fibers within the DRG transmit innocuous, non-noxious cutaneous information and synapses in laminae III–V of the spinal dorsal horn (Todd, 2010). After an injury, Aβ-fibers sprout dorsally into superficial laminae I–II, wherein mechanonociceptive C-fibers and mechanothermal Aδ afferents normally terminate and transmit noxious, nociceptive sensory signals (Woolf et al., 1992; Lekan et al., 1996; Todd, 2010). Nociceptive Aδ- and C-fibers are also suggested to exhibit sprouting into deeper laminae (III-V) following SCI (Krenz and Weaver, 1998b; Ondarza et al., 2003), thereby further expanding primary nociceptive terminal fields into regions typically associated with non-painful touch stimuli. Although these findings remain somewhat controversial due to lack of tracer specificity (Bao et al., 2002; Shehab et al., 2003), there is evidence to suggest that Aβ-fibers drive activation of lamina II nociceptive neurons (Kohno et al., 2003; Woodbury et al., 2008). Consequent of such Aβ-, Aδ-, and C-fiber sprouting, spinal circuits undergo enormous remodeling that contributes to a loss of segregation between touch-specific lamina (i.e., deeper laminae) and pain-specific lamina (i.e., superficial laminae) within the spinal cord (described in more detail in Kuner and Flor, 2016).

In addition to this structural remodeling of spinal circuits, neurons undergo genomic changes that likely contribute to not only synaptic and axonal plasticity but also “phenotypic shifts.” Normally, cells are identified via known neuropeptide markers, morphology, and/or electrophysiological characteristics. After an injury, however, many of these defining characteristics are altered. Within spinal sensory circuits, for example, nociceptive Aδ- and C-fiber neurons are commonly identified by their molecular expression of CGRP, substance P (SP), and/or TrkA, whereas non-nociceptive Aβ neurons typically do not express these markers (Navarro et al., 2007; Castaneda-Corral et al., 2011). After an injury, Aβ-fiber cells exhibit de novo CGRP and SP expression, as well as a shift in electrical and neurochemical activity (e.g., spontaneous ectopic discharge, enhanced excitability; reviewed in more detail in Molander et al., 1994; Bester et al., 2000; Navarro et al., 2007; Devor, 2009; Hou et al., 2009; Latremoliere and Woolf, 2009; Nitzan-Luques et al., 2013). Consequently, activation of these normally innocuous stimuli-encoding afferents by low-intensity stimuli (e.g., light-touch) may result in the transmission of nociceptive signals. Moreover, this shift in the phenotypic expression of nociceptive neuromodulators may contribute to further expansion of nociceptive terminal fields, even in the absence of afferent sprouting, and further drive central pain circuit activity. Together, this plasticity is thought to be a mechanism underlying the development of neuropathic pain after injury (Devor, 2009; Kuner and Flor, 2016).

Phenotypic switches are also suggested to affect Aδ- and C-fiber afferents innervating the lower urinary tract (LUT) following SCI. Within the intact micturition reflex pathway, Aδ-fibers are considered to be essential for generating storage and voiding reflexes and C-fibers primarily respond to noxious stimuli (e.g., bladder inflammation; Häbler et al., 1990; Fowler et al., 2008). After SCI, C-fibers are suggested to adopt a mechanosensitive phenotype as these fibers predominantly initiate voiding rather than Aδ afferents (De Groat and Yoshimura, 2010). This finding is based on data demonstrating that the C-fiber neurotoxin capsaicin blocks voiding after SCI, but not in intact spinal cord models (De Groat et al., 1990; Cheng et al., 1999; De Groat and Yoshimura, 2012). These findings also correlate with clinical data demonstrating increased expression of the capsaicin-sensitive receptor TRPV1 in suburothelial nerves of people with bladder overactivity (i.e., neurogenic detrusor overactivity) following various lesions and injuries to the spinal cord (Brady et al., 2004; Apostolidis et al., 2005; De Groat and Yoshimura, 2010). As TRPV1 is considered to be predominantly expressed by C-fibers, these findings suggest that heightened C-fiber activity contributes to abnormal bladder activity post-injury. Moreover, increased expression and expansion of C-fiber-associated neuropeptides, such as VIP, IB4, and PACAP, following SCI indicates sprouting of spinal C-fibers and is correlated with recovery of micturition reflexes (Morgan et al., 1999; Vizzard, 2006; Zinck and Downie, 2008; De Groat and Yoshimura, 2010). Although each of these studies predominantly highlight phenotypic switches associated with C-fibers, evidence from peripheral nerve injury models suggest that spinal Aδ-fiber afferents undergo molecular changes post-injury (Ji et al., 2007; Navarro et al., 2007; Ruscheweyh et al., 2007) and may, therefore, contribute to micturition circuit remodeling. As some Aδ-fibers normally express TRPV1 (Mitchell et al., 2010) and peripheral injury results in upregulation of sensory neuron TRPV1 expression (Ramer et al., 2012) as well as mechanothermal plasticity of Aδ-fibers (Ji et al., 2007), phenotypic switches within this afferent group may obfuscate the functional role of Aδ-fibers post-injury.

Although the mechanisms underlying these phenotypic and genomic changes are not yet fully understood, inflammation is known to modulate receptors and ion channels in peripheral sensory terminals, which can result in cellular plasticity (i.e., enhanced excitation, diminished inhibition) and structural plasticity (i.e., afferent sprouting and reorganization) in the spinal cord (Grace et al., 2014; Kuner and Flor, 2016). Furthermore, neuroimmune-derived neurotrophins and proinflammatory cytokines are implicated as contributing to sensory afferent phenotypic switches. Notably, nerve injury and inflammatory pain models demonstrate that large-diameter sensory neurons (i.e., Aβ afferents) begin expressing BDNF (Zhou et al., 1999; Ohtori et al., 2002), a pronociceptive factor normally released by C-fibers (Garraway and Huie, 2016). Additionally, as NGF and TNFα signaling are known to increase CGRP expression (Lindsay and Harmar, 1989; Krenz and Weaver, 1998b; Bowen et al., 2006) and are persistently heightened post-injury (Mironets et al., 2018), these neuroimmune factors may also contribute to driving de novo CGRP expression in Aβ-fibers.



Cortical, Subcortical, and Spinal Reorganization

Structural and functional changes throughout the brain, brainstem, and spinal cord following injury also impact motor movements and sensory perceptions (Raineteau and Schwab, 2001; Kuner and Flor, 2016). Various models of CNS injury have demonstrated extensive cortical rewiring and alterations in motor and sensory cortical territories, as regions representative for intact targets progressively expand into deafferented regions (Nudo and Milliken, 1996; Mohammed and Hollis, 2018). Coupled with the growth of new horizontal axons and arbor expansion, as well as overall plasticity in cellular physiology and activity, this cortical plasticity ultimately reshapes entire neural circuits and contributes to both adaptive and maladaptive functional outcomes. For instance, central and peripheral sensitization and increased spontaneous nociceptive activity after injury may contribute to the reorganization of cortical and subcortical regions associated with processing the sensory, emotional, and cognitive components of pain. Specifically, SCI is associated with reduced gray matter in the anterior cingulate cortex (ACC), insula, somatosensory cortex, and regions of the brainstem compared to non-SCI individuals (Jutzeler et al., 2016). Moreover, the development of neuropathic pain in SCI individuals was associated with the magnitude of cord atrophy. Injury-induced neuropathic pain is also associated with structural and functional plasticity within the amygdala, ACC, hippocampus, prefrontal cortex, and primary somatosensory cortex (S1; Endo et al., 2007; Wrigley et al., 2009; Mole et al., 2014; Jutzeler et al., 2016; reviewed in more detail in Kuner and Flor, 2016; Yang and Chang, 2019). In addition to these findings, chronic neuropathic pain is suggested to shift cortical pain circuit activity from nociceptive circuit activation to emotional circuit activation over time, as individuals with chronic back pain engage emotional circuits (i.e., amygdala, hippocampus, orbitofrontal cortices, PFC) in response to pain stimuli, whereas individuals with subacute back pain engage regions involved in nociceptive sensory processing (i.e., insula, thalamus, midbrain, ACC, S1; Hashmi et al., 2013). Interestingly, reorganization of the sensory cortical map is associated with upregulation of BDNF as early as 1-day post-SCI (Endo et al., 2007), and is implicated as a critical mediator involved in processing emotional aspects of neuropathic pain within the cortex (Thibault et al., 2014).

In contrast to this maladaptive consequence of reorganization, cortical reorganization and anatomical plasticity throughout the neuraxis are critically involved in the functional recovery of learned motor movements and fine-tuning of dexterous skills (Lynskey et al., 2008; Mohammed and Hollis, 2018). For instance, functional improvements in weight support and locomotion following SCI and combined pharmacological and rehabilitative strategies correlated with expansion of the trunk motor cortex and increased sprouting of corticospinal axons rostral to the lesion site (Manohar et al., 2017). Furthermore, functional reorganization of the somatosensory cortex was also observed, suggesting an integrative and synergistic role of these cortical regions in mediating sensorimotor circuit recovery after injury (Farrell et al., 2019). Functional motor plasticity is also attributed to the reorganization of brainstem centers and spinal segment levels following injury-induced disruption of descending supraspinal tracts such as the rubro-, vestibulo-, reticulo-, and tectospinal tracts (Li, 2017).

Interestingly, heightened spinal reorganization temporally correlates with spinal expression of TNFα, IL-6, and NT-3 in a model of stroke injury (Sist et al., 2014). This study further suggested that motor-related plasticity occurs in a finite temporal window and that this window of spontaneous recovery is related to the expression of inflammatory cytokines and neurotrophic factors. Coupled with previously described findings regarding the role of TNFα signaling in CST regeneration and how TNFα and IL-6 contribute to cellular and synaptic plasticity, it is evident that these cytokines contribute to driving reorganization of motor circuits post-injury. In addition to these factors, BDNF/TrkB signaling contributes to motor cortex plasticity following TBI (Ueno et al., 2012), promotes the regeneration of supraspinal motor tracts (Jin et al., 2002), and is implicated as a crucial signal for initiating structural plasticity and anatomical reorganization (Sist et al., 2014). As each of these factors are intimately involved in a feedforward autocrine cycle with the neuroimmune system, developing research into the role of immune cells in anatomical reorganization will provide insight for manipulating this plasticity.

Injury-induced reorganization also affects subcortical and spinal autonomic circuits, eliciting adaptive and/or deleterious outcomes. Rewiring of medullary respiratory networks, sprouting of serotonergic fibers and spinal interneurons, and formation of new neural connections are key forms of anatomical plasticity that positively influence respiratory recovery after CNS injury (Bezdudnaya et al., 2017; Warren et al., 2018; Zholudeva et al., 2018). Additionally, rewiring local intraspinal networks can contribute to the recovery of micturition reflexes in rodent models of SCI (De Groat and Yoshimura, 2012; Hou and Rabchevsky, 2014). However, over time, such intraspinal anatomical plasticity can be detrimental, as seen with the development of neuropathic pain (described above), autonomic dysreflexia, and detrusor-sphincter dyssynergia. For instance, within the intact nervous system, descending modulatory inputs from supraspinal vasomotor neurons within the brainstem synapse onto sympathetic preganglionic neurons (SPNs) throughout the thoracolumbar cord (~T1-L2) and/or parasympathetic preganglionic neurons (PPNs) in the sacral cord (~S2-S4) to ultimately influence functional activity in the periphery. The activity of SPNs and PPNs is therefore primarily mediated by supraspinal control centers and propriospinal interneurons relaying primary afferent activity from the periphery (reviewed in more detail in Fowler et al., 2008; Eldahan and Rabchevsky, 2018). Following SCI, supraspinal projections are often lost, resulting in these autonomic circuits to be solely regulated by spinal interneurons. Thus, in addition to mechanisms of cellular and axonal plasticity contributing to increased activation of spinal neurons, anatomical reorganization and plasticity of propriospinal fibers is observed within the dorsal gray commissure and dorsal horn and is attributed to the expansion of spinal segment innervation post-injury (De Groat et al., 1981; Krassioukov et al., 2002; Hou et al., 2008; Ueno et al., 2016; Michael et al., 2019). The occurrence of this plasticity is at least partially attributed to increased BDNF and NGF in the CNS, as well as upregulated expression of neurotrophic and inflammatory factors by peripheral organs such as the bladder (De Groat and Yoshimura, 2012; Gonzalez et al., 2014). Expression of BDNF and NGF by sympathetic and parasympathetic afferents also contributes to regulating autonomic output to peripheral organs, and may therefore further modulate neuroimmune activity and associated plasticity (Zaidi et al., 2005; Mattson and Wan, 2008).

Large-scale reorganization of anatomical regions and circuits is the combined outcome of plasticity occurring at cellular, synaptic, and axonal levels which cumulatively influence functional outcomes. Current research efforts have sought to therapeutically target cortical, subcortical, and intraspinal plasticity to modulate the development and/or severity of these physiological consequences. This includes rehabilitative training and electrical stimulation to promote strength and motor recovery (Li, 2017); pharmacotherapies for modulating sensitization and pain signaling (Colloca et al., 2017); and primarily palliative measures for the management of respiratory and autonomic conditions following CNS injury (Galeiras Vázquez et al., 2013; Hou and Rabchevsky, 2014). However, as the neuroimmune system has steadily emerged as a crucial mediator involved in driving plasticity at each of these levels, current and future therapeutic strategies have focused on targeting this system.




FUNCTIONAL AND THERAPEUTIC IMPLICATIONS

As discussed throughout this review, neuroimmune-mediated plasticity greatly contributes to alterations in neural circuit activity following neurotrauma. As researchers continue to investigate the functional implications of this plasticity, emerging evidence further supports the crucial role of the neuroimmune system in driving plasticity and physiological outcomes after CNS injury. Specifically, neuroimmune factors mediate cellular, structural, and anatomical plasticity that contribute to functional changes post-injury. Moreover, such studies have highlighted the importance of investigating the anatomical level of the CNS at which plasticity occurs, as this greatly influences the functional outcomes. For example, it is suggested that post-stroke motor recovery and spasticity are associated with different anatomical regions of plasticity, as efforts focus on targeting cortical plasticity to promote motor recovery and modulating reticulospinal tract hyperexcitability to manage spasticity and abnormal motor synergy (Li, 2017; Li et al., 2019). Therefore, although this section will broadly highlight the functional roles and therapeutic implications of key neuroimmune mediators involved in injury-induced plasticity, it is important to explore the injury level, severity, and region of interests in relation to specific functional and therapeutic outcomes.


Functional Implications of Neuroimmune-Mediated Plasticity

Within sensory circuits, the impact of neuroimmune-mediated cellular plasticity is observed as an enhanced transmission of pain and sensory signals. Physiologically, such plasticity is necessary and adaptive for inducing reflexive responses to stimuli independent of cortical control; however, over time, this enhanced sensory transmission can lead to the development of neuropathic pain, a neuroimmune disorder characterized by heightened sensitivity to noxious and innocuous stimuli. As previously outlined by Watkins and colleagues (Grace et al., 2014), central and peripheral immune signaling is integral to normal pain processing and such neuroimmune and inflammatory mediators directly mediate nociceptive pain neuron activity (Sommer and Kress, 2004; Binshtok et al., 2008; Costigan et al., 2009). Following injury, heightened levels of immune and inflammatory mediators persistently activate peripheral terminals and central nociceptive neurons, resulting in increased sensory and pain transmission. Coupled with mechanisms for enhancing excitation and diminishing inhibition, cytokines such as TNFα (Leung and Cahill, 2010; Zhang et al., 2011), IL-1β (Sweitzer et al., 1999; Zelenka et al., 2005), and IL-6 (DeLeo et al., 1996; Arruda et al., 2000) contribute to pain pathogenesis via direct modulation of nociceptor activity (for detailed reviews highlighting the role of cytokines in neuropathic pain development, see Zhang and An, 2007; Leung and Cahill, 2010; Ellis and Bennett, 2013). Specifically, patch-clamp electrophysiology from lamina II neurons of the spinal dorsal horn demonstrate that TNFα enhances cellular activation by increasing the frequency of spontaneous EPSCs and enhancing AMPA- and NMDA-induced currents (Kawasaki et al., 2008; Zhang et al., 2011); IL-1β increases the frequency and amplitude of spontaneous EPSCs and enhances NMDA-induced currents; and both IL-1β and IL-6 suppress GABAergic and glycinergic currents and reduce the frequency of spontaneous IPSCs (Kawasaki et al., 2008). Together, such enhanced excitation is proposed to contribute to driving afferent sprouting and anatomical reorganization (e.g., phenotypic switch of Aβ-fibers; Aδ and CGRP sprouting; reorganization of sensorimotor cortices) which ultimately drives sensory circuits that reinforce neuropathic pain signaling. Furthermore, such cytokine-mediated plasticity is proposed to engage in a feed-forward proinflammatory cycle of plasticity by further activating cortical and spinal microglia/macrophages, which are implicated as key cells involved in afferent sprouting, synaptic plasticity, and reorganization of cortical sensory circuits (Inoue and Tsuda, 2018; Zhou et al., 2019) as well as crucial for regulating higher-order processing of nociceptive signals (Zhao et al., 2007; Beggs and Salter, 2010). As a consequence of persistent microglia/macrophage activation, proinflammatory cytokines and chemokines continue to be produced and thereby establish a chronic, inflammatory loop which ultimately exacerbates and solidifies plasticity in the sensory circuit.

The imbalance in excitatory to inhibitory transmission observed within sensory neural circuits following injury further interweaves motor and autonomic circuits, as sensory afferent neurons projecting from the periphery form monosynaptic and polysynaptic connections with motor (i.e., somatic and autonomic) efferent neurons in the spinal cord and modulate output to skeletal muscles and visceral organs, thereby mediating locomotive and autonomic output. Therefore, enhanced activation of sensory neurons following stimulation, coupled with diminished inhibitory activity by GABAergic interneurons, results in hyperactivation of motoneurons. Indeed, motoneurons within the spinal ventral horn exhibit reduced IPSPs and increased, prolonged EPSPs in response to a brief sensory stimulus following SCI (Baker and Chandler, 1987; D’Amico et al., 2014). Moreover, such motoneurons exhibit intrinsic properties of hyperexcitability, such as plateau potentials caused by persistent Na+ and Ca2+ currents, indicative of enhanced excitatory activity (Hounsgaard and Kiehn, 1985; D’Amico et al., 2014).

Functionally, this enhanced excitability of motoneurons is a powerfully adaptive feat as synaptic plasticity throughout the neuraxis can promote recovery of locomotion independent from supraspinal regulation. Additionally, enhanced cellular excitability following injury contributes to the recovery of spontaneous micturition and autonomic reflexes (De Groat and Yoshimura, 2012). However, such plasticity within these sensorimotor circuits may also result in maladaptive functional outcomes, such as spasticity, hyperreflexia, and autonomic dysreflexia (Baker and Chandler, 1987; Calancie et al., 1996, 2002; Krenz and Weaver, 1998a; Krassioukov et al., 2002; D’Amico et al., 2014; Walters, 2018).

The neuroimmune system has been implicated in driving other examples of cellular plasticity within the motor and autonomic circuits (Llewellyn-Smith et al., 1997; D’Amico et al., 2014; Hou and Rabchevsky, 2014). For instance, following SCI, there is increased recruitment of sympathetically-associated glutamatergic propriospinal interneurons into the spinal sympathetic reflex (SSR) circuit and increased glutamatergic synapses onto sympathetic preganglionic neurons (Llewellyn-Smith et al., 1997; Ueno et al., 2016). These changes are proposed to drive hyperactivation of this system (i.e., sympathetic hyperreflexia) and contribute to the development of autonomic dysreflexia and dysimmunity (Michael et al., 2019; Mironets et al., 2020). Infiltration of monocyte-derived macrophages via MMP-9 within the lumbar spinal cord also increase GABAergic activity within locomotor networks and impairs recovery of motor function after SCI (Hansen et al., 2013, 2016). This is similarly supported by studies by Kaspar and colleaguess (Frakes et al., 2014) demonstrating that microglia can induce motoneuron death via NF-κB signaling, and subsequently alter circuit activation properties within chronic inflammatory environments such as CNS injury. These findings further demonstrate that the neuroimmune system is a crucial factor involved in driving cellular plasticity throughout the neural axis and an important area of research for elucidating plasticity within a variety of circuits.



Therapeutic Targeting of the Neuroimmune System

Advancements in understanding the functional implications of certain neuroimmune factors have greatly contributed to the development of immunomodulatory therapies used to promote beneficial outcomes and suppress maladaptive outcomes. This is exemplified by studies targeting the neuroimmune system to modulate neuropathic pain development. Microglia/macrophages, in particular, are highlighted as “indispensable” neuroimmune cells involved in modulating the developmental onset and severity of neuropathic pain after injury (Detloff et al., 2008; Chhaya et al., 2019). Based on this, numerous studies have explored targeting microglia/macrophages, as ablation or conditional deletion of spinal microglia has been shown to attenuate CGRP+ afferent sprouting and LTP-induced mechanical allodynia (Zhou et al., 2019). Thus, therapeutic targeting of microglia/macrophages and related neuroimmune factors to modulate injury-induced plasticity and mitigate neuropathic pain development is an intriguing area of research currently being explored. Indeed, immunomodulatory-based pharmacotherapies are among the predominant strategies explored for the treatment of injury-induced neuropathic pain (Grace et al., 2014; Cavalli et al., 2019), and many of these therapies are known to target microglia (for a review of these treatments, see Grace et al., 2014).

Among such intriguing therapies is the tetracycline antibiotic minocycline that is already in clinical use. In addition to its antibacterial properties, minocycline has been shown to inhibit microglial activation and suppress the upregulation and release of IL-1β and TNFα, as well as provide anatomical neuroprotection following CNS injury and attenuates neuropathic pain (Garrido-Mesa et al., 2013; Ma et al., 2015; Wang et al., 2017; Afshari et al., 2018). Moreover, results from a phase II clinical trial of minocycline treatment after acute SCI demonstrate significant functional improvements in motor function (Casha et al., 2012). Coupled with recent findings that minocycline treatment preserves sympathoexcitatory axons and attenuates the severity of autonomic dysreflexia following SCI (Squair et al., 2018), the use of this immunomodulatory pharmacotherapy to modulate injury-induced plasticity exemplifies the tremendous potential of therapeutically targeting the neuroimmune system. However, further research is necessary to explore these implications on plasticity throughout the neural axis. Understanding the effects of minocycline on LTP or afferent sprouting, for example, could elucidate the potential therapeutic actions of this drug for multiple systems.

Other immunomodulatory therapies such as IL-10 administration (Knoblach and Faden, 1998; Bethea et al., 1999; Hellenbrand et al., 2019), IL-1 receptor antagonists (Akuzawa et al., 2008; McCann et al., 2016), and IL-6/IL-6R signaling inhibition (Mukaino et al., 2010; Yang et al., 2013) have been shown to improve locomotor function after injury. Numerous studies utilizing antibodies selective against immune cell activation and infiltration have also demonstrated improved anatomical plasticity and functional recovery in multiple systems (reviewed in more detail in Trivedi et al., 2006). Notably, inhibition of neutrophil and macrophage infiltration by blocking the CD11d/CD18 integrin has been shown to not only reduce chronic pain but also improve motor function and reduce the severity of autonomic dysreflexia events (Gris et al., 2004). These functional outcomes were further correlated with improved morphological, cellular, and anatomical outcomes, thereby supporting the influential role of neuroimmune-mediated tissue recovery and functional outcome. However, replication of this study by Dietrich and colleaguess (Hurtado et al., 2012) did not support these findings, as anti-CD11d monoclonal antibody treatment resulted in non-significant improvements in motor activity and tissue sparing, but continued mechanical allodynia. In a follow-up commentary, Weaver et al. (2012) commented that the variability in these outcomes may be attributed to differences in methodologies, control baselines, and subjective behavioral measures. Nevertheless, these studies highlight the importance of assessing such immunomodulatory therapies in different models of CNS injury.

The widespread and interconnected implications of neuroimmune-mediated plasticity become further apparent when assessing injury-induced plasticity within autonomic circuits. As previously described, sprouting of sensory afferents within the spinal cord are thought to increase the activation of intraspinal interneurons and further drive intraspinal and/or cortical circuit reorganization. For instance, within the SSR circuit, intraspinal CGRP+ sprouting is proposed to increase the activation of propriospinal interneurons and drive the development and intensification of sympathetic hyperreflexia over time (Eldahan and Rabchevsky, 2018). TNFα has been implicated as a key factor involved in driving CGRP+ sprouting by mediating NGF/TrkA signaling and influences activity and plasticity throughout the neuraxis, including the autonomic nervous system (Hermann and Rogers, 2008; Kisiswa et al., 2013) and SSR circuit. In a series of studies conducted by Mironets et al. (2018, 2020), pharmacological inhibition of soluble TNFα via central administration of the biologic mimetic XPro1595 attenuated this injury-induced sprouting and reduced the recruitment of interneurons within the SSR circuit. This effect on anatomical plasticity was further correlated with attenuated sympathetic hyperreflexia, as indicated by the mitigation of autonomic dysreflexia and ensuing peripheral immune dysfunction.

Interestingly, central inhibition of soluble-TNFα via XPro1595 also improves motor function and reduces lesion size after SCI (Novrup et al., 2014). This improvement in locomotor function is supported by findings that XPro1595 significantly promotes axonal remyelination and particularly large motor fibers (Brambilla et al., 2011). Similar functional and physiological improvements were observed following XPro1595 treatment in a stroke injury model (Clausen et al., 2014), and was shown to modulate synaptic strength and plasticity in the hippocampus (Sama et al., 2012). Based on this body of literature, it is abundantly clear that injury-induced activation of the neuroimmune system and the resulting increase in cytokines, such as TNFα, contribute to widespread plasticity that influences the functional activity of numerous neural circuits. Furthermore, the use of immunomodulatory therapies to improve functional recovery may have synergistic effects in other circuits throughout the neural axis, resulting in an array of outcomes that may be beneficial and/or deleterious depending on the context. For instance, systemic administration of XPro1595 is suggested to exacerbate depressive phenotypes following SCI (Farrell and Houle, 2019), supporting previous findings that central but not systemic XPro1595 administration is therapeutically beneficial (Novrup et al., 2014). Although intracerebroventricular XPro1595 administration was also ineffective in treating SCI-associated depression, it did increase the behavioral expression of anhedonia (Farrell and Houle, 2019), further demonstrating the complexity of neuroimmune signaling post-injury.

Rehabilitation is an intriguing means to alter neuroimmune activity non-pharmacologically and promote functional recovery. Rehabilitative strategies are among the principal therapies initiated after neurotrauma and focus on influencing plasticity to promote recovery of lost or impaired functions. Commonly used strategies include passive and/or active exercise, electrical stimulation, and retraining of skills such as locomotion, speech, and cognitive function (Lynskey et al., 2008; Turolla et al., 2018). Numerous studies have demonstrated the cellular, molecular, and anatomical plasticity effects of these rehabilitative strategies, but emerging evidence has supported a role for the neuroimmune system in mediating this plasticity. Specifically, initiation of daily aerobic exercise beginning 5 days after SCI in a rodent model reduces nociceptive afferent sprouting in the dorsal horn and attenuates the infiltration and activation of macrophages and microglia in the spinal cord (Detloff et al., 2014; Chhaya et al., 2019). Models of TBI and stroke have also demonstrated that exercise attenuates microglial activation and shifts microglial polarization from proinflammatory M1 toward anti-inflammatory M2 (Piao et al., 2013; Jiang et al., 2017). These findings correlate with increased expression of IL-10 and neurotrophic factors BDNF and IGF-1, as well as improved cognitive function. Importantly, neurotrophic factors, including BDNF, form an autocrine signaling feedback loop with the neuroimmune system by interacting with pro-inflammatory cytokines, such as TNFα and IL-1β, and stimulate microglial activation (Tong et al., 2008; Zhang et al., 2014; Xie et al., 2017). Moreover, increased expression of BDNF following CNS injury is suggested to be primarily derived from glial cells associated with the neuroimmune system—particularly microglia and astrocytes (Pöyhönen et al., 2019). Interestingly, increased BDNF levels are also observed following numerous exercise paradigm interventions for CNS injuries and are directly linked to cellular, synaptic, and anatomical plasticity as well as functional recovery after injury (Vaynman and Gomez-Pinilla, 2005; Houle and Côté, 2013). Upregulated BDNF is also observed in other rehabilitative strategies, including epidural spinal cord stimulation and cortical stimulation, which are used to promote motor recovery and pain control following SCI (Lynskey et al., 2008) or stroke (Bao et al., 2020). These findings, therefore, indicate that such rehabilitative strategies exert an immunomodulatory effect at the neurotrophic-neuroimmune axis and modify plasticity in spinal and cortical circuits.

Although exercise is an appealing, non-invasive rehabilitative strategy, there is a pressing need to delineate the therapeutic window for exercise initiation and how different forms of exercise (e.g., aerobic vs. anaerobic) influence functional recovery and plasticity following CNS injury. Delayed initiation of exercise beginning 4–5 weeks post-injury is associated with reduced microglial activation and IL-1β levels (Piao et al., 2013), as well as increased expression of neurotrophic factors and recovery of motoneuron reflex activity (Houle and Côté, 2013). Conversely, delayed exercise is ineffective for reversing neuropathic pain development and associated nociceptive afferents plasticity (Detloff et al., 2016). Moreover, training initiated at chronic time points post-injury is associated with diminished efficacy and reduced functional recovery (Biernaskie et al., 2004; Norrie et al., 2005). Efforts seeking to expand this interventional window have highlighted the therapeutic potential of stimulating neuroinflammation to enhance plasticity. In a study by Fouad and colleagues (Torres-Espín et al., 2018), inflammation induced via systemic injection of lipopolysaccharide (LPS) improved the efficacy of rehabilitative training when initiated 8-weeks post-SCI. This was further correlated with increased sprouting of corticospinal axons and increased EMG activity following cortical stimulation. Thus, inflammation-induced plasticity may be utilized to enhance rehabilitative strategies in chronically injured individuals.

As emerging rehabilitative strategies continue to be developed for functional recovery of locomotion (e.g., powered exoskeletons), respiration (e.g., intermittent hypoxia), and modulation of spared neural tissue (e.g., nerve/cell grafts), these strategies will hopefully provide a deeper understanding of the mechanisms driving plasticity throughout the neural axis and how this shapes neural circuit activity. Furthermore, current and future research must also assess whether these therapeutic strategies also drive maladaptive plasticity and detrimental outcomes, as many targets for adaptive plasticity can induce unwanted effects (e.g., intraspinal axonal sprouting to promote motor recovery may also exacerbate sympathetic hyperreflexia and episodes of autonomic dysreflexia).




CONCLUSIONS

Activation of the neuroimmune system following an injury to the CNS drives widespread plasticity throughout the neuraxis to ultimately modulate neural circuit activity and functional activity. Through direct and indirect mechanisms, this plasticity results in altered homeostasis of presynaptic and postsynaptic cells which contribute to overall increased excitability and diminished inhibition at a cellular and circuit-wide level. This heightened cell excitability and activation further drive synaptic remodeling and fiber sprouting, which leads to the formation of new synapses, shifts in fiber phenotypes, and reorganization of cortical, subcortical, and intraspinal anatomy. Such cellular, synaptic, structural, and anatomical plasticity feeds into multiple neural circuits to ultimately induce widespread physiological outcomes that can be adaptive and/or detrimental depending on the context. As advancements in the neurotrauma field continue to elucidate the mechanisms driving adaptive and maladaptive plasticity, further research is needed to understand how the neuroimmune system affects specific neuronal subtypes to alter circuit-wide activity, and how the severity, level, and location of different injury types may alter this plasticity. Furthermore, although researchers are often cognizant of the dichotomous implications of injury-induced plasticity, therapeutic strategies for the treatment of maladaptive functional outcomes (e.g., neuropathic pain, spasticity, hyperreflexia, autonomic dysreflexia) or promotion of adaptive functional activity (e.g., recovery of locomotion, micturition, and respiration) must be carefully and thoroughly explored to avoid or minimize potential contraindications. Research that further investigates the mechanistic and therapeutic modalities of the neuroimmune system will provide enormous value and insight into the complex mechanisms attributed to circuit plasticity and spontaneous recovery of function after CNS injury.
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Traumatic spinal cord injury produces long-term neurological damage, and presents a significant public health problem with nearly 18,000 new cases per year in the U.S. The injury results in both acute and chronic changes in the spinal cord, ultimately resulting in the production of a glial scar, consisting of multiple cells including fibroblasts, macrophages, microglia, and reactive astrocytes. Within the scar, there is an accumulation of extracellular matrix (ECM) molecules—primarily tenascins and chondroitin sulfate proteoglycans (CSPGs)—which are considered to be inhibitory to axonal regeneration. In this review article, we discuss the role of CSPGs in the injury response, especially how sulfated glycosaminoglycan (GAG) chains act to inhibit plasticity and regeneration. This includes how sulfation of GAG chains influences their biological activity and interactions with potential receptors. Comprehending the role of CSPGs in the inhibitory properties of the glial scar provides critical knowledge in the much-needed production of new therapies.
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Traumatic injury to the adult spinal cord is a major public health problem, with approximately 18,000 new cases per year in the United States. The most frequent cause (39%) is automobile crashes, while falls account for about 32% of injuries. Virtually all spinal cord injured patients have long-term neurological damage, with less than 1% experiencing neurological recovery upon hospital discharge. This has resulted in nearly 300,000 people with spinal cord injury in the US alone. At present, despite a large amount of research, there are no approved therapies to treat spinal cord injury (SCI), likely because of our incomplete understanding of the pathophysiology of the condition. In this review article, we present the current evidence supporting a role for the sulfated glycosaminoglycan (GAG) chains of chondroitin sulfate proteoglycans (CSPGs) in acute and chronic spinal cord injuries, and how we might harness this knowledge to promote recovery of function.

Traumatic SCI occurs in two phases. The primary injury is a result of a mechanical distortion of the vertebral column which produces damage to axons at the site of injury. This results in severing both ascending and descending fiber tracts at the site of injury. The severing of the corticospinal tract and breakdown of the myelin sheath results in a loss of connectivity with cell bodies in the motor cortex and paralysis of dermatomes distal to the lesion (Wrigley et al., 2009; Freund et al., 2011). The injury also results in deafferentation causing major rearrangement of the sensorimotor cortex (Nardone et al., 2013). Also, the physical disturbance causes a breakdown of the blood-brain barrier, permitting the entry of leukocytes. The secondary phase of neuronal injury includes demyelination, further disruption of synaptic connectivity, and increased oxidative stress, leading to increased cell death, fibroblast invasion, and inflammatory response. Eventually, a glial scar forms around the injury area which serves to wall off the injured area but also forms a barrier to axonal regeneration. There are also changes in the structure and composition of perineuronal nets after SCI, which could affect plasticity (Yi et al., 2012; Orlando and Raineteau, 2015). This failure of long-distance axonal regeneration and local plasticity are key features of the injury response and are major contributors to the lack of recovery of function. The exact cellular and molecular mechanisms that contribute to this failure are still a subject of active investigation but can be broadly classified into two distinct processes. The first is that adult neurons have limited capacity to grow due to changes in gene expression after development. The second is the inhibitory properties of the glial scar. Ultimately, combination therapies that overcome each of these deficits will be necessary.

Glial scar formation is a result of a series of pathological processes following traumatic injury. Injury to the brain typically produces vascular trauma, resulting in the entry of blood-borne cells (leukocytes and macrophages; Trivedi et al., 2006) as well as ischemia. This results in swelling and local edema (Mautes et al., 2000). Cells in the injured region release ATP which activates purinergic receptors on microglia to promote microglial chemotaxis in the lesion area (Davalos et al., 2005; Haynes et al., 2006; Bellver-Landete et al., 2019). Moreover, tissue reperfusion shortly after injury induces glutamate release resulting in excitotoxicity (Park et al., 2004) and oxidative stress and free radical release (Jia et al., 2012) resulting in the death of neurons and glia. Additionally, cellular and extracellular factors release DAMPs (damage-associated molecular patterns), which trigger the inflammatory response of stromal cells, astrocytes, oligodendrocyte progenitor cells (OPCs), and microglia (Pineau and Lacroix, 2007; Chen and Nuñez, 2010; Gaudet and Popovich, 2014; Didangelos et al., 2016). This cascade culminates in the development of the glial scar—a hallmark of the delayed phase of the injury response following spinal cord injury. While scars in other tissue generally resolve, the scars inside the central nervous system (CNS) are long-lasting (Camand et al., 2004). Though coined “glial scar” the lesion contains various cell types in addition to non-neural and extracellular components (Göritz et al., 2011; Silver et al., 2014).

Glial scars are made of two distinct parts—the lesion core and lesion border. Early on, microglia contribute to the formation of the scar through secretion of factors that activate astrocytes (Yang et al., 2020). In the mature glial scar, the lesion core consists of multiple cell types, including fibroblasts, macrophages, as well as NG2+ OPCs whereas the lesion border chiefly contains reactive astrocytes—characterized by changes in morphology and gene expression, high expression of intermediate filament proteins, and hypertrophy—NG2+ oligodendrocyte progenitor cells, and microglia (Ughrin et al., 2003; Busch et al., 2010; Cregg et al., 2014; Figure 1). The glial cells continue to secrete extracellular matrix (ECM) molecules, including tenascins and CSPGs, while fibroblasts secrete both CSPGs and collagens which form a dense matrix around the injury area (Wiese et al., 2012). Though glial scar formation is effective in enclosing the area of injury, reconstructing the damaged blood-brain barrier, and preserving any damaged tissue, it also inhibits axonal regeneration and outgrowth (Faulkner et al., 2004; Silver and Miller, 2004; Rolls et al., 2009). Major issues arise as to which of the properties of the scar are inhibiting plasticity and growth. Recent data support a protective role for astrocytes: if they are selectively ablated, there is significantly more inflammation and tissue damage (Faulkner et al., 2004). In contrast, increased numbers of macrophages populate the injury area and secrete inhibitory matrix molecules and promote axon dieback (Evans et al., 2014). As a result of restrictive ECM molecules, CSPGs, and a network of cells, the glial scar is also stiffer than uninjured tissue, which could provide a mechanical barrier to regenerating axons (Yu and Bellamkonda, 2001; Moeendarbary et al., 2017).
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FIGURE 1. Cellular response to traumatic injury to the central nervous system (CNS). Injury to the CNS results in a series of events that result in the formation of a glial scar around the site of injury. Injury often results in the exposure of nervous system tissue to red blood cells and infiltration from macrophages and fibroblasts. Fibroblasts proliferate at the injury site and eventually form a fibrotic scar. Cellular damage due to injury and exposure to blood initiates an immune response that results in the activation of glial cells such as NG2 cells and astrocytes at the injury site. When activated, these cells produce extracellular matrix (ECM), specifically chondroitin sulfate proteoglycans (CSPGs), at an accelerated rate. The upregulation of CSPGs at the injury site is inhibitory to regenerative axons resulting in a cessation of axonal growth and the formation of retraction bulbs.



While the mixed cell populations of the glial scar contribute to scar formation, the glial scar environment is considered to be exceptionally inhibitory, primarily due to the presence of myelin-derived inhibitors as well as CSPGs. Macrophages, which are recruited to the area of injury, upregulate the levels of CSPGs. Following the initial studies in culture that demonstrated that axons of dorsal root ganglion cells turn at CSPG boundaries (Snow et al., 1990), many other studies have demonstrated that virtually all neuronal types respond to CSPG-rich regions in vitro or in vivo by turning (Höke and Silver, 1996).

CSPGs (Johnson-Green et al., 1991) consist of a core protein decorated by one or more CS GAG chains. Several different core proteins have been found in scar tissue, including aggrecan, neurocan, brevican and phosphacan (Yamada et al., 1997; Snow et al., 2001; Buss et al., 2009; Andrews et al., 2012). Of these, brevican seems to have the closest association with reactive astrocytes in the lesion core (Andrews et al., 2012; Pearson et al., 2020). While there is some evidence that these core proteins may signal to neurons (Iijima et al., 1991; Oohira et al., 1991; Ughrin et al., 2003), there is overwhelming evidence supporting the primary role of the GAG chains in providing inhibitory signals. The first evidence came from studies that demonstrated improved sprouting and recovery of function after the local application of the enzyme chondroitinase ABC, which digests the GAG chains, leaving the protein cores intact (Bradbury et al., 2002). Other studies have shown improved regeneration following the interruption of GAG chain synthesis by knockdown or knockout of the synthetic enzymes (Grimpe and Silver, 2004; Takeuchi et al., 2013).

The GAG chains of CS, dermatan sulfate (DS), and heparan sulfate (HS) are linear polysaccharides covalently attached to Ser residues in the various core proteins through a common GAG-protein linkage region of GlcUAβ1-3Galβ1-3Galβ1-4Xylβ1. The further polymerization of CS GAG chains is coordinated by six enzymes which are members of the chondroitin synthase family, including chondroitin synthases (ChSys; Kitagawa et al., 2001; Yada et al., 2003a,b), chondroitin-polymerizing factor (ChPF; Kitagawa et al., 2003), and CSGalNAcTs (Gotoh et al., 2002; Sato et al., 2003; Figure 2). These enzymes add the repeating disaccharide unit [-4-D-glucuronic acid (GlcA) β1-3 N-acetyl-D-galactosamine (GalNAc) β1-] to the chain. Following the addition of the disaccharide to the CS backbone, it is modified by the sulfation of hydroxyl groups at the C4 and C6 positions of GalNAc and C2 position of the GlcA residues. Each disaccharide may have a different combination of sulfations, and the nomenclature of disaccharide units with various modifications was proposed as shown in Supplementary Table S1 (Sugahara and Mikami, 2007).
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FIGURE 2. CS glycosaminoglycan (GAG) structure and modification by sulfation. (A) Schematic structure of CS GAG chains. CS-GAG chains are attached to the serine residues on the core protein via a tetrasaccharide linkage, followed by the addition of the repetitive disaccharide units modified by different sulfations. (B) Chemical structure of CS disaccharide. CS disaccharides are modified by sulfation at C-4 or C-6 position of GalNAC and/or C-2 position of GlcA.



The transfer of a sulfate group from the sulfate donor, 3′-phosphoadenosine 5′-phosphosulfate (PAPS) to the corresponding positions of GlcA and GalNAc is catalyzed by various sulfotransferases as shown in Figure 3 and Supplementary Table S2: the A unit, consisting of GlcA-GalNAc(4-O-sulfate), is mediated by chondroitin 4-O-sulfotransferases (C4ST-1, -2, -3, alternative names: CHST11, 12, 13; Okuda et al., 2000a,b; Yamauchi et al., 2000; Kang et al., 2001, 2002; Mikami et al., 2003). The C unit, consisting of GlcA-GalNAc(6-O-sulfate), is by chondroitin 6-O-sulfotransferase (C6ST-1, -2, alternative names: CHST3, 7; Fukuta et al., 1995, 1998; Mazany et al., 1998; Kitagawa et al., 2000). The E unit, consisting of GlcA-GalNAc(4,6-O-disulfate) is generated from the A unit by chondroitin 4,6-O-sulfotransferase (GalNAc4S-6ST, alternative name: CHST15; Ohtake et al., 2001, 2003), and the D-unit, consisting of GlcA(2-O-sulfate)-GalNAc(6-O-sulfate), is created by the addition of sulfate to the C unit by uronyl 2-O-sulfotransferase (UST; Kobayashi et al., 1999; Ohtake et al., 2005). Some of the GlcA residues in a chondroitin backbone are enzymatically epimerized at the C-5 position by dermatan sulfate epimerases (DSE, DSEL), resulting in the formation of L-iduronic acid (IdoA; Lindahl et al., 2015). A stereoisomer of the CS polysaccharide containing IdoA instead of GlcA residues is designated as DS (Maccarana et al., 2006; Pacheco et al., 2009). DS is often distributed as CS-DS hybrid GAG chains and sulfation of DS is mediated by dermatan 4-O-sulfotransferase (D4ST-1, alternative name: CHST14; Evers et al., 2001; Tykesson et al., 2018).
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FIGURE 3. Modification pathway of CS/dermatan sulfate (DS) GAG chains. After the formation of CS GAG backbone, sulfotransferases transfer sulfate groups from 3′-phosphoadenosine 5′-phosphosulfate (PAPS) to the corresponding positions of GlcA and GalNAc. DS-epimerases convert GlcA into IdoA by epimerizing the C-5 carboxyl group in the chondroitin precursor, resulting in the formation of the dermatan backbone. D4ST1, distinct from C4ST, transfers a sulfate group from PAPS to the C-4 position of the GalNAc residues in dermatan to form the iA-units.



None of the processes for GAG chain synthesis or sulfation are template-driven, and each GAG chain may be unique in terms of its: (1) length; (2) degree of epimerization; and (3) degree of sulfation, resulting in immense heterogeneity. Because of the limited ability to sequence CS GAG chains, this large degree of variability within chains, coupled with both injured and uninjured situations in the complexity of the nervous system has resulted in confusing and often conflicting experimental results. The role of specific sulfation on GAG chains in the nervous system remains an area of interest in the field. It should be noted that the nomenclature of biologic CS GAG chains including CS-A, CS-C, CS-D, and CS-E is confusing since CS-A, for instance, is rich in A unit, a predominant CS isoform, but CS-A is indeed the mixture of A-, C-, and O-units. CS-C, CS-D, and CS-E are rich in C unit, D unit, and E unit, respectively. Various studies have revealed the structural diversity in vertebrate GAG chains attached to proteoglycans (Yamada et al., 2011) and CS GAG chains isolated from natural sources exist as a mixture of linear polysaccharides with different length and distinct patterns of sulfation.

While GAG chains are normally heterogeneous, the question has been posed as to whether chondroitin sulfate, like HS, may contain a “sulfation code” that harbors biological activity (Gama et al., 2006). In the context of nervous system regeneration, the experimental approach has focused on two aspects: (1) how neurons in culture react to GAG chains with different sulfation patterns; and (2) changes in GAG chain sulfation or amount after injury. In the in vitro experiments, the results are often inconsistent and can paint a confusing picture. As noted above, this may be due to the CSPGs utilized—natural products with heterogeneous composition—and neurons from different brain regions that may express different complements of receptors. For instance, some experiments showed that CS-A is inhibitory to cerebellar granule (Wang et al., 2008) and trigeminal (Schwend et al., 2012) neurites, but others showed that CS-A did not inhibit the cortical (Karumbaiah et al., 2011), dorsal root ganglion (Brown et al., 2012) or retinal (Shimbo et al., 2013) neurite growth. Other studies showed that CS-C inhibited the growth of neurites from cortical (Butterfield et al., 2010), retinal (Shimbo et al., 2013) and trigeminal (Schwend et al., 2012) neurons, while contradictory results were observed for the inhibitory effect on DRG neurons (Verna et al., 1989; Brown et al., 2012). No effect of CS-C on cerebellar neurites (Wang et al., 2008), and others found a similar lack of action on retinal (Shimbo et al., 2013) neurites. The oversulfated CS-D and CS-E have each been identified as having inhibitory or growth promotional actions. Cortical (Karumbaiah et al., 2011), retinal (Shimbo et al., 2013), and dorsal root ganglion (Brown et al., 2012) neurons were inhibited by CS-E. In contrast, hippocampal neurite outgrowth was generally promoted by CS-D and CS-E as well as several different oversulfated DS saccharides (Clement et al., 1998, 1999; Nadanaka et al., 1998; Hikino et al., 2003; Bao et al., 2004). These results appear to be inconsistent. As mentioned above, this could be in part because of the heterogeneity of CS GAG chains used. One approach is to use synthetic mimetics of CS GAG chains. There is a rich history in chemical synthesis of GAG chains (Jacquinet et al., 1998; Tamura and Tokuyoshi, 2004; Cai et al., 2012; Shioiri et al., 2016; Li et al., 2017; Zhang et al., 2020). However, there are significant issues that need to be addressed with their use. The conformation and presentation of GAG chains are important. Thus, a tetrasaccharide of CS-E was found to promote neuronal growth (Tully et al., 2004; Gama et al., 2006), yet a different CS-E polymer inhibited neurite outgrowth in culture (Rawat et al., 2008). It may be that growth promotion is through the interaction of highly sulfated CS GAGs with growth factors (Zou et al., 2003; Gama et al., 2006). Another issue is that large quantities of synthetic sugars are needed for biological experiments. Taken together, there is increasing evidence that the presence of certain sulfation moieties and the location of specific sulfation on a GAG chain may be critical to function in the nervous system, especially after an injury.

The role of 4-sulfation on CS GalNAc appears to be outsized in mediating the inhibitory actions of CS, as the 4-sulfation motif on GalNAc is intrinsic to both A and E units. In mammals, there is an increase in the ratio of 4-sulfation to 6-sulfation with aging, due not only to an increased level of 4-sulfated GAG chains but also a significant decrease in 6-sulfated GAG chains (Foscarin et al., 2017). This correlates with a loss of neural plasticity. In a tau model of neurodegeneration, plasticity was restored with an antibody against 4-sulfated GAG (Yang S. et al., 2017). Our investigation of changes in CS sulfation patterns following both spinal cord injury (Wang et al., 2008) and optic nerve crush (Pearson et al., 2018) have found a large increase in 4-sulfated GAG chains in the injury site, with little or no change in 6-sulfated GAG chains. In culture, the production of 4-sulfated, but not 6-sulfated GAG chains were increased in astrocytes after treatment with TGF-β (Wang et al., 2008). Also, an antibody against 4-sulfated GAG chains improved neurite outgrowth on aggrecan (Yang S. et al., 2017), as did the treatment of 4-sulfated GAG chains with chondro-4-sulfatase (Wang et al., 2008). Thus, it would seem that selectively targeting 4-sulfation on GAG chains might be an alternative strategy to the degradation of CS GAG chains with chondroitinase. The 4-sulfation motif is also prominent in zebrafish, and the reduction of 4-sulfation on CS by CHST11 knockdown improved regeneration in the animal (Sahu et al., 2019). While targeting biosynthesis of CS 4-sulfation should eliminate both CS-A and CS-E units, an alternative strategy is to target 4-sulfation with the use of specific enzymes. This has been accomplished with the enzyme, arylsulfatase B (ARSB). ARSB selectively removes 4-sulfation specifically at the non-reducing end of CS GAG chains (Matalon et al., 1974). In culture, ARSB was able to increase hippocampal neurite outgrowth on astrocytes treated with either TGF-β (Pearson et al., 2018) or ethanol (Zhang et al., 2014). This efficacy of ARSB has been confirmed in vivo, where it was able to improve locomotor function after spinal cord injury (Yoo et al., 2013), as well as optic nerve regeneration after a crush (Pearson et al., 2018). This provides some supporting evidence for a “sulfation code” by indicating that a specific sulfate at a specific location on a GAG chain is important for biological effects. Because ARSB is approved for the treatment of patients with Mucopolysaccharidosis type VI (Harmatz and Shediac, 2017), this selective approach to CS GAG chain modification needs to be tested in higher animals for equivalent actions.

The GAG chains of CS, DS, and HS interact with a variety of proteins to function in many physiological processes (Sarrazin et al., 2011; Mizumoto et al., 2015). The selectivity and specificity are not only dependent upon protein sequences but also the oligosaccharide sequences. Several studies have investigated the interactions of CS GAG chains with other molecules involved in neuronal growth and guidance. Semaphorin-3A (Sema3A), originally identified as collapsin-1 due to its ability to collapse growth cones (Luo et al., 1993), and 4-sulfated CS GAG chains were found to overlap in the striatum (Zimmer et al., 2010). Using an in vitro stripe assay, the combination of Sema3A and CSPGs potentiated the inhibitory actions of either (Zimmer et al., 2010). Sema3A was found to bind to CS-E in perineuronal nets (Dick et al., 2013), but another study from this same group showed that Sema3A binding to perineuronal nets was reduced by antibody Cat-316 (Lander et al., 1997), which binds to CS-A but not CS-E (Yang S. et al., 2017). Thus, whether Sema3A participates to restrict synaptic plasticity by perineuronal nets is still not clear. Sema5A was also reported to bind to both CS and HS GAG chains, leading to opposite actions: HS GAG chains seem to act cell-autonomously to promote axonal growth, while interaction with CS GAG chains in the ECM turns Sema5A into an inhibitory molecule (Kantor et al., 2004). In the cerebellum, D units of CS appear to mediate the binding of pleiotrophin in the control of dendritic growth (Shimazaki et al., 2005).

Accumulating evidence indicates the presence of functional receptors on the cell surface to transmit signals from GAG chains. As noted above, both CS-E and CS-D promote the outgrowth of hippocampal neurons. Contactin-1 was identified as a receptor involved in the promotion of neurite outgrowth by CS-E (Mikami et al., 2009). Surface plasmon resonance (SPR) was used to demonstrate a Kd in the micromolar range between CS-E and contactin-1, while CS-A/CS-C appeared not to interact with the molecule. Since contactin-1 is a GPI-anchored protein and lacks a cytoplasmic domain, it is likely to form a complex with other signaling molecules. The growth promotional actions of CS-D have been attributed to activating integrin αVβ3 signaling with a micromolar Kd (Shida et al., 2019).

Two major classes of receptors have been identified that mediate the inhibitory actions of CS GAG chains on axonal growth. One is a subclass of the Receptor Protein Tyrosine Phosphatase (RPTP) type IIa members, consisting of Leukocyte common antigen-related phosphatase (LAR), RPTPσ and RPTPδ. All of the members contain extracellular immunoglobulin-like (Ig) domains and fibronectin III domains and cytoplasmic phosphatase domains (Stoker, 2001). LAR, which is widely expressed in various types of neurons in CNS, has been identified as a functional receptor for CSPGs (Fisher et al., 2011). A direct interaction was demonstrated by co-immunoprecipitation of LAR with CSPGs. This interaction leads to an inactivation of Akt and activation of Rho, resulting in axonal growth inhibition. LAR knockout mice or mice treated with LAR-targeting peptides showed an improved locomotor function after spinal cord injury (Fisher et al., 2011; Xu et al., 2015). RPTPσ, another member of the RPTP type IIa family, was also classified as a functional receptor (Shen et al., 2009). RPTPσ knockout mice displayed reduced CSPG inhibition after spinal cord injury and an enhanced regeneration after sciatic nerve crush injury, and RPTPσ-targeting peptides reduced the inhibitory action of CSPGs (Lang et al., 2015). The first two Ig domains of RPTPδ are close structural homologs of those of RPTPσ and contain an essentially identical GAG binding site (Coles et al., 2011). While direct evidence of CS GAG binding to RPTPδ is lacking in the literature, we have found this site was responsible for the binding for both heparin and CS-GAG (Katagiri et al., 2018).

Intriguing enough, binding of CSPGs to RPTPσ impedes axonal growth, whereas binding of heparan sulfate proteoglycans (HSPGs) to RPTPσ promotes the growth of axons, indicating RPTPσ as a bifunctional receptor in the regulation of neurite extension (Aricescu et al., 2002; Coles et al., 2011). Structural studies have demonstrated that the GAG-binding site for both CS and HS lies in the first Ig domain of RPTPσ. Biochemical analyses revealed that both CS-E and DS as well as heparin, a mimetic of HS, bound to RPTPσ with Kds in the nanomolar range (Katagiri et al., 2018). Phosphatase activity is essential for the biological effects of GAG binding to RPTPσ and LAR (Fisher et al., 2011; Lee et al., 2016), and several proteins, including cortactin, are substrates of RPTPσ (Sakamoto et al., 2019). A model was proposed where HS binding to the common GAG-binding site on RPTPσ induced clustering of the extracellular region of RPTPσ, whereas CS binding did not, and the opposing effects of HS and CS GAG chains were attributed to the differential oligomeric state of RPTPσ (Coles et al., 2011). More recently, we identified a novel binding site for HS in the juxtamembrane domain on RPTPσ, providing an additional mechanism through which RPTPσ is bifunctional (Katagiri et al., 2018; Figure 4). Further, a synthetic CS oligosaccharide was found to disrupt autophagy in a sulfation-dependent manner, leading to the inhibition of axonal regeneration (Sakamoto et al., 2019). Of particular interest is that presynaptically-expressed LAR and RPTPσ not only bind to GAG chains but also associate with postsynaptic binding partners that are involved in synaptic organization (Takahashi and Craig, 2013; Coles et al., 2014; Bomkamp et al., 2019). Thus, the interaction of RPTPs with GAG chains might regulate synapse development and/or plasticity as well as axonal growth.
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FIGURE 4. A model illustrating CS and heparan sulfate (HS) binding to RPTPσ. When CS/DS GAG chains are presented by different cells in trans, binding occurs through the first Ig domain far from the transmembrane domain and triggers the changes in phosphorylation (after Katagiri et al., 2018).



The other class of receptors are members of the Nogo receptor family, NgR1 (reticulon 4 receptor), and NgR3 (reticulon 4 receptor-like 1; Dickendesher et al., 2012). NgR1 was originally identified as a receptor for myelin-associated inhibitors (MAIs) including Nogo-A, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (Saha et al., 2014), while NgR3 did not interact with MAIs. Doubly sulfated CS-D and CS-E as well as DS were found to bind to NgR1 and NgR3 with nanomolar Kd. Mice lacking both NgR1 and 3 showed increased regeneration after injury (Dickendesher et al., 2012). Similar to contactin-1, NgR1 and NgR3 are GPI-anchored proteins, indicating the importance of signaling complex with these molecules, and engagement of CSPGs and NgR1 induced the activation of RhoA (Saha et al., 2014).

As noted above, 4-sulfated CS is associated with inhibition of axonal outgrowth (Wang et al., 2008; Yoo et al., 2013; Pearson et al., 2018). Both CS-E and DS, which bind to both RPTPσ and NgR1 and 3, contain 4-S GalNAc, but how 4-sulfation affects binding of these sugars to these receptors is yet to be determined. Interestingly, CS-A, which is rich in 4-S GalNAc, does not bind to either receptor (Dickendesher et al., 2012), suggesting that there may be another receptor for 4-S GAG. A series of peptides that bind to 4S-GAG have differential actions on several neuronal properties, including neurite outgrowth, providing further evidence for additional receptors for 4-S GAG (Loers et al., 2019). Also, it would be interesting to know if these peptides disrupt the binding of CS to their known receptors.

The signaling pathways activated by CS GAGs also provide potential therapeutic targets. Neurons growing on CSPG substrates or exposed to CSPGs show an increase of active RhoA (Borisoff et al., 2003; Fisher et al., 2011), and many experiments have demonstrated that inhibition of RhoA or Rho-kinase can increase axonal growth, both in the presence of CS in vitro (Dergham et al., 2002; Borisoff et al., 2003) or in vivo (Sellés-Navarro et al., 2001). This increase in RhoA was not observed in neurons with a deletion of LAR (Fisher et al., 2011). Similarly, the treatment of cerebellar granule neurons with CSPG increased active RhoA, but this was not observed in CGNs with a deletion of RPTPσ (Ohtake et al., 2016). Interestingly, other treatments that increase neurite outgrowth in response to CSPGs, such as non-steroidal anti-inflammatory agents (Fu et al., 2007), reduce RhoA activation. Active RhoA inhibits myosin light chain phosphatase, ultimately altering myosin II activity, and inhibiting myosin II with blebbistatin can overcome CSPG inhibition (Hur et al., 2011; Yu et al., 2012). A reduction in Akt activity is seen in parallel with the increase in RhoA (Fisher et al., 2011). Growth cone contact with CSPGs induces an influx of extracellular Ca2+ (Letourneau et al., 1994), and blocking L-type Ca2+ channels can promote neurite outgrowth on CSPGs (Huebner et al., 2019). CSPG also activates PKC in neurons (Sivasankaran et al., 2004), and downregulation or blockade of PKC can overcome CSPG inhibition (Powell et al., 1997; Sivasankaran et al., 2004). While the exact isoform of PKC responsible for inhibition has not been determined, it is likely a conventional (Ca2+-sensitive) one. Interestingly, inhibition of PKC activity also reduced activation of RhoA in response to CSPGs (Sivasankaran et al., 2004). Several other signaling pathways, including the PI3Kinase/AKT (Fisher et al., 2011), MAP Kinase (Kaneko et al., 2007), EGF receptor (Koprivica et al., 2005), and HDAC6 (Rivieccio et al., 2009) have also been implicated in CSPG signaling, but the exact function of these signaling pathways and how they interact is still an open question.

Our understanding of how GAG chains and other ligands interact with these receptors, as well as their downstream signaling, is still limited, in no small part due to the absence of reagents. Further advances in this field will depend upon improvements in both synthetic and analytical techniques. Thus, much of the current confusion about the role of sulfation is due to the dependence on heterogeneous GAG chains obtained from biological sources; synthesis of homogeneous GAG chains should provide a significant advantage to these studies. One such approach is glycoarray technology. Libraries generated from chemically-synthesized as well as natural glycans are immobilized and permit the analysis of protein-carbohydrate interactions (Puvirajesinghe and Turnbull, 2016; Ricard-Blum and Lisacek, 2017; Yang J. et al., 2017; Pomin and Wang, 2018). Another approach is the creation of stable cell variants with CRISPR-Cas9 technology that produce divergent and novel GAG structures (Chen et al., 2018; Qiu et al., 2018). Binding experiments with these cell libraries showed that structure-activity relationships correlate to GAG fine structure. Also, the ability to sequence GAG chains should provide critical insight into structure-function relationships. Progress in mass spectrometry-based glycomics in the past decades has been exciting with the aid of bioinformatics (Ricard-Blum and Lisacek, 2017; Sethi et al., 2020). Ultimately, glycosamino-glycomics would require the capability of unbiased sequencing of any oligosaccharides derived preferentially from the natural source. Finally, understanding how GAG chain composition and receptor expression are regulated in different populations of neurons during normal development and after an injury is needed.

Traumatic spinal cord injury presents a unique challenge considering the devastating long-term neurological impact it produces. While recent research has advanced our understanding of the inhibitory cues and the role of specifically sulfated CS GAGs in this inhibition, many challenges remain as we seek to move into more translatable therapeutics. Approaches that employ multiple strategies could maximize functional neuronal recovery with axons that can feasibly regenerate and connect to their targets making combinatorial therapies an area of emphasis in future research. Determining which factors are key to optimal levels of regeneration, as well as ways to stimulate a wider population of neurons into a growth state, will be critical steps as we aim to fully repair adult CNS injury.
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Insulin is a hormone typically associated with pancreatic release and blood sugar regulation. The brain was long thought to be “insulin-independent,” but research has shown that insulin receptors (IR) are expressed on neurons, microglia and astrocytes, among other cells. The effects of insulin on cells within the central nervous system are varied, and can include both metabolic and non-metabolic functions. Emerging data suggests that insulin can improve neuronal survival or recovery after trauma or during neurodegenerative diseases. Further, data suggests a strong anti-inflammatory component of insulin, which may also play a role in both neurotrauma and neurodegeneration. As a result, administration of exogenous insulin, either via systemic or intranasal routes, is an increasing area of focus in research in neurotrauma and neurodegenerative disorders. This review will explore the literature to date on the role of insulin in neurotrauma and neurodegeneration, with a focus on traumatic brain injury (TBI), spinal cord injury (SCI), Alzheimer’s disease (AD) and Parkinson’s disease (PD).
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INTRODUCTION

Insulin is a large hormone (5,808 Da) typically produced by the pancreas and its passage into the brain is tightly regulated by saturable insulin transporters on the blood brain barrier (BBB). Insulin receptors (IR) are expressed by neurons and glia and mediate insulin signaling throughout the brain (Wozniak et al., 1993; Uemura and Greenlee, 2006; Chiu et al., 2008; Song et al., 2015). While it has been shown that select neurons can produce insulin de novo (Schechter et al., 1990; Saatman et al., 2008), the majority of insulin in the brain is from the blood. However, the ability of neurons to synthesize insulin suggests a necessary role of insulin in normal function and development.

Insulin signaling plays a role in global brain glucose metabolism (Bingham et al., 2002) and cerebral functions such as memory and cognition (Schulingkamp et al., 2000). The cognitive enhancing effects of insulin in people were first described in studies using systemic infusions of insulin under euglycemic hyperinsulinemic conditions (Kern et al., 2001). Infusions were given for a total of 360 min, during which subjects underwent memory (word recall) and selective attention tasks (Stroop test), with mood and bodily symptoms assessed by self-report. Subjects showed significantly enhanced memory performance, as measured by recalling more words from an orally presented list after a 1-min delay. Insulin improved performance on the Stroop interference task and this coincided with subjective reports of feelings to have less “difficulty in thinking.” The results suggested that insulin improved attention and working memory in healthy humans. This study carefully controlled for the administration effect of IV insulin, which alters blood glucose levels and contributes to negative metabolic states and hypoglycemia in certain patient populations.

In order to achieve the positive cognitive and mood effects of insulin, without altering systemic blood glucose levels, alternative delivery methods have been explored. Evaluation of memory in rodent models demonstrated elevated hippocampal neurogenesis and BDNF production following direct infusion of insulin to the cerebral ventricles (Haas et al., 2016). Intranasally delivered insulin significantly improved word-recall memory scores, mood assessments and self-confidence in healthy human subjects in 2004 study (Benedict et al., 2004). This demonstrated, for the first time, the beneficial properties of intranasal insulin without altering blood-glucose levels and weight. Further research has shown that insulin administration before bed, and presumably during memory consolidation, improved word recall (Ritze et al., 2018).

Intranasal delivery of insulin allows insulin to bypass the saturable BBB insulin delivery system and reach the brain directly via the olfactory and trigeminal nerve pathways and distribution into the cerebrospinal fluid (CSF) (Thorne et al., 1995). Thus, intranasal, and other direct CNS infusion methods, avoid the potential complication of insulin induced hypoglycemia seen with intravenous (IV) infusion. Insulin delivered intranasally comes into direct contact first with the olfactory sensory neurons dendritic processes, which are present in the upper nasal passage, and their axons, which are present in the spaces of the cribriform plate (Thorne et al., 1995; Thorne and Frey, 2001). Free nerve endings of branches from the trigeminal nerve are also present in the nasal epithelium (Finger et al., 1990). Insulin is transported along the olfactory and trigeminal nerves by intracellular pathways, via endocytosis by the nerve then anterograde transport, or extracellular pathways, via paracellular diffusion (Thorne et al., 1995; Baker and Spencer, 1986; Born et al., 2002; Renner et al., 2012; Lochhead et al., 2015; Lochhead et al., 2019).

Reduced sensitivity or resistance to insulin actions, via downregulation or loss of IR or reduced activity of insulin signaling pathway, contributes to worsened outcome in several neurological conditions, further highlighting the importance of insulin in the CNS. Insulin resistance is observed in various instances of neurotrauma (Karelina and Weil, 2016; Franklin et al., 2019; Kim et al., 2019) and neurodegenerative diseases (Diehl et al., 2017; de la Monte, 2012).

The focus of this review is therefore to characterize the current literature on the role of insulin in CNS disorders, with a focus on traumatic brain injury (TBI), spinal cord injury (SCI), and neurodegenerative diseases, specifically Alzheimer’s disease (AD) and Parkinson’s disease (PD).



INSULIN AT THE CELLULAR LEVEL


Neurons

Neurons interact with insulin through insulin, insulin-like growth factor 1 (IGF-1), and insulin/IGF-1 hybrid receptors. Insulin signaling is modulated through the tyrosine phosphorylation of cellular substrates, including several IR substrates (IRS) (Brummer et al., 2010), as well as other scaffold proteins (Taguchi and White, 2008), which initiate divergent signal transduction pathways (Saltiel and Pessin, 2002) (Figure 1). Insulin increases neuronal glucose uptake by increasing the translocation of GLUT 3 and 4 from the cytosol to the membrane (Grillo et al., 2009). Recently, studies have highlighted the interaction of insulin and neuronal GLUT4. GLUT4 is primarily expressed on neurons, particularly on those that are involved during periods of high energy demand, such as those found in the hippocampus (El Messari et al., 2002; McEwen and Reagan, 2004). Primary hippocampal neurons treated with 100 nM of insulin showed a significant increase in glucose utilization and this effect was blocked with a 100 μM dose of indinivar, a GLUT4 inhibitor, and indinivar alone had no effect on glucose utilization (Pearson-Leary et al., 2018). In vivo studies demonstrated insulin’s cognitive effects by showing that inhibition of endogenous intrahippocampal insulin impaired spatial working memory in the spontaneous alternation behavior in a 4-arm plus-maze (SA) and acute administration of intrahippocampal insulin enhances SA performance (McNay et al., 2010). To elucidate the involvement of hippocampal GLUT4 in insulin’s cognitive enhancing effects in vivo intrahippocampal administration of a selective inhibitor of GLUT4, indinavir sulfate, was co-administered with insulin 10 min prior to the SA task. The selective blocking of GLUT4 prevented insulin’s cognitive enhancing effects by returning performance on SA to that of controls, demonstrating the relationship between insulin and GLUT4 in improving cognition (Pearson-Leary et al., 2018). Additionally, insulin essentially acts as a neurotrophic factor as it has been repeatedly shown to support neuronal survival in a manner separate from its metabolic influence (Schechter et al., 1990; Tanaka et al., 1995; van der Heide et al., 2006). Insulin promotes neurite growth and formation by promoting α and β tubulin production, suggesting a crucial role in neurodevelopment and maintenance (van der Heide et al., 2006; Mergenthaler et al., 2013).
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FIGURE 1. Diagram of insulin signaling pathways. Potential insulin signaling pathways, such as IGF-1 receptor, IR, IRS1, RAS, PI3K/AKT pathways, are presented, including relevant downstream consequences and inflammatory inhibitors.


Insulin signaling is fundamental for proper functioning of neurons and memory formation and storage. There is an increase in IRs in synapses of the hippocampus following a short-term memory task (Zhao et al., 1999). Insulin also can regulate the endocytosis of AMPA receptors, thus playing a role in synaptic function and long-term depression (Man et al., 2000; Huang et al., 2004).

Primary rat cortical neurons have been used to mimic insulin resistance (Kim et al., 2011). Cortical neurons chronically treated with 20 nM showed a reduction in phosphorylation of AKT, p70S6K, and glycogen synthase kinase 3 beta (GSK-3β), but no significant change in ERK. Furthermore, when an upstream regulator of AKT, phosphatidylinositol 3-kinase (PI3K), was blocked during insulin pre-treatment, phosphorylation of AKT, p70S6K, and GSK-3β was restored, suggesting that resistance is mediated by alteration of PI3K signaling. These observations were confirmed in an ex vivo mouse model of diabetes, where cortical slices from diabetic BKS-db/db mice demonstrated no change in phosphorylation of AKT when treated with insulin. In contrast, cortical slices from controls did show a dose-dependent increase in AKT phosphorylation. These results indicate that chronic insulin stimulation results in decreased acute insulin-stimulated AKT activation; this is a situation that should be kept in mind when designing long-term therapeutic strategies utilizing insulin.

Recently, a novel non-insulin mediated driver of insulin resistance was proposed using an in vitro model of excitotoxicity (Pomytkin et al., 2019). Primary rat cortical neurons exposed to 100 μM of glutamate for 30 min demonstrated a rapid increase in calcium, nearly 2.5 fold increase above baseline, coinciding with a significant mitochondrial depolarization that reached a 1.6 fold decrease below baseline. These changes led to significantly decreased activation of the insulin signaling pathway, as measured by a significantly lower ratio of phosphorylated AKT to total AKT when compared to control cells, similar to that observed in insulin resistance. To investigate the effect glutamate excitotoxicity has on insulin signaling, cells were treated with 100 μM of insulin for 15 min after being stimulated with glutamate for 30 min. Pre-treatment with glutamate led to a significant reduction in the ratio of phosphorylated to total protein in IR β-subunit, AKT, mTOR, and GSK-3β compared to insulin treated only cells. These results suggest glutamate induced excitotoxicity acutely inhibits insulin mediated activation of the IR/AKT/mTOR pathway, leading to insulin resistance during periods of mitochondrial depolarization caused by glutamate-evoked massive influxes of calcium. These findings suggest that trauma and other situations in which cells experience excitotoxicity may also be periods of induced insulin resistance.

However, insulin may also be able to prevent injury and damage. Exposure of neuronal precursors to hypoxia induces cell death. This effect was blocked by the administration of insulin, in a PI3K/AKT pathway dependent manner (Zhao et al., 2007). Also, oxidative stress is a shared pathophysiological process implicated in TBI, SCI, and neurodegenerative disease, with lipid and protein oxidation altering the conformation and structure of membrane proteins, including GLUT3, thus decreasing neuronal glucose uptake and intracellular ATP (Butterfield et al., 2002). Using primary rat cortical neurons, researchers demonstrated that pretreatment with insulin was able to prevent oxidative stress-induced impairment of glucose accumulation and metabolism, which was inflicted by the addition of ascorbic acid and FeSO4 (Duarte et al., 2006). Further, using the glutamate excitotoxicity model described above, cortical neurons pretreated with 100 nM of insulin for 5 min before glutamate stimulation showed a reversal of glutamate induced increases in mitochondrial membrane depolarization, increased intracellular calcium and decreased the number of cells displaying damage (Krasil’nikova et al., 2019).

Neuronal injury and the ensuing adverse consequences on neurocognitive performance are important aspects of HIV/AIDS neuropathogenesis. The pathological protein implicated in HIV/AIDs is HIV-1 Vpr, and leads to neuronal death, as measured by loss of MAP-2-immunolabeled cell processes. Insulin was shown to have protective effects against HIV-Vpr-induced neurotoxicity in primary human neurons (Mamik et al., 2016). This was demonstrated by pre-treating human fetal neurons with varying concentrations of insulin for one hour before challenging with the neurotoxic protein HIV-1 Vpr. Forty-eight hours later, neurons treated with insulin displayed significantly more β-III tubulin, MAP2, and DAPI staining compared to HIV-Vpr treated only cells. These results suggest that, in the context of viral-mediated neurodegeneration, insulin acts as neurotrophic factor improving survival.

These studies demonstrate that the effects of insulin fall along a spectrum. On one end, chronic exposure to insulin can lead to insulin resistance and dysfunctional insulin signaling which are associated with the suboptimal post-insult recovery and the development of certain proteinopathies. On the other end, insulin shows promise as a preventative molecular therapeutic to ameliorate adverse outcomes associated with oxidative stress and viral-mediated neuronal pathophysiology. Additionally, studies have shown insulin to be neuroprotective. While these studies provide important insight into the potential therapeutic value of targeting the insulin pathway, the limitations of in vitro models need to be highlighted. Specifically, the in vitro cellular environment is much different than complex and heterogeneous in vivo settings. The doses administered in vitro may not be physiologically relevant in an animal model or human. Future work is needed to better explore the balance between therapeutic doses and those causing insulin resistance and to better investigate the mechanisms behind resistance, to better design treatment strategies.



Astrocytes

The role of insulin in glial populations is significantly less studied than the neuron-insulin relationship. This may be attributed to the significantly higher expression of IR on neurons than on glia (Frolich et al., 1998). Nevertheless, an understanding of glial activity in response to insulin is crucial. Astrocytes are glial cells that outnumber neurons in the brain and play a crucial role in neural transmission by clearing glutamate from the synaptic cleft. After an injury, they adopt an activated phenotype that produces reactive oxygen species (ROS), excess cytokines, and forms the glial scar in more severe injuries (Myer et al., 2006).

The relationship between insulin and astrocytes has predominantly been studied in the context of metabolism and appetitive behavior (Brown and Ransom, 2007). Insulin promotes glycogen storage in astrocytes (Heni et al., 2011). Neurons lack glycogen stores, so this characteristic of astrocytes lends itself to a cooperative metabolic relationship between astrocytes and neurons (for review: Falkowska et al., 2015).

Cultured human astrocytes express functional insulin/IGF1 signaling (IIS) pathways. Full activation of the IIS pathway in human cultured astrocytes was identified using western blot analysis for expression of IRβ, IGF1Rβ, IRS1, IRS2, pAKT, Total AKT, p44/42, and MAPK following insulin treatment (1 μM recombinant human insulin) (Garwood et al., 2015).

Astrocytes have been shown in vitro to respond to insulin at low doses (1 nM) with increased production of IL-6 and IL-8, pro-inflammatory cytokines. However, this effect dissipates at higher doses (100 nM), suggesting that insulin plays a role in astrocyte inflammatory response as well as glycogen storage (Spielman et al., 2015). Low doses of insulin significantly reduced lipopolysaccharide (LPS)-induced inducible nitric oxide synthase (iNOS) expression and activation of NFκB in astrocytes (Li et al., 2013). An in vitro model of PD, using rat glioblastoma cell line C6, showed that one hour pre-treatment with insulin (100 nM) protects against 24 h MPP + (500 μM) stimulation-induced toxicity, as demonstrated by significantly decreased LDH and nitric oxide (NO) media release and iNOS and COX2 expression when compared to MPP + stimulated only cells (Ramalingam et al., 2017). Insulin also increased viabilty, measured by MTT assay, in primary human derived astrocytes exposed to a 24 serum starvation (1% fetal bovine serum in media) at 48 and 72 h (Shahriyary et al., 2018).

While currently understudied, insulin activity within astrocytes is clearly a potential mechanism of beneficial therapeutic effects. Astrocytes are the most abundant cells in the brain and provide a myriad of functions including maintenance of BBB integrity and the provision of metabolic support to neurons. Insulin’s therapeutic effect on astrocyte viability, physiology, and function in the context of neurological disorder and neurodegeneration is starting to garner interest and represents a novel avenue for theraputic intervention.



Microglia

Microglia are the resident macrophage of the CNS and make up about 10–15% of the cells of the CNS. While similar in several aspects, microglia have different developmental origins from macrophages. Microglia are responsible for sensing and maintaining homeostasis in the CNS. Following an environmental stimulus, microglia adopt a series of different physical phenotypes ranging from pro-inflammatory activation to anti-inflammatory activation (Orihuela et al., 2016; Loane and Byrnes, 2010). Pro-inflammatory microglia produce NO, ROS, and a number of pro-inflammatory cytokines (Nakamura et al., 1999). Additionally, they release chemoattractants, such as monocyte chemoattractant protein (MCP-1), that draw more microglia to the site, increasing the inflammatory response. The anti-inflammatory phenotype produces anti-inflammatory cytokines and can be neuroprotective (Stein et al., 1992).

Microglia express IR as well as the IGF-1 receptor. They also express IRS-1 and IRS-2, which are required for propagation of insulin/IGF-1 signaling. To evaluate the anti-inflammatory effects of insulin, cultured human-glia derived human microglia were treated with varying doses of insulin, in the presence of a cocktail of known reactive factors, IL-6, TNFα, and IL-1β, for 48 h (Spielman et al., 2015). Low concentrations of insulin (10 pM and 1 nM), resulted in a pro-inflammatory phenotype, similar to astrocytes as discussed above, characterized by an upregulated media levels of IL-8 and MCP-1 from stimulated human microglia. At higher concentrations (100 nM), insulin reduced the media levels of both IL-8 and MCP-1. In our laboratory, a higher dose of insulin, 0.36 μM, was shown to have anti-inflammatory effects in the immortalized microglia cell line, BV2 (Brabazon et al., 2018). We found that after treatment with insulin for 24 h, LPS stimulated microglia showed significant reductions in NO, ROS, and TNF-α production, while simultaneously increasing phagocytosis. Additionally, BV2 cells treated with a known inducer of phagocytosis, TNF-α, showed a significant decrease in phagocytic activity when incubated with insulin for 1 h (Brabazon et al., 2018).

In an HIV/AIDS model of neurodegeneration, insulin reduced HIV replication in a dose dependent fashion in primary human microglia, with 3.0 IU/mL providing the greatest therapeutic efficacy (Mamik et al., 2016). In the same study, insulin significantly decreased the HIV-induced increase in pro-inflammatory genes IL-6, CXCL10, and IL-1β.

These studies establish the efficacy of insulin to ameliorate pro and promote anti-inflammatory cytokine release, improve phagocytosis, and halt deleterious viral replication, thus demonstrating insulin’s potential therapeutic value. However, additional research is needed to fully characterize microglial response to insulin.



Macrophages

While not normally present within the CNS, macrophages are central mediators of neuroinflammation and contribute to inflammatory associated conditions, such as (Ieronymaki et al., 2019) neurotrauma and neurodegeneration (Hawkes and McLaurin, 2009). The effect of insulin on peripheral macrophages has been studied extensively, particularly in the context of obesity and diabetes (Olefsky and Glass, 2010). Individuals with insulin resistance and diabetes have high levels of the pro-inflammatory cytokines produced by macrophages, TNFα and IL-6 (Tajiri et al., 2005; Olefsky and Glass, 2010). Insulin treatment can significantly reduce iNOS expression and NO production in peripheral macrophages (Stevens et al., 1997).

Similar to neurons, chronic insulin exposure to macrophages can induce insulin resistance. Isolated primary thioglycolate-elicited peritoneal macrophages (TEPMs) from mice fed a high fat diet (HFD), consisting of 60% energy from fats for 7 days, have been used as a model of insulin resistance to study effects on inflammation. Isolated TEPMs, from mice on HFD, exposed to a 30 min insulin treatment (100 nM) displayed a decrease in AKT phosphorylation and significantly lower expression of IR compared to TEPMs isolated from mice fed normal diets. TEPMs exposed to high-dose (100 nM) insulin for 48 h showed reduced AKT phosphorylation and decreased IR expression following a 30 min re-stimulation of insulin (Ieronymaki et al., 2019). Furthermore, a downstream mediator of AKT, mTOR, is more active in insulin resistance macrophages, as demonstrated by significantly greater phosphorylation of mTOR in HFD TEPMs compared to isolated TEPMs from mice fed a normal chow diet for 7 days.

Treatment with insulin also prevented LPS induced pro-inflammatory responses in primary mouse peritoneal macrophage (Zhu et al., 2019). Cells stimulated with insulin (100 nM) and LPS (100 ng/mL) for 16 h, displayed significantly decreased mRNA expression of IL-6, IL-1β, NOS2, and COX2 and supernatant derived IL-6, IL-1 β, and TNF-α when compared to LPS treated cells. These results suggest an anti-inflammatory effect of insulin on pro-inflammatory activated macrophages.

With these cellular effects of insulin mind, we now move to consideration of insulin within different trauma and neurodegenerative conditions, to further explore the role of insulin in the CNS.



INSULIN IN TBI

Traumatic brain injury is a major cause of death and disability in the United States. There are two primary injury types of TBI, focal and diffuse, although many injuries can present with both components. Focal injuries are direct area injuries resulting from collision or penetrative forces acting upon the skull and commonly present with contusions and subdural hematomas (Lifshitz, 2015). Diffuse injuries are most often caused by rapid acceleration then deceleration of the head (Mergenthaler et al., 2013) and can present with widespread tearing of axons and small vessels by shearing forces (Park et al., 2009; Andriessen et al., 2010). Concussions, often referred to as mild TBI, are considered a type of diffuse injury that commonly occur during sport activities and present with mild axonal damage (Signoretti et al., 2011).

Co-morbidities are not uncommon in TBI; head injuries greatly increase the risk of neurodegenerative diseases such as AD and chronic traumatic encephalopathy (Plassman et al., 2000). Additionally, patients with diabetes often experience exacerbated symptoms and are at higher risk of developing neurodegenerative diseases after TBI (Zimering et al., 2019).

Traumatic brain injury is a pathologically heterogenous disease, which can result in a variety of cognitive deficits depending on the location, type, and severity of damage (Andriessen et al., 2010). Up to 15% of individuals with a mild TBI report deficits with cognitive function a year after injury (Roe et al., 2009). These cognitive impairments can manifest as deficits in memory retrieval or deficits in task acquisition (Whiting and Hamm, 2008). Since learning and memory function are hippocampal dependent functions (Scoville and Milner, 1957; Lazarov and Hollands, 2016) these deficits can be attributed to the significant hippocampal atrophy often observed following TBI (Kotapka et al., 1992; Bigler et al., 1996; Vakil, 2005; McKee and Daneshvar, 2015).

Post TBI cognitive deficits can also result from cellular and metabolic dysfunction after injury, including inflammation, insulin resistance, and decreased cerebral glucose uptake. As a direct result of the injury, necrotic neuronal cell death can occur (Goodman et al., 1994; Colicos et al., 1996) and an increased number of microglia and astrocytes congregate in the area. Both activated microglia and reactive astrocytes produce excess cytokines which promote inflammation and can form scars that prevent axonal regeneration (Myer et al., 2006; Wang et al., 2018). Prolonged microglia activation after TBI correlates with neuronal cell death observed after injury (Chen et al., 2003).

These cellular alterations result in a fluctuation of glucose uptake and metabolism that have often been referred to as the neurometabolic cascade of concussion (Giza and Hovda, 2001), though this change is observed in all types of TBI. Acutely after injury, hyperglycemia accompanied by hyperglycolysis is observed as cells utilize ATP-requiring membrane ionic pumps in an effort to restore ionic and cellular homeostasis (Yoshino et al., 1991; Giza and Hovda, 2014). Following this initial burst of energy, the brain enters a hypometabolic state that can last for days to weeks after injury in pre-clinical models (Yoshino et al., 1991).

These alterations are observed in clinical work as well. Many patients demonstrate hyperglycemia, which has been found to be a predictor of poor neurological outcome (Young et al., 1989; Terzioglu et al., 2015). Additionally, diabetic patients, who can have both hyperglycemia and insulin resistance have a significantly higher risk of mortality after TBI (Ley et al., 2011). Regional cerebral hypometabolism has been observed in patients years after injury and is associated with cognitive and behavioral deficits (Gross et al., 1996; Byrnes et al., 2014). This period of cerebral hypometabolism is also a period of increased vulnerability to injury (Prins et al., 2013; Selwyn et al., 2016).

Hyperglycemia may be stress-induced, which is caused by activation of both the hypothalamic-pituitary-adrenal axis and sympathetic autonomic nervous system after TBI (Llompart-Pou et al., 2008). Both systems increase levels of glucagon, catecholamines, and cortisol, which drastically increase blood glucose levels (Peters et al., 2002). In addition, catecholamines stimulate islet beta cells to increase glucagon production, resulting in decreased insulin secretion (Halter et al., 1984). Reduced insulin sensitivity and signaling at synapses has been observed after TBI in animal studies, indicating that insulin resistance may occur and impair the body’s ability to maintain glucose homeostasis (Karelina et al., 2016; Franklin et al., 2019). The mechanism behind insulin resistance is not currently known, but may be related to post-injury excitotoxicity described in the previous section.

Our lab has shown that a “milder,” diffuse lateral fluid percussion injury in rats resulted in global cerebral hypometabolism that persisted from 3 h to 9 days post injury (Selwyn et al., 2013). We have also found that the [18F]-FDG uptake profile after moderate controlled cortical impact injury (CCI) is altered by injury and dependent on the cellular composition of the region of interest (Brabazon et al., 2016). These data show that CCI results in a significant hypermetabolic response in the hippocampus, which demonstrates both glial and neuronal effects of injury at 3 h post injury and returns to baseline by 1 to 10 days post injury. However, in the neuron-free region of the corpus callosum, CCI results in significant increases in glucose uptake at all time points examined, while the amygdala, which showed no glial change but marked loss of NeuN stain, demonstrated a significant decrease in glucose uptake from days 3 to 7 post injury. One can conclude from this that glial and neuronal glucose uptake is altered differently by injury, and this can change the observations made by 18fluorodeoxyglucose (FDG) positron emission tomography (PET).


Insulin Therapy

Several clinical trials have aimed to treat hyperglycemia after TBI by glucose control via IV administration of insulin (Table 1), but results have been mixed, and insulin’s ability to penetrate into the CNS during these studies is rarely considered. One study found that maintaining low glucose levels through tight glycemic control had favorable outcomes, which led to intensive insulin therapy (IIT) being implemented in many intensive care units (van den Berghe et al., 2001). One study found that IIT improved neurological outcomes after 6 months and did not increase mortality rates in patients with severe TBI (Yang M. et al., 2009). However, multiple studies could not confirm these findings in TBI patients, and even found that IIT increased risk of mortality, cerebral metabolic crisis, and hypoglycemia (Bilotta et al., 2008; Oddo et al., 2008; Investigators et al., 2009; Vespa et al., 2012). A 2018 meta-analysis of tight insulin control found that maintenance of systemic glucose between 4.4 and 6.7 mmol/L using insulin led to a trend toward improved neurological improvement but increased the risk of developing hypoglycemia (Hermanides et al., 2018).


TABLE 1. Comparison of systemic versus intranasal delivery of insulin in treatment of TBI, SCI, AD and PD.
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Our previous work demonstrated that after a moderate TBI in rats, intranasal insulin administered within 4 h after injury significantly increased glucose uptake in the hippocampus, improved cognitive function, and reduced inflammation (Brabazon et al., 2017). In this study, insulin administered daily for 14 days significantly improved performance in a Morris water maze task as well as improved time to cross a beam during a beam walk task. This was accompanied by significant reductions in microglial number in the hippocampus, although significant changes in neuronal viability or lesion volume were not observed.

Intranasal insulin has been shown to be a promising method for decreasing microglial-induced inflammation in the CNS (Beirami et al., 2017; Brabazon et al., 2017). In addition to our work and other work in vitro, mice fed HFDs for 12 weeks demonstrated elevated levels of pro-inflammatory cytokine gene expression the hippocampus that were reduced by hippocampal infusion of insulin (2.64 μL of Humulin insulin per day at 4 mU/μL) (Gladding et al., 2018). With the decrease in inflammation, this therapy has also shown potential to decrease anxiety (Beirami et al., 2017), although research into TBI-induced psychiatric disorders is currently under-evaluated (Chapman et al., 2013; Brabazon et al., 2017). The literature on intranasal insulin is still limited, but additional research into the effects of insulin as a therapeutic approach after TBI are warranted.



INSULIN IN SCI

Within the United States alone, there are approximately 12,000 new cases of SCI each year (NSCISC, 2016). This type of neurotrauma results in permanent motor, autonomic, and sensory function loss, related to the axon tracts injured. In addition to damage to white matter tracks, there is a loss of neurons in the gray matter, significant gliosis, including astrogliosis and formation of a gliotic scar, microgliosis, and infiltration of peripheral immune cells. All of these pathological events can have significant impact on glucose metabolic needs within the spinal cord.

After SCI, peripheral blood glucose is significantly altered. Female mice exposed to a thoracic contusion injury demonstrated elevations in blood glucose levels from 4 h through at least 2 weeks post-injury, accompanied by significant reductions in peripheral insulin levels (Jing et al., 2018). These changes in peripheral blood glucose may be related to alterations in perfusion and activity of pancreatic islet cells following SCI.

In mice exposed to SCI, insulin levels are reduced from 7 to 28 days post-injury (the longest time point studied) (Rouleau et al., 2007). Impairment of insulin signaling, such as by induction of a diabetes model via streptozotocin in rats, can significantly worsen the outcome of a SCI (Tariq et al., 1998). Motor function after a moderate compression thoracic injury was markedly worsened from 1 to 10 days after injury in streptozotocin treated rats. This impairment was accompanied by a reduction in glutathione levels in the diabetic animals, suggesting an impaired ability to respond to oxidative challenge.

Perhaps unsurprisingly, SCI is associated with an increase in occurrence of Type II diabetes and peripheral insulin resistance (Jeon et al., 2002). In a study of 45 SCI patients, 27% were found to have developed insulin resistance (Duckworth et al., 1980). A 2008 study in 42 SCI patients found that incidence of insulin resistance did not depend on injury severity or location, with equal levels amongst para- and tetraplegics and those with complete and incomplete injuries (Huang et al., 2008). Changes in muscle use and innervation have been suggested to be a primary influence on the development of insulin resistance (Graham et al., 2019), although aberrant activation of the sympathetic nervous system may also play a role (Karlsson, 1999). Increasing exercise can alleviate this condition, reducing blood glucose and increasing insulin sensitivity (Jeon et al., 2002; Koury et al., 2013). However, it is currently unclear if the central nervous system is also demonstrating insulin resistance after SCI, and this topic needs additional research.

Although CNS insulin resistance has not yet been evaluated after SCI, this type of injury has been found to significantly alter glucose uptake in injured spinal cord tissue; this may be due to changes in availability of peripheral glucose or alterations in ability of damaged tissue to take up glucose. Autoradiography examination of monkey spinal cord demonstrated that glucose metabolism was acutely increased for 1 h after injury (Anderson et al., 1980), followed by a depression that lasted at least eight additional hours (Rawe et al., 1981). These changes were observed in both white and gray matter at the lesion site (Schechter et al., 1990). In a rat model of moderate contusion SCI, we have found that injury resulted in a marked reduction in glucose uptake at 6 h post-injury, as measured by FDG-PET imaging (von Leden et al., 2016). This glucose uptake depression then returned to baseline levels and remained there throughout the following 2 weeks of the study, although other studies have suggested that the uptake of FDG increases after the first 24 h, to peak at 7 days post-injury (Nandoe Tewarie et al., 2010). Correlation with histological analysis showed a link between the depression and neuronal loss and inflammation.

In addition, we demonstrated that these changes in glucose uptake were dependent on subject age. Increasing the age of rats from 3 months (von Leden et al., 2016) to 12 months (von Leden et al., 2019) resulted in a significant alteration in the glucose uptake profile. Aged rats showed no significant change in glucose uptake acutely after injury, but did show a marked increase in glucose uptake by 14 days post-injury (von Leden et al., 2019). This increase was correlated with elevated inflammation in the lesion epicenter in the aged spinal cord.

Chronically, autoradiography studies have shown that glucose uptake and metabolism is depressed in the moderately injured rodent spinal cord (Horner and Stokes, 1995). Glucose utilization was found to be significantly depressed both above and below the level of the lesion through 3 months post-injury. Imaging of glucose uptake and metabolism with PET demonstrated a chronic decrease in FDG uptake in human chronic cervical myelopathy patients at 6 to 24 months after symptom onset (Floeth et al., 2010).

The effect of SCI on IR expression in the brain or spinal cord has not yet been evaluated. However, GLUT3 and 4, both of which show insulin dependence, have been shown to be elevated at both the protein and gene level 2 weeks after injury in both young and aged populations (von Leden et al., 2019). Previous work has shown that insulin can directly increase GLUT4 gene and protein expression (Valverde et al., 1999). Further, GLUT4 overexpression has been found to increase insulin sensitivity (Atkinson et al., 2013). While not studied directly, it is possible that elevated GLUT4 in the injured spinal cord may be either a response to increased insulin signaling, or a response intended to increase insulin signaling.


Insulin Therapy

Studies have shown that increasing glucose uptake after SCI can have beneficial effects on recovery. Increasing GLUT4 expression by the small molecule FM19G11 led to accelerations in locomotor recovery after SCI in rats, accompanied by an increase in local neural progenitor cells (Rodriguez-Jimnez et al., 2012). However, caution is required, as hyperglycemia has also been associated with worsened outcome after SCI. Elevated blood glucose levels, produced by exogenous administration of glucose to microglia cells in vitro or injections of streptozotocin in vivo have been shown to increase pro-inflammatory markers and neuronal damage (Kobayakawa et al., 2014).

The use of insulin as a therapeutic is controversial (Table 1). Considering the peripheral insulin resistance after SCI discussed above, it is unclear if insulin would have sufficient receptor activation to produce a response. However, an early study showed that monocyte binding to insulin in SCI patients was normal, and not impaired by peripheral insulin resistance (Duckworth et al., 1980). This suggests that anti-inflammatory aspects of insulin activity may be unchanged by injury-induced insulin resistance. In addition, it is currently unclear if peripheral insulin resistance is replicated within the CNS, as it is in brain injury (Karelina et al., 2016). Future work is needed to determine if central insulin administration may be effective in ameliorating effects of SCI.

Intraperitoneal injection of insulin after a moderate-severe weight drop injury of the rodent spinal cord has been shown to significantly improve motor function. BBB scores of rats at 6–8 weeks after injury showed significant increases with insulin (3 IU/kg per day for 7 days, in combination with 3 g/kg of glucose per day) (Yang Y. G. et al., 2009). Combining this therapy with inhibition of chondroitin sulfate proteoglycans led to an additive effect. Treatment with insulin also demonstrated a small reduction in apoptotic cells in the injured spinal cord. Similarly, IP administration of insulin (1 IU/kg in combination with glucose) in a rat spinal cord compression model showed significantly improve motor scores, using the Tarlov and inclined plane tests (Wu et al., 2007). This was supported by electrophysiology showing increased evoked potential amplitude in hindlimbs and reduced spinal cord neuron apoptosis and inflammation with insulin treatment.

In a rabbit model of ischemic SCI, a single dose of insulin (0.5 IU/kg) peripherally 30 min prior to injury significantly improved motor function and neuronal survival at 7 days post-injury (Nagamizo et al., 2007). This peripheral insulin administration study also included a post-injury treatment group, which lowered peripheral glucose levels similarly to the pre-treatment group, but did not result in significant effects on motor recovery or neuroprotection. It is not clear if the benefits of the pre-insulin treatment were due to central or peripheral effects, and more investigation is needed into the role of pre-injury glycemic status on outcome after SCI. However, it has been shown that hyperglycemia can contribute to a pro-inflammatory state that may impair outcome (Prakash and Matta, 2008; Torabi et al., 2018).

These data demonstrate that insulin delivery after SCI has potential, although a risk of hypoglycemia suggests treatment should proceed carefully. As in TBI, central administration of insulin may prove to be a useful alternative. However, essential basic biology into IR expression and effects of SCI are needed to further explore therapeutic options.



INSULIN IN NEURODEGENERATIVE DISEASE

Insulin signaling impairment and insulin resistance have been observed in neurodegenerative diseases such as AD (Talbot et al., 2012) and PD (Hogg et al., 2018) (Figure 2). Diabetes mellitus, with a reduction in insulin sensitivity or insulin release, is a comorbidity of both AD and PD, with an increased risk of developing these neurodegenerative disorders in patient with diabetes (Arvanitakis et al., 2004; Hu et al., 2007; Yang et al., 2017). Insulin resistance leads to decreased uptake of insulin and a reduced sensitivity of IRs in the brain (Messier and Teutenberg, 2005) and is linked to cognitive decline in diabetes, AD, and PD (Brands et al., 2005; Messier and Teutenberg, 2005; Bosco et al., 2012).
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FIGURE 2. The connection between insulin signaling and neurodegenerative disease. Reduced insulin signaling is associated with increased tau-phosphorylation and neurofibrillary tangle formation, via a reduction in IRS-1 mediated activation of the PI3K/AKT pathway and disinhibition of GSK-3β and reduced PP2A.



Alzheimer’s Disease

Alzheimer’s Disease is the most common neurodegenerative disease and form of dementia. It is characterized by cognitive and functional decline over time (Huang and Mucke, 2012). Amyloid plaques and neurofibrillary tangles are two major pathological markers of AD in the brain (Braskie et al., 2010). Glucose uptake is markedly decreased in patients with AD indicating impaired glucose metabolism (Mosconi, 2013; Calsolaro and Edison, 2016).

Studies have shown that AD presents with its own neurometabolic response prompting some researchers to refer to AD as “type 3 diabetes” (de la Monte, 2014). This term refers to the cerebral insulin resistance and reduction in glucose metabolism observed in AD. These data have lent themselves to a more in-depth examination of the effect of insulin on cell populations of the CNS beyond the GLUT response.

A major branch of the insulin signaling pathway, the PI3K/AKT pathway, is downregulated in AD and this change may be a major contributor to insulin resistance (Gabbouj et al., 2019). IRS1 is a homeostatic regulator of PI3K signaling (White, 1998; Metz and McGarry Houghton, 2011). Abnormal serine phosphorylation of IRS1, which, when co-localized with neurofibrillary tangles, hinders the actions of insulin (Yarchoan et al., 2014) and is associated with cognitive decline (Talbot et al., 2012). When the PI3K/AKT pathway is downregulated the expression of two downstream targets, GSK-3β and protein phosphatase 2A (PP2A), is altered (Ghasemi et al., 2013). GSK-3β expression is disinhibited and PP2A expression is inhibited with loss of PI3K/AKT activity; both changes increase tau-phosphorylation and neurofibrillary tangle formation (Planel et al., 2007; Avila et al., 2010). Additional pathways potentially involved in insulin resistance in AD are reviewed by Ferreira et al. (2018).



Parkinson’s Disease

Parkinson’s disease is the second most common neurodegenerative disorder and is characterized by decreased movement, walking instability, tremors, and associated dementia (Jankovic, 2008). Many of the symptoms observed are due to a loss of dopaminergic neurons and the production of Lewy bodies and neurofibrillary tangles in the brain (Bernheimer et al., 1973; Braak and Braak, 2000; Compta et al., 2014).

Insulin plays a role in dopamine release in the brain; when present insulin enhances dopamine uptake via the PI3K pathway (Carvelli et al., 2002) and dopamine release via increased excitability of cholinergic interneurons which activate nicotinic acetylcholine receptors (Stouffer et al., 2015). Similarly to AD, the PI3K/AKT pathway is altered in PD, specifically with an overexpression of GSK-3β, leading to increased neurofibrillary tangle formation contributing to PD dementia (Yang et al., 2018).



Insulin Therapy

Intranasal insulin has been explored as a treatment for AD and PD in both animal and clinical studies (Table 1). It has been shown in multiple AD mouse models (the 3xTg mouse model, App/PS1 mouse model, and SAMP8 mouse model) and in the Streptozotocin rat model, a diabetes model that develops AD-like symptoms, that both acute (1 to 2 weeks) and chronic (6 weeks) intranasal insulin treatment reduces amyloid-B levels and repairs insulin signaling through downregulation of tau kinases such as GSK-3β, and alleviates cognitive deficits associated with the models (Chen et al., 2014; Salameh et al., 2015; Mao et al., 2016; Guo et al., 2017).

In the six OHDA rat model of PD, both a daily high dose (12IU) for 2 weeks and a daily low dose (3IU) for 4 weeks of intranasal insulin alleviated motor deficits observed in the model in overall locomotor activity and in a variety of motor behavioral tests (Pang et al., 2016; Fine et al., 2020). Pang et al. (2016) demonstrated that insulin delivered intranasally did not affect body weight or blood glucose levels, but was detectable in the CSF within minutes of administration. In addition, insulin increased the number of surviving tyrosine-hydroxylase positive neurons by 75%.

In 2008, Dr. William Frey II’s group at the University of Minnesota reported that intranasal insulin was effective in improving memory for patients suffering from AD disease, and the patients suffered no adverse effects of decreased blood sugar (Hanson and Frey, 2008). Clinical research of AD has demonstrated that intranasal insulin treatment improves cognition and memory performance. A three-week daily administration of insulin improved delayed story recall and increased functional status (Reger et al., 2008). Additionally, insulin administered over 4 months daily increased both delayed verbal and story recall tasks (Craft et al., 2012, 2017). Evaluation of the mechanism by which insulin improves outcomes in AD has demonstrated a multifaceted therapy; insulin can directly affect neurons by increasing glucose uptake or improving viability via non-metabolic pathways, while also contributing to the direct degradation of beta amyloid via insulin-degrading enzyme activation, downregulation of GSK-3β, and reducing cortisol expression, which can inhibit hippocampal glucose uptake (for review, see Frey, 2013).

Additionally, in studies comparing memory impaired/AD participants with and without a risk factor for late onset AD, the ApoE e4 allele, insulin effects varied based on the genotype (Craft et al., 2000, 2003). Intranasal administration of normal insulin improved verbal memory in subjects without the allele in story recall and word list learning tasks (Reger et al., 2006), however intranasal administration of insulin detemir, a long-acting form of insulin, improved verbal memory in adults who were carriers for the allele and improved working memory for all participants (Claxton et al., 2015). This indicates that genotype plays a role in severity of AD symptoms and may require a longer acting treatment to have a similar effect.

In a recent PD clinical trial, intranasal insulin treatment caused increased verbal fluency (FAS) in participants that received treatment, while the placebo group had decreased FAS scores indicating that there was improvement in cognition in the treated group. Participants treated with insulin also had lower disability scores compared to the placebo group, demonstrating improvement in motor function and overall performance with treatment (Novak et al., 2019).

Intranasal insulin has been shown to produce beneficial effects in healthy participants. It can enhance feelings of self-confidence and well-being, thus improving overall mood, as well as aid in word recollection in a word list learning task (Benedict et al., 2007). Improvements to memory are gender dependent. Women demonstrated improved hippocampus-dependent memory and working memory with intranasal insulin, while men did not (Benedict et al., 2008).

Another method of insulin delivery, IV administration, in AD patients has showed improved memory performance (Craft et al., 1996), but long-term treatment poses a risk of hypoglycemia. Insulin resistance has also been suggested to lead to decreased levels of insulin crossing the BBB (Zhong et al., 2012; Lutski et al., 2017). Intranasal insulin avoids the risk of hypoglycemia and bypasses insulin resistance due to direct delivery to the CNS, thus is a more sustainable long term treatment. More clinical trials need to be conducted to further explore the benefits of intranasal insulin. The current studies have been relatively small in sample size, and have only given treatment over 4 months, which is nothing compared to the duration of the diseases. Collectively, the information above indicates that intranasal insulin is a promising treatment for both AD and PD.



CONCLUSION

The therapeutic value of insulin and the deleterious effect of insulin resistance on neuronal and glia cells, as it related to neurotrauma and neurodegeneration, has only recently been explored. In vitro and in vivo studies demonstrate insulin plays a significant role in cellular metabolism in all brain cells and disruption of insulin signaling, from insulin resistance, can contribute to dysfunction and pathological conditions as observed in AD and PD. Clinical trials using insulin, particularly intranasal insulin, show promise in patients with AD and PD, as treatment leads to restoration of insulin signaling and amelioration of cognitive and motor deficits. Our lab has shown the therapeutic effects of intranasal insulin in an experimental model of TBI, that improves memory, increase glucose uptake, and decreases neuroinflammation and hippocampal lesion volume. This review highlights the therapeutic value of insulin in the context of neurotrauma and several neurodegenerative disorder and describes the cellular effects of insulin resistance on multiple brain cells. Further research is warranted to identify dosing and schedule of insulin treatment to improve outcomes for patients suffering from neurological disease and trauma, and to understand the role insulin resistance plays in the development and progression of brain disorders.
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The lack of effective treatments for most neurological diseases has prompted the search for novel therapeutic options. Interestingly, neuroinflammation is emerging as a common feature to target in most CNS pathologies. Recent studies suggest that targeted delivery of small molecules to reduce neuroinflammation can be beneficial. However, suboptimal drug delivery to the CNS is a major barrier to modulate inflammation because neurotherapeutic compounds are currently being delivered systemically without spatial or temporal control. Emerging nanomaterial technologies are providing promising and superior tools to effectively access neuropathological tissue in a controlled manner. Here we highlight recent advances in nanomaterial technologies for drug delivery to the CNS. We propose that state-of-the-art nanoparticle drug delivery platforms can significantly impact local CNS bioavailability of pharmacological compounds and treat neurological diseases.
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INTRODUCTION

Neurological disorders disrupt the normal function of the brain and/or spinal cord and are a major cause of death and disability worldwide. Dysfunction in the central nervous system (CNS) leads to variable levels of impairments in speech, memory, sensorimotor, and autonomic functions, which can considerably diminish the patients’ quality of life. The underlying causes of neurological diseases are often complex and diverse, and can stem from degeneration, trauma, infection, tumors, vascular dysfunction, structural defects, or autoimmune conditions (Feigin et al., 2019). Recent insights into the mechanisms underlying several neurological disorders are opening new windows of opportunity to advance preclinical findings into clinical options. However, successful translation is still challenging in many different CNS pathologies and therefore treatments remain limited. Accumulating evidence suggests neuroinflammation as a common feature of virtually every neurological disorder, whether as a primary driver of disease or as a response to neurological dysfunction (Gilhus and Deuschl, 2019). Pharmacological inhibition of inflammation has induced neuroprotection in several preclinical studies in the CNS (Glass et al., 2010; Azodi and Jacobson, 2016). Therefore, targeting cells and molecular pathways that contribute to neuroinflammation has the potential to become a successful disease-modifying strategy for the treatment of most neurological disorders.

The term neuroinflammation has been used to describe different cellular and molecular pathological phenomena that can encompass activation of CNS-resident cells, CNS infiltration by circulating leukocytes, and production of inflammatory mediators in the CNS environment (Waisman et al., 2015; Ransohoff, 2016). Microglia and astrocytes are the main CNS cell types actively involved in the immune response. In addition, under certain pathological conditions, peripheral circulating lymphocytes, neutrophils, and monocytes can infiltrate the CNS and exacerbate the neuroinflammatory response. When activated, both resident and infiltrating cells are responsible for the production of inflammatory mediators, particularly cytokines, which are key molecular players in inflammation. One common feature of most cytokines is their pleiotropic nature. The same cytokine can trigger an inflammatory cascade that can have detrimental or protective functions in disease progression depending on timing, area of action, or cellular source (Becher et al., 2017; Brambilla, 2019). For example, tumor necrosis factor (TNF) is one of the most widely studied cytokines in stroke, and preclinical data indicates both neurotoxic and neuroprotective effects of TNF. Genetic studies indicated neuroprotective effects for microglial-derived TNF in murine ischemic models (Lambertsen et al., 2009). However, TNF was also shown to contribute to endothelial cell necroptosis and vascular leakage that lead to worsened ischemic brain injury (Chen et al., 2019). Given the complexity of cellular and molecular phenomena involved in neuroinflammation, cell targeted pharmacological approaches seem to be an essential component in the design of effective treatments. While technological progress in biochemical, genetic, and imaging analysis are allowing significant advances in the understanding of the pathobiology of disease, effective targeted drug delivery options for CNS remain elusive.

Spinal cord injury (SCI) involves a complex time-dependent course of cellular and molecular events that have been elucidated in the last several decades. An SCI induces vascular damage and ischemia that lead to cell necrosis and apoptosis, followed by acute and chronic neuroinflammation, glial activation, scar formation, and demyelination and neurodegeneration (O’Shea et al., 2017; Tran et al., 2018). These events result in overall regenerative failure and can become highly debilitating. Despite abundant preclinical data supporting anti-inflammatory treatments in SCI, clinical trials evaluating safety and efficacy of anti-inflammatory drug administration have failed (Badhiwala et al., 2018). The failure in clinical translation can be due to several factors, among them ineffective transport of drug compounds to relevant CNS targets at therapeutic concentrations.

Nanotechnology advances have recently yielded countless innovative biomaterials that can be custom designed and serve as drug delivery systems to effectively target biological tissues with cell selectivity. The majority of nanoparticle-based therapeutics has focused on targeting tumor cells and provide enhanced antitumor efficacy. Many of these technologies are now undergoing clinical evaluation, and some have been approved clinically to treat a variety of cancer diseases (Wolfram and Ferrari, 2019). The vast body of work on tumor-specific nanoparticle drug delivery has been extensively reviewed elsewhere (van der Meel et al., 2019; Guo et al., 2020). In this review, we will focus on exploring how emerging nanomaterials can help overcome the current limitations of drug delivery to the CNS, giving particular attention to the development and applications of cell-targeted and stimuli-responsive nanoparticles to modulate neuroinflammation. Advanced nanoparticles that deliver bioactive compounds to CNS intracellular targets at optimal doses, and in a spatiotemporal controlled manner can finally yield treatment options for neurological disease.



CHALLENGES AND OPTIONS IN DRUG DELIVERY TO TREAT NEUROINFLAMMATION

The ideal delivery of a pharmacological anti-inflammatory agent to the CNS entails non-invasive administration of a stable compound at a therapeutic concentration followed by rapid targeting of dysfunctional pathways, and reversal of the disease to a healthy state without induction of off-target effects. However, in the case of drug delivery to the CNS we encounter several roadblocks that complicate effective targeting. First, most non-invasive routes of delivery are ineffective in providing access to the CNS, due to the distinctive properties of the neurovascular unit that restricts most pharmacological compounds from entering the CNS (Pandit et al., 2019). In addition, most bioactive therapeutic small molecule compounds that are able to enter the CNS are lipophilic drugs that have compromised stability and short half-lives in physiological environments, leading to challenges in maintaining therapeutic concentrations (Gribkoff and Kaczmarek, 2017). Finally, conventional drug delivery strategies lead to widespread drug diffusion in the organism causing undesired off-target effects. For instance, corticosteroids are used regularly in the clinic as anti-inflammatory and immunosuppressive drugs to manage demyelinating disorders, infections, and neurotrauma. Corticosteroids exert beneficial effects by reducing leukocyte infiltration, downregulating proinflammatory cytokines and free radicals, inhibiting astrocyte activation, decreasing lipid peroxidation and reducing cerebrospinal fluid pressure (Cain and Cidlowski, 2017; Samuel et al., 2017). When given at the recommended neuroprotective doses, however, patients can experience serious adverse side effects such as infections, pneumonia, and gastric bleeding. In fact, several clinical trials have failed to show both safety and efficacy of corticosteroid administration in neurological indications in patients (Bracken et al., 1997; Roberts et al., 2004). We are still far from having a satisfactory drug delivery technology that effectively allows targeting of pathological sites within the CNS without causing undesired toxicity. A better understanding of pathways involved in neuroinflammation can provide new targets that can be exploited in the design of precise and effective drug delivery strategies.

The innate immune response by CNS-resident cells is initially driven by sensing the presence of extracellular or intracellular pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) by pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and nuclear oligomerization domain-like receptors (NLRs). Some examples of DAMPs include aggregated proteins characteristic of neurodegenerative diseases, such as β-amyloid, α-synuclein, and microtubule-associated protein-tau; and molecules released from damaged cells, such as ATP, heat shock proteins, oxidized lipids, and chromatin (Thundyil and Lim, 2015). Sensing of DAMPs leads microglia and astrocytes to activate inflammatory signaling pathways, such as NF-κβ, which result in altered cell morphology, increased respiratory metabolism, initiation of phagocytic processes, and release of cytokines, chemokines and reactive oxygen species (ROS) (Burda et al., 2016). Cytokines play crucial roles in cellular communication and neuroinflammatory signaling and can display pro- or anti-inflammatory functions. Important upregulated cytokines in response to alterations in CNS homeostasis are TNF and IL-1β that contribute to recruitment of peripheral immune cells and further activate microglia and astrocytes. Infiltrating neutrophils, macrophages, and lymphocytes sustain and amplify the inflammatory cascade. There is an ongoing conversation focused on clarifying which cells and cytokines have beneficial or detrimental effects in each particular neurological disease. While the initial neuroinflammatory response is thought to be primarily beneficial and reparative, chronic production of proinflammatory cytokines over long periods of time seems to exacerbate tissue dysfunction and degenerative processes (Becher et al., 2017).

A recent focus of research has been the investigation of common neuroinflammation mediators across different neurological conditions. The therapeutic potential of targeting DAMPs, PRRs, and cytokine signaling pathways is being explored in various preclinical animal models. Pharmacological DAMP inhibition has shown therapeutic potential in multiple neurological disorders. High mobility group box 1 protein (HMGB1), for example, is a key protein that initiates neuroinflammation in traumatic, infectious, and neurodegenerative conditions. Preclinical studies have examined HMGB1 modulation by administering small molecule inhibitor compounds or anti-HMGB1 monoclonal antibodies with encouraging results in a wide number of experimental models (Paudel et al., 2018). TLRs are also implicated in several neurological pathologies and have been explored as therapeutic targets to modulate neuroinflammation. TLR4 antagonists, for instance, suppress neuroinflammation by reducing overproduction of inflammatory mediators. These findings were observed in models of neurotrauma, demyelinating disease, neurodegenerative disorders, and viral infections. However, significant adverse effects have been reported (Leitner et al., 2019). Thus, targeting neuroinflammatory mediators might require precise temporal, pathway-targeted interventions adjusted for the unique pathological progression of different neurological diseases.

Current delivery of therapeutic compounds to the CNS have minimal control over targeting specificity and duration of treatment. Systemic high dosages and multiple administration paradigms are often needed to achieve therapeutic concentrations that induce the desired effects in target tissues. Consequently, systemic toxicity and undesired side effects frequently accompany such dosage regimen. Alternative strategies that enhance CNS penetration and targeting include artificial disruption of the blood-CNS barriers (B-CNS-B) and use of direct administration routes. Transient disruption of the B-CNS-B can be achieved by action of chemical or physical agents. Mannitol infusion, for instance, increases cerebral blood flow and vascular permeability, but can also induce toxicity, and provides minimal control over treatment duration and targeting. Alternatively, the use of microbubble-assisted focused ultrasound can induce a more localized and controlled action on the B-CNS-B permeability (Song et al., 2018). Safety of this approach in humans is under evaluation, and clinical application will require precise control over parameters to minimize inflammatory responses, glial cell activation or tissue damage (McMahon et al., 2019). Using direct injection strategies is an alternative option that entails injection of substances directly to the cerebrospinal fluid or CNS parenchyma via intrathecal, intraventricular, or intraparenchymal delivery. Direct injection approaches improve drug exposure, increase local drug concentration, and minimize systemic toxicity (Yi et al., 2014; Pizzo et al., 2018). However, these options are invasive and demand fine and time-consuming technical skills. Additionally, infections, tissue damage, inflammation and drug toxicity often occur after direct drug administration procedures. Therefore, improved strategies that safely and efficiently provide targeted and time-controlled drug delivery to the CNS are needed.



PROPERTIES OF NANOMATERIALS FOR DRUG DELIVERY

Nanotechnology is defined as the control or restructuring of matter at the atomic and molecular levels, within the range of nano to submicron dimensions (typically 1–100 nm). It involves the manufacturing of nanomaterials, their applications, and integration into physical, chemical, and biological systems (Bhushan, 2017). Advances in nanotechnology for biomedical applications created a variety of nanoparticle-based diagnostic and therapeutic approaches with valuable properties for CNS drug delivery. Delivering therapeutic compounds using nanoparticles improves biodistribution and pharmacokinetics, allows co-delivery of multiple compounds, enables targeted intracellular drug delivery, and reduces systemic toxicity and side effects (Wong et al., 2012). Diverse types of nanocarriers are being explored for drug delivery, including nanoparticles derived from organic (e.g., polyethylene glycol, PEG; poly(lactide-co-glycolide), PLGA), inorganic (e.g., manganese, gold), biological (e.g., lipoproteins, albumin) and hybrid elements (Moeinzadeh and Jabbari, 2017). Among the most widely investigated nanoparticles in drug delivery are liposomes, micelles, dendrimers, and polymeric nanoparticles.

Liposomes are self-assembled lipid bilayer vesicles that can incorporate hydrophilic drugs in the inner aqueous phase, and lipophilic drugs within the phospholipid bilayer. Liposomes are easy to formulate, biocompatible and biodegradable nanoparticles that can be administered via different routes (oral, topical, parenteral) (Torchilin, 2005). Micelles, on the other hand, are hydrophilic shells of amphiphilic block copolymers that typically have smaller diameters (10–100 nm) and allow for controlled release of lipophilic drugs. Both liposomes and micelles are currently used in clinical practice for management of cancer, infections, neurological disease, and other applications (Patra et al., 2018). Limitations in the use of liposomes and micelles include low stability, short shelf life and batch-to-batch reproducibility problems. Overcoming these issues, polymeric nanoparticles introduce control over the molecular architecture, allow precise tuning of drug release, and provide enhanced functionalization capabilities. Dendrimers, for instance, are highly branched and symmetric synthetic nanoparticles whose size, shape, and composition can be accurately controlled (Tomalia et al., 2020). Some interesting properties of dendrimers are size monodispersity, high drug payloads, diverse surface functionalization capability and molecular stability, which make them attractive drug carrier candidates. There is a commercially available antiviral dendrimer formulation in clinical use, and others reported to be in clinical trials for the treatment of solid tumors, and neuroinflammation (Dias et al., 2020). Current limitations with the use of dendrimers involve toxicity associated with positively charged surface groups in higher generation molecules. Other polymeric nanoparticles with simpler architectures, like PLGA, due to their low toxicity profile are FDA-approved for clinical use. Polymer nanoparticles can be derived from natural or synthetic materials. They are generally considered safe, possess flexible loading capacity and are in clinical use in the treatment of cancer, inflammatory and vascular diseases. Polymer nanoparticles are also currently under consideration for several CNS-related applications (Kumar et al., 2020).

As technology advances, sophisticated multifunctional systems are gradually emerging and supplanting the pioneering single purpose first generation nanoparticles. These multifunctional nanoparticles can combine multiple properties in one single system, which has led to the development of theranostic tools. Nanotheranostic tools can incorporate simultaneously diagnostic entities, usually an imaging agent, and therapeutic disease-modifying drugs. For CNS therapeutic applications, nanoparticles that can be visualized using magnetic resonance imaging (MRI), single-photon-emission computed tomography (SPECT), or positron emission tomography (PET) are advantageous. Cahalane et al. (2020) recently described two microglia-targeted polymeric nanoparticles with dual anti-inflammatory and imaging purposes. The authors reported the synthesis of PLGA- and L-tyrosine polyphosphate (LTP)-based nanoparticles loaded with an MRI contrast agent derived from gadolinium, and the anti-inflammatory drug rolipram. Preliminary data suggests preferential uptake by microglial cells and safety in vitro. Another recent study proposes the use of theranostic nanoparticles for long-term tracking of transplanted cells coupled with antioxidant treatment following stroke (Yao et al., 2020). Mesoporous core–shell-structured nanoparticles loaded with cobalt protoporphyrin IX and conjugated to 125I/spermine-modified dextran polymer conferred protection to transplanted mesenchymal stem cells (MSC) from oxidative stress. Moreover, the imaging properties of these nanoparticles allow MSC tracking to guide intracerebral implantation and evaluate transplanted cell homing. More importantly, the theranostic nanoparticles also promoted angiogenesis, neurogenesis and functional recovery after ischemic stroke in mice.

Due to the complexity of CNS pathobiology, combinatorial approaches are likely to be needed in achieving therapeutic efficacy. Multifunctional nanoparticles are amenable to functionalization with addition of surface-grafted biocompatible polymers, cell targeting agents, stimuli-responsive components, energy conversion moieties, or catalytic activities (Figure 1). Addition of cell targeting agents helps direct the nanoparticles to the diseased site increasing bioavailability and exposure. Examples of molecules that have been explored as targeting agents include peptides, antibodies, and aptamers (Patel et al., 2014; Richards et al., 2017). Nanoparticles can also be engineered to adjust their properties in response to external or biological stimuli, such as temperature, light, pH and redox states, and thus control the timing of drug release (Deirram et al., 2019). Redox states and pH, for instance, are altered during CNS inflammation, and can thus be useful stimuli to guide drug delivery from a stimuli-responsive nanoparticle-system carrying anti-inflammatory compounds. Furthermore, nanoparticles can be designed to convert wave energy into heat or chemical energy and thus affect their surroundings. Characteristic applications of these nanoparticles include photothermal and magnetic hyperthermia therapies, as well as focused ultrasound agents (Kim et al., 2018). These recent advances in nanoparticle manufacturing are creating new levels of opportunity in selective biotargeting, also allowing extended retention and drug release in acute and chronic conditions while creating possibilities for remote-controlled drug delivery devices.
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FIGURE 1. Multifunctional nanoparticles to deliver therapeutics to treat neuroinflammation. Different types of nanoparticles can be used for CNS drug delivery and undergo additional modifications to produce a multifunctional nanoparticle. Illustrative diagrams of the most studied nanoparticle types, as well as some frequently added surface functionalization strategies are represented.



Nanoparticles for Drug Delivery to the CNS

The first preclinical feasibility study evaluating intracerebral injection of liposomes was published in the late 1970s and concluded that safety depends on liposome composition and dose. This work investigated administration of different liposome formulations and doses in rodent models, and opened the possibility of using liposomes as carriers of cell-modifying compounds into diseased CNS tissues (Adams et al., 1977). Since then, over 50,000 peer-reviewed articles have been published reporting new technologies and preclinical evaluations of nanoparticle-based drug delivery for medical applications. About half of these studies are directed to cancer therapies, and only about 1% target neurological conditions, according to a recent PubMed search. Despite a pressing need, there are still insufficient studies investigating the potential of nanoparticle drug delivery for neurological diseases. Even so, there are a few FDA-approved injectable nanoparticles to treat MS (e.g., Copaxone, Plegridy), and an ongoing clinical trial evaluating the potential of using dendrimers as immunomodulators in cerebral adrenoleukodystrophy (clinicaltrial.gov NCT03500627). These are first generation nanomaterials that rely on passive targeting to reach the CNS and accumulate in the pathological site. Understanding how nanoparticle intrinsic properties influence biodistribution and function is an important step in the design of more complex multifunctional nanosystems.

Several studies have explored how physicochemical properties influence nanoparticle penetration and retention in the CNS. There is no golden rule that applies to all nanomaterials, and comparative biodistribution studies are an essential prelude to preclinical studies. Nonetheless, intrinsic nanoparticle properties such as size, shape, and chemical composition influence behavior in biological systems. Furthermore, extrinsic parameters such as surface charge, purity, and colloidal stability are also important determinants of performance. An example is the case of nanoparticles that tend to aggregate when exposed to certain media. Nanoparticle aggregates behave as large particles, with different properties from individual nanoparticles and this can lead to immunogenic effects (Casals et al., 2017). The size of nanoparticles influences biodistribution, and generally smaller nanoparticles penetrate the CNS faster and with higher specificity than larger ones (Mahmoud et al., 2020). In addition to CNS penetration, nanoparticle properties also have an impact on cell targeting (Peviani et al., 2019). For instance, ligand-free 4 nm polyamidoamine dendrimers selectively accumulate in activated microglia and astrocytes in a model of cerebral palsy (Dai et al., 2010). PLGA nanoparticles, on the other hand, are preferentially engulfed by inflammatory monocytes in a model of SCI (Jeong et al., 2017). Interestingly, negatively charged inorganic quantum rods seem to be selectively internalized by neurons (Dante et al., 2017).

In CNS pathologies, different cell types respond distinctively to the same environmental alterations. Thus, achieving high targeting efficiency to specific cell populations can significantly enhance treatments. For instance, during neuroinflammation neurons undergo apoptosis in response to glutamate excitotoxicity. Neuron-targeted dendrimer nanoparticles carrying neuroprotective drugs have shown efficacy in attenuating neurological deficits in a brain injury model (Mishra et al., 2014), supporting the use of nanoparticle-based neuroprotective approaches. Microglia, infiltrating macrophages and astrocytes are key cells involved in the neuroinflammatory response and thus logical therapeutic targets. Several studies have been designed to target microglia and deliver immunomodulatory drugs to attenuate inflammation and reduce tissue damage. Beneficial effects were reported in different models of CNS pathology either by reducing the release of inflammatory mediators or by controlling microglia population at pathological sites (Zhang et al., 2016). Similarly, nanoparticles targeting circulating monocytes/macrophages have confirmed disease-modifying potential in preclinical models of neuroinflammation (Jeong et al., 2017; Han et al., 2019). Although the contribution of astrocytes in neuroinflammation is recognized, nanoparticle strategies to target and modify these cells remain underexplored (Chowdhury et al., 2018).

Deeper understanding of neuroinflammatory pathways and CNS cellular biology have led to the development of methods to modify nanoparticle surface with ligands that increase cell specificity and CNS penetration. These include modifications with integrin-binding peptides (Juthani et al., 2020), antibodies (Cerqueira et al., 2012), psychostimulant or psychotropic drugs (Aparicio-Blanco et al., 2019; Saha et al., 2020), B-CNS-B receptor ligands (Hoyos-Ceballos et al., 2020), and neurotropic viruses (Chung et al., 2020). Surface functionalization to improve cell-specificity has been performed on a variety of nanoparticles including liposomes, inorganic nanoparticles, polymeric nanoparticles, and dendrimers (Charabati et al., 2019). Alternatively, magnetic micelles have been reported to enter the brain by application of an external magnet force to the target brain site (Karami et al., 2019). Improved CNS penetrance of nanoparticles can lead to significant improvement in safety and efficacy of pharmacological treatments for neurological diseases. Some of these cell-targeted approaches and nanoparticle transport routes to enter the CNS are illustrated in Figure 2 and summarized in Table 1. In the next sections, we will now review some of the most recent preclinical advances using functionalized nanoparticles for the treatment of neuroinflammation.
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FIGURE 2. CNS penetration and cell-specific targeting by nanoparticles. Nanoparticles can enter the CNS from the bloodstream through passive transport, ligand receptor-mediated interactions, or through cell-mediated transcytosis. Nanoparticles can be used to efficiently target distinct cell types and modulate inflammation (microglia, astrocytes, infiltrating macrophages) or protect CNS cells from further damage (neurons, oligodendrocytes).



TABLE 1. Examples of preclinical studies using nanoparticles as cell-targeted drug delivery vehicles to treat CNS pathologies.
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CELL TARGETING USING NANOPARTICLES TO MODULATE NEUROINFLAMMATION

Active cell targeting can be achieved through nanoparticle modifications that exploit ligand-receptor interaction mechanisms. In the initial stages of neuroinflammation, endothelial cells become activated and play a critical role in immune cell trafficking to the site of inflammation (Ludewig et al., 2019). Upon cytokine stimulation, activated endothelial cells overexpress adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) that bind to integrin receptors in circulating immune cells and facilitate their migration into CNS tissue. Nanoparticles conjugated to antibodies that recognize these adhesion molecules in endothelial cells have been developed and investigated in neuroinflammation models. Marcos-Contreras et al. reported that conjugating anti-ICAM-1 or anti-VCAM-1 antibodies to liposomes results in efficient cerebral accumulation of the conjugated-liposomes through active targeting of endothelial cells. Superior penetration rates were measured when compared to transferrin-conjugation, another commonly used strategy to enhance nanoparticle CNS penetration (Marcos-Contreras et al., 2019, 2020). Although CNS targeting was improved, some off-target effects were still detected in these approaches, such as nanoparticle accumulation in the lungs. An alternative strategy to selectively target neuroinflammation sites includes using circulating immune cells as vectors carrying drug-loaded nanoparticles. Neutrophils, lymphocytes, dendritic cells, monocytes, and macrophages can be used as a “Trojan horse” to carry therapeutic formulations in response to CNS inflammation or injury. This is achieved by taking advantage of the intrinsic phagocytic ability of circulating immune cells or by actively targeting these cells conjugating cell-specific ligands to the surface of the nanoparticles.

Several recent studies describe the potential of using peripheral immune cells as carriers of anti-inflammatory nanomaterials to otherwise inaccessible areas of neuroinflammation. Neutrophils are the first immune cells to be recruited to an inflammation site in response to cytokine and chemokine release and remain active in the acute phase of inflammation. Positively-charged lipid nanoparticles loaded with bioactive drugs, such as baicalein or paclitaxel, were shown to be internalized by neutrophils and accumulate in the brains of mice bearing CNS pathology (Xue et al., 2017; Chen et al., 2018). However, neutrophil short lifespan and thus limited therapeutic window limits their use as sustained drug delivery systems for chronic inflammation. Therefore, the potential of using monocytes and macrophages that infiltrate inflammatory sites and remain for longer periods of time is an alternative possibility. Negatively charged liposomes (∼100–200 nm) modified with RGD motifs and loaded with an antidepressant drug were selectively internalized by circulating monocytes after systemic administration. The RGD motif is an arginine-glycin-aspartate peptide sequence that binds to integrin receptors expressed by monocytes. RGD-modified liposomes efficiently targeted the brain and when loaded with an antidepressant drug enhanced behavior in a murine model of depression (Qin et al., 2015). Alternatively, liposomes loaded with clodronate are frequently used as a tool to minimize infiltration of hematogenous macrophages in the context of CNS injury (Popovich et al., 1999). When injected intravenously, clodronate-liposomes induce selective apoptotic cell death of circulating monocytes/macrophages and thus reduce CNS infiltration of these cells. Treatment with clodronate-liposomes promoted functional recovery and reduction of fibrotic scar formation following experimental SCI (Lee et al., 2011; Zhu et al., 2015). In a different approach, Tong et al. loaded superparamagnetic iron oxide nanoparticles into freshly isolated monocytes ex vivo. These monocytes were then infused back into a mouse and were detected in areas of neuroinflammation demonstrating the potential to exogenously deliver nanoparticle-carrying monocytes to target inflammation areas in the brain (Tong et al., 2016). A comparable method has also been explored in an epilepsy model where magnetic nanoparticle-carrying monocytes were able to accumulate in epileptogenic brain areas in significantly higher numbers than compared to free nanoparticle administration (Han et al., 2019).

Biomimetic strategies that make use of the intrinsic ability of immune cells to phagocytose foreign materials and target inflammation sites can greatly improve the efficacy of anti-inflammatory treatments using nanoparticle platforms. This approach is applicable in CNS pathologies that involve high grade inflammation and present immune cell recruitment to the CNS. For instance, the use of anti-inflammatory corticosteroid drugs, such as dexamethasone and methylprednisolone, has been supported by a vast collection of preclinical data, which led to more than 150 clinical trials to evaluate clinical efficacy in different CNS pathologies (Sorrells and Sapolsky, 2007). Generally, due to high hydrophobicity there is limited drug availability in CNS tissue, and the recommended systemic corticosteroid doses are high and commonly lead to severe systemic side effects that compromise treatment efficacy (Caruso et al., 2017). Moreover, in conditions where the blood-brain barrier is permeable, a broad range of effects are observed resulting in heterogeneous clinical responses to corticosteroid treatment (Krieger et al., 2014). Incorporating corticosteroids in nanoparticles immediately taken up by circulating immune cells is a promising approach to maximize therapeutic actions of these drugs while minimizing undesired side effects (Cerqueira et al., 2013; Lühder and Reichardt, 2017). Additionally, these strategies have the potential to significantly reduce dosage. Circulating immune cells can be easily obtained from a patient and loaded with drug-loaded nanoparticles that are re-injected into the bloodstream. Limitations associated with using immune cells as nanoparticle carriers relate to accelerated degradation of the nanoparticles within lysosomes, which can decrease drug availability at target sites, and potential undesired alterations in immune cell phenotypes induced by nanoparticles. An illustrative example includes the use of amino-functionalized polystyrene nanoparticles that were shown to perturb mitochondrial function, increase ROS production and trigger inflammasome activation in human macrophages (Lunov et al., 2011). This and other recent studies highlight that nanoparticle internalization can significantly impact macrophage behavior and should be carefully investigated when used for biomedical applications.


Cell Membrane-Coating Strategies

More recently, the use of cell membrane fragments has been suggested as nanoparticle surface coating material to provide extended circulation times and targeting abilities. Cell membrane-coating strategies offer immune camouflaging, minimize uptake by leukocytes, and can be an attractive option to target non-immune cell types, such as astrocytes and neurons. Decoration of nanoparticles with cell membrane fragments (membrane-coated nanoparticles or backpacks) and production of cell membrane-derived nanoparticles (such as cell-membrane nanovesicles) are emerging methods that provide new diagnostic and therapeutic modalities for different types of diseases (Luk and Zhang, 2015). Membrane-coated nanoparticles are hybrid nanomaterials that display combined properties of biological cell membranes and custom designed synthetic nanoparticles. This technology was initially described to extend the residence time of polymeric nanoparticles in vivo by coating them with erythrocyte membranes (Hu et al., 2011). Because erythrocytes are anucleated cells, isolating their membranes is a relatively easy process. Chai and colleagues have designed erythrocyte membrane-coated PEGylated liposomes decorated with a neurotoxin-derived targeting moiety. Doxorubicin-loaded liposomes with these modifications possessed extended circulation times, enhanced therapeutic efficacy, and reduced toxicity in a mouse glioma model (Chai et al., 2017).

Using membrane-coating technologies to produce nanoparticles that mimic the targeting capabilities of immune cells is also being explored. Leukocyte-membrane coating of nanoparticles adds naturally occurring receptor-ligand interactions present in leukocyte membranes, and permits easy passage to inflamed tissues (Parodi et al., 2013). Dong et al. (2019) prepared nanoparticles made of isolated neutrophil membranes and loaded the nanoparticles with therapeutic compounds. The authors reported accumulation of the nanoparticles in ischemic brain areas, reduced inflammation, and improved neurological function proving the feasibility of these approaches (Dong et al., 2019). Cell-membrane nanoparticle coating can be achieved by using virtually any cell type as source of membrane material. More recently, platelets, tumor cells and stem cells have also been explored to construct biomimetic nanoparticles (Zou et al., 2020). PLGA nanoparticles loaded with an anti-edema agent were coated with membranes isolated from neural stem cells (NSC) that have been previously engineered to overexpress CXCR4. CXCR4 is a chemokine receptor for CXCL12 (SDF-1), which is enriched in the ischemic microenvironment. The CXCR4-NSC membrane-coated PLGA nanoparticles accumulated significantly in the ischemic region and enhanced treatment efficacy, by prolonging mice survival and reducing infarct volume (Ma et al., 2019). To further enhance targeting functionality, fusion of membrane material from different cells is being explored. Dehaini et al. (2017) developed hybrid dual-membrane coated PLGA nanoparticles, derived from erythrocytes and platelets, and reported properties of both source cells. When combined functionalities are desired for a single drug delivery nanoplatform, using multiple cell types as source of membrane coating can be a viable option for customizing nanoparticles with added advantages of biocompatibility and refined biological targeting.

In summary, cell-coated nanoparticles offer an additional approach to avoid immune detection, increase sustained circulation, and targeted drug release. Different types of membranes can be leveraged for a range of distinct targeted drug delivery applications without significant biological modifications, which is clinically relevant and can accelerate FDA-approval. The recent advancements in the development of cell-coated nanoparticles capable of sustained drug-release in response to the microenvironment is steadily progressing toward more sophisticated therapeutic strategies and can lead to unique advantages for CNS drug delivery. There is a growing number of patents related to cell membrane coating technologies, which reflects the potential for clinical use (Liu et al., 2019). Although this technology has primarily been explored for cancer therapeutic applications, use in CNS pathologies will likely soon follow.

As naturally occurring nanoparticles in biological systems, exosomes are also gathering interest as therapeutic drug delivery agents. Exosomes are lipid nanovesicles involved in intercellular communication during physiological and pathogenic processes through the transfer of small molecules, such as RNA. After release from their cells of origin, exosomes can be internalized by other cells thereby modulating their function (Zhang et al., 2019). Their stability, biocompatibility, low toxicity, and ability to cross biological barriers make them attractive therapeutic candidates. However, because exosome contents are variable and often poorly characterized, the production of quality-controlled exosomes for clinical purposes is challenging. To overcome these limitations, engineered exosomes loaded with consistent cargoes are being investigated. MSC-derived exosomes tailored to carry high levels of specific miRNAs have shown neuroprotection and improved recovery in rat models of ischemic stroke (Xin et al., 2017). In another study, catalase mRNA delivery by custom-made exosomes attenuated neurotoxicity and neuroinflammation in experimental models of Parkinson’s disease (Kojima et al., 2018). Due to their natural origin and insufficient understanding of the molecular mechanisms associated with their biological action, several challenges still remain in the path to translation to clinical application.



STIMULI-RESPONSIVE NANOPARTICLES TO TREAT NEUROINFLAMMATION

Another recent focus of research has been the development of nanoparticles that exert therapeutic effects in response to physiological variations or externally applied stimuli. These materials are commonly designated as stimuli-responsive materials, or smart materials, and mimic the responsiveness of living organisms. Smart nanoparticles possess the unique ability to alter their structure in response to slight environmental changes and revert to their original state after the stimulus disappears. Physiological stimuli, such as temperature, pH, redox, oxygen, or enzymes can act as triggers for drug release by causing disruption of covalent bonds between drugs or other molecules and the nanoparticle, or by destabilizing the nanoparticle structure that becomes more permeable for drug diffusion or unveils functional ligands. Stimuli-responsive nanoparticles can thus react not only by releasing therapeutic compounds, but also by exposing and activating surface ligands, such as cell penetrating sequences, targeting ligands, or other functionalities that can alter pharmacokinetics or biodistribution. In addition to the more commonly known pH-sensitive and thermosensitive nanoparticles, many technological advances have allowed materials to be designed to also respond to externally applied stimuli including light, ultrasound, electrical or magnetic fields. pH is a particularly useful stimulus that can be used to control intracellular drug release in response to a changing pH environment from the extracellular medium to endosomes and lysosomes. At the tissue level, it can be used to release drugs in inflammation sites that have typically lower pH levels.

The detailed portrayal and timeline of inflammatory events in neurological diseases can allow the establishment and optimization of precisely timed therapeutic interventions. Administering stimuli-responsive anti-inflammatory nanoparticles can allow precise interventions by only targeting and releasing therapeutic compounds upon detection of microenvironment alterations. In addition to cellular and molecular events, inflammation is also characterized by local microenvironment alterations such as decreased pH, high oxidative stress and accumulation of ROS, and overexpression of matrix-remodeling enzymes (d’Arcy and Tirelli, 2014). pH-responsive nanomaterials have been explored in recent years for drug delivery using nanoparticles that possess pH-sensitive chemical bonds or pH-dependent degradation properties. Redox-sensitive nanomaterials are also available and have potential to be explored in neuroinflammation, either as scavenging agents or drug releasing agents. Enzyme-cleavable nanomaterials can alter functionality in response to the presence of COX, MMP, and other enzymes. Various types of nanoparticles are being designed to possess stimuli-responsive properties, including dendrimers (Wang et al., 2016), liposomes (Lee and Thompson, 2017), micelles (Zhou et al., 2018), and inorganic nanoparticles (Veeranarayanan and Maekawa, 2019).

pH is the most widely studied endogenous stimulus for control of drug release where an acid sensitive spacer between a nanoparticle and cargo is placed (Deirram et al., 2019). Although the use of pH-responsive nanoparticles for drug delivery in neuroinflammatory pathologies remains unexplored, recent research in glioblastoma models validate the use in CNS applications. Most nanoparticles enter cells through endocytic pathways and are, at least momentarily, contained in vesicles during intracellular trafficking. Endosomes and lysosomes have typically lower pH environments (4–5.5) and can thus be used as triggers for cargo release from nanocarriers. Miller et al. designed multifunctional pH-responsive micelles loaded with an anticancer drug to allow for controlled pH-triggered release into glioblastoma cells (Miller et al., 2016). The micelles were prepared with a pH-sensitive lipid to ensure the drug release occurred under acidic conditions. After intravenous injection of the multifunctional pH-sensitive micelles in a mouse model of glioblastoma, selective accumulation in specific brain areas was observed, along with reduction of overall systemic toxicity. In another approach, Zhao et al. (2016) used a pH-responsive and tumor-specific peptide to decorate liposomes containing doxorubicin. The pH-triggered drug release was confirmed in vivo, and the anti-tumor activity was increased in mice receiving pH-sensitive liposomes. In addition to triggered drug release in acidic neuroinflammatory environments, pH alterations can also be used as a trigger for intracellular drug release.

Since upregulation of ROS is another feature of neuroinflammation, bioengineered ROS-responsive nanoparticles can be useful in a targeted site-specific drug delivery approach. The responsiveness to intracellular oxidative conditions is achieved by incorporating ROS-labile groups in the nanoparticle, for example boronic ester, proline, or thioketal (Xu et al., 2016). A recent study described the synthesis and evaluation of boronic ester ROS-sensitive nanoparticles, coated with erythrocyte membrane and functionalized with a homing peptide, SHp, that targets ischemic tissue (Lv et al., 2018). This multifunctional smart nanoparticle system was also loaded with the neuroprotective agent NR2B9C. The authors observed prolonged circulation, active targeting to the ischemic site, and drug release in neurons in response to intracellular levels of ROS. Additional serum biochemical analysis and histological evaluation of peripheral organs showed no evidence of toxicity. In another study, Shen et al. (2018) proposed the use of polylactic acid (PLA) as ROS responsive coating for mesoporous silica nanoparticles. The PLA-coated nanoparticles were functionalized with a low-density lipoprotein receptor ligand to enhance CNS penetration, and were loaded with the antioxidant agent resveratrol. In vitro studies in models of blood-brain-barrier and inflammatory environments indicated enhanced transcytosis and resveratrol release in response to ROS. These stimuli-responsive nanomaterials can bring important advantages in targeted drug delivery, but they remain largely unexplored in neuroinflammation. Formulating nanocarriers that release drugs only at the target site in response to predetermined signals of disease can have a great impact in the design of effective therapies for neuroinflammation.



CONCLUDING REMARKS

Recent advances in nanoparticle production technologies are creating promising theranostic tools to provide targeted and controlled drug delivery at sites of neuroinflammation. The emergence of biomimetic, cell targeted, and stimuli-responsive multifunctional nanoparticles are among the most encouraging strategies to treat neuroinflammation. Nanotechnology-based approaches remain underexplored for CNS applications, and an expected increase in preclinical studies can accelerate the establishment of nanoparticle-based treatments for CNS pathologies. How can we ensure that this anticipated surge in publications and patents will properly translate into successful clinical applications? Careful consideration of the design, large-scale production ability and standardized characterization of nanoparticles seem essential preludes to ensure adequate conversion into therapeutic products. Systematic approaches to assess the impact of nanoparticle properties on molecular interactions are also critical. Importantly, thorough investigation of toxicity, degradation byproducts and clearance routes of nanoparticles in vivo are invaluable in providing safety profiles and promise translatability. Nanoparticles come across as ideal and resourceful tools to provide real time diagnostics and tailored treatment of neuroinflammation and other CNS illnesses, promising to have a significant impact in global health. Continued collaborative efforts between materials scientists, engineers, chemists, neuroscientists, and clinicians can finally identify safe and effective therapies that target neuropathological mechanisms and ultimately mitigate the burden of devastating neurological diseases.
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Xenon has been shown to have neuroprotective effects and is clinically used as a favorable safe inhalation anesthetic. We previously confirmed the neuroprotective effects of xenon treatment in epileptic animals. However, the mechanism underlying these protective effects remains unclear. We aimed to assess the effects of xenon inhalation on autophagy in neuronal injury induced by acute generalized seizures. Kainic acid (KA) was injected into the lateral ventricle of male Sprague–Dawley rats to induce acute generalized seizures. Next, the rats were treated via inhalation of a 70% xenon/21% oxygen/9% nitrogen mixture for 60 min immediately after KA administration. The control group was treated via inhalation of a 79% nitrogen/21% oxygen mixture. Subsequently, two inhibitors (3-methyladenine or bafilomycin A1) or an autophagy inducer (rapamycin) were administered, respectively, before KA and xenon administration to determine the role of autophagy in the protective effects of xenon. The levels of apoptosis, neuronal injury, and autophagy were determined in all the rats. Xenon inhalation significantly attenuated the severity of the seizure-induced neuronal injury. Increased autophagy accompanied this inhibitive effect. Autophagy inhibition eliminated these xenon neuroprotective effects. A simulation of autophagy using rapamycin recapitulated xenon’s protective effects on KA-induced acute generalized seizures in the rats. These findings confirmed that xenon exerts strong neuroprotective effects in KA-induced acute generalized seizures. Further, they indicate that increased autophagy may underlie the protective effects of xenon. Therefore, xenon and autophagy inducers may be useful clinical options for their neuroprotective effects in epileptic seizures.
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INTRODUCTION

Epilepsy is a common neurological disease that affects 0.5–1% of the worldwide population with potentially serious consequences, including neuronal injury and cognitive defects. There are currently available drug and surgical treatment options for epilepsy and associated cognitive defects. However, they have several limitations, including drug resistance, serious side effects, and recrudescence (Schmidt and Löscher, 2005; Chen et al., 2018). Therefore, there is a need for more safe and effective therapeutic strategies for treating epileptic seizures, as well as seizure-induced neuronal injury and cognitive defects.

Xenon is clinically used as a safe anesthetic agent and is popular due to having almost no side effects. It has been recently receiving increased attention due to its superior neuroprotective effects, which have been confirmed in Alzheimer’s disease (Lavaur et al., 2016a,b) and in ischemia/reperfusion injury (Cattano et al., 2011; Yang T. et al., 2012; Yang et al., 2014; Metaxa et al., 2014). Moreover, xenon treatment has been shown to exert similar neuroprotective effects and ameliorate cognitive impairment in intrauterine (Yang Y. W. et al., 2012) and neonatal asphyxia (Luo et al., 2008). Further, we previously demonstrated it had anti-epileptic and neuroprotective effects in seizure-induced neuronal injury (Zhang et al., 2019a,b). Further studies are required to explore the underlying mechanisms of xenon treatment effects and reveal potential targets for neuronal protection in epilepsy and seizure.

There is a correlation of epilepsy- and seizure-induced neuronal injury with over-excitation induced by increased glutamate levels (Malinska et al., 2010; Kovac et al., 2016; Liang et al., 2019). Glutamate metabolism deficits may cause reactive oxygen species (ROS) production. Furthermore, oxidative stress induced by ROS accumulation may lead to neuronal injury (Shekh-Ahmad et al., 2019; Zhang et al., 2020b) and induce autophagy (Signorelli et al., 2019). Therefore, there is a close correlation of autophagy with an excitotoxicity-induced neuronal injury during epileptic seizures. However, autophagy has been shown to promote both cell survival and death, which depends on the different psychological or pathological environments (Zhang et al., 2013, 2014; Feng et al., 2020). Although there have been inconsistent findings regarding the role of autophagy in cell injury, autophagy has been suggested to have protective effects in epileptic animals (Jain et al., 2016; Ni et al., 2016).

Xenon can attenuate over-excitation by the regulation of glutamate metabolism, through inhibiting glutamate uptake and efflux (Lavaur et al., 2016a,b). Given the initiating role of over-excitation in neuronal injury and autophagy, as well as the effect of autophagy on the seizure-induced neuronal injury, we hypothesized that autophagy is closely related to the neuroprotective effects of xenon.

We aimed to evaluate the effect of xenon inhalation on seizure-induced neuronal injury after KA administration. Furthermore, we aimed to assess the role of autophagy in the protective effect of xenon, as well as to explore the role of autophagy regulation in KA-induced acute generalized seizures.



MATERIALS AND METHODS


Animals and Surgery

We conducted the experiments using male Sprague–Dawley rats (240–260 g, Certificate No. SCXK2014-0006; Jinan Jinfeng Experimental Animal Company Limited, China). All experiment protocols were approved by the Binzhou Medical University Animal Experimentation Committee (Approval No. 2018002) and comply with the National Institutes of Health Guide for the Care and Use of Laboratory Animal (NIH Publications No. 80-23, revised 1996). We made maximum effort to minimize the number of rats used and to attenuate suffering. The rats were raised in individual cages where water and food were provided ad libitum. All animal experiments, including surgery, drug treatment, and xenon inhalation, were performed between 09:00 h and 17:00 h.

The rats were anesthetized using sodium pentobarbital (50 mg/kg, intraperitoneal injection, CAS, 57-33-0, Xiya Reagent, China) and fixed on a stereotactic apparatus (Anhui Zheng Hua Biological Instrument Equipment Company Limited, China). As previously described (Zhang et al., 2020a), stainless steel cannulas (Reward, China) were implanted into the right lateral cerebral ventricle (AP: −1.8 mm, ML: −0.96 mm, and DV: −3.8 mm). The rats were allowed 7 days for recovery.



KA-Induced Acute Generalized Seizure

Acute generalized seizures were induced through KA treatment (3.25 × 10–3 mg/kg, 1.25 mg/ml, CAS, 58002-62-3, Sigma, USA), which was injected into the lateral ventricle via the implanted cannulas. The seizure severity was assessed Racine’s criteria (Racine, 1972). Immediately after KA treatment, almost all the rats presented with signs of continuous acute generalized seizures (mainly stage 4 or 5). Sixty minutes after KA treatment, diazepam (2 mg/kg, CAS, 439-14-5, Sigma, USA) was intraperitoneally injected to stop the seizures. Finally, the cannula location was histologically verified. We excluded data from rats with inaccurate cannula locations from the analysis.



Xenon Treatment

KA-treated rats were randomly placed into two transparent resin boxes. Rats in the xenon group were treated with 70% xenon/21% oxygen/9% nitrogen (DaTe Special Gas Limited, China) for 1 h immediately after KA injection (De Deken et al., 2018), while those in the control group were treated with a 21% oxygen/79% nitrogen mixture (Rulin gas Limited, China).

The gas delivery speed (200 ml/min) was controlled by flow regulator valves (DaTe Special Gas Limited, China), which were installed in the gas bottles. The rats remained sober with stable temperatures during the entire xenon treatment. Sixty minutes after KA administration, diazepam was intraperitoneally injected to stop KA-induced seizures. Supplementary Figure 1 presents details of the experimental procedure.



Drug Administration

The rats were randomly divided into the drug administration groups and the control group. Six hours before xenon treatment, autophagy inhibitors [3-methyladenine (3-MA, 75 μg, CAS, 5142-23-1, Sigma, USA—dissolved in 5 μl saline) or bafilomycin A1 (BafA1, 200 ng, CAS, 88899-55-2, Sigma, USA) dissolved in dimethyl sulfoxide and 5 μl saline] were injected into the right lateral cerebral ventricle. Rats in the control group were instead treated with 5 μl saline. Subsequently, all the rats were treated with xenon (70% xenon/21% oxygen/9% nitrogen) immediately after KA injection.

One hour before KA treatment, an autophagy inducer (rapamycin, 200 ng, CAS, 53123-88-9, Sigma, USA; dissolved in 5 μl saline) was injected into the right cerebral ventricle while rats in the control group were instead treated with 5 μl saline.



Western Blot Analysis

As previously described (Zhang et al., 2019c), five rats from each group were randomly anesthetized using sodium pentobarbital (50 mg/kg, intraperitoneal injection, Xiya Reagent, China) at the different time points after KA administration (24 h, 3 days, or 7 days) and culled. Their brains were immediately retrieved and different subregions, including the hippocampus, pyriform cortex (PC), and remaining cortex, were dissected on ice. Protein levels in each sample were measured (P0012, Beyotime Institute of Biotechnology, China) after sonication. Next, proteins with similar concentrations were loaded and separated using 12% sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. After blocking for 1 h using 5% skim milk, the membranes were incubated overnight at 4°C with the following primary antibodies: rabbit polyclonal antibody against caspase-3 (9662, 1:1,000, Cell Signaling Technology, Danvers, MA, USA), rabbit monoclonal antibody against activated caspase-3 (ab2302, 1:1,000, Abcam, USA), mouse monoclonal antibody against B cell lymphoma-2 (Bcl-2, ab32124, 1:1,000, Abcam, USA), Bcl-2-associated X protein (Bax, ab77566, 1:1000, Abcam, USA), sequestosome 1 (SQSTM 1, ab56416, 1:1,000, Abcam, USA), microtubule-associated protein 1 light chain 3 (LC 3, D3U4C, 1:1,000, Cell Signaling Technology, Danvers, MA, USA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, AB-P-R 001, 1:2,000, Kangcheng, China). After treatment with horseradish peroxidase-conjugated IgG secondary antibodies, visualized bands were obtained for analysis (Odyssey, LI-COA Biosciences, USA). Protein level differences were presented as the normalized intensity relative to GAPDH.



Fluoro-Jade B (FJB) Staining

Fluoro-Jade B (FJB) specifically binds to degenerating neurons, and FJB staining is used to evaluate neurodegeneration (Schmued and Hopkins, 2000). From each group, five rats were randomly anesthetized using sodium pentobarbital (50 mg/kg, intraperitoneal injection, Xiya Reagent, China) and perfused. Coronal slices (10 μm) were obtained using a cryostat microtome (CM3050s, Leica, Germany). As previously described (Zhang et al., 2019a,b), we performed the staining procedure (three slices/rat) as per the kit manufacturer’s instructions (AG310, Millipore, USA). Finally, the stained slices were examined under a fluorescent microscope with a 450 nm excitation light (Carl Zeiss AG, Germany), and the number of positive FJB signals (300 × 300 μm vision) in changed subregions was determined and analyzed.



Immunohistochemistry

At designated time points (24 h, 3 days, and 7 days) after KA treatment, five mice in every group were deeply anesthetized and coronal slices were obtained, as performed in FJB staining. LC3B/DAPI fluorescence staining was performed as per the following protocol: After being treated with rabbit anti-LC3B (1:100; ab48394, Abcam, UK) and washing three times, the sections were incubated in the secondary antibody (FITC, 1:200, EMD Millipore, USA). After three washes, the sections were incubated in DAPI (C1005, Beyotime Institute of Biotechnology, China) for 15 min at room temperature and were finally rinsed three times with 0.01 M PBS for 5 min each.

All fluorescence images were acquired with a laser confocal microscope (Zeiss, Germany) under the same capture conditions and were analyzed using ImageJ V.1.37 software (National Institutes of Health, Bethesda, MD, USA).



Statistical Analysis

Investigators who obtained all of the data were blinded and the data are presented as the mean ± standard error of the mean (SEM). All statistical analyses were performed using SPSS version 13.0 software (SPSS Inc., Chicago, USA). The nonparametric Mann–Whitney U test was used to compare protein levels and the number of positive FJB signals. Statistical significance was set at a p-value of < 0.05.




RESULTS


Xenon Treatment Reduced Apoptosis and Neuronal Injury With an Accompanying Increase in the Autophagy Level

We analyzed apoptosis-related markers after KA administration (n = 5 per group). Western blot analysis revealed increased activated caspase-3 levels in the hippocampus and cortex at 24 h and 7 days after KA administration (Figures 1A,B). Further, we compared the apoptosis level between rats treated with and without xenon after KA administration (n = 5 per group). We found that xenon treatment significantly attenuated KA-induced changes in apoptosis-related proteins. There was a significant decrease in the immunoreactivity of activated caspase-3 (Figures 1C,D) and Bax (Figures 1C,E) and increases in that of caspase-3 (Figure 1C) and Bcl-2 (Figures 1C,F) in the xenon-treated rats compared with the control rats. Consistent with this, xenon treatment significantly attenuated the increased number of positive FJB signals in the CA3 and PC after KA administration (n = 5 per group, Figures 1G,H). These findings indicate that xenon inhalation could prevent apoptosis and neuronal injury associated with KA-induced acute generalized seizures.
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FIGURE 1. Xenon treatment attenuated apoptosis and neurodegeneration during kainic acid (KA)-induced acute generalized seizures. (A) Changes of caspase-3 and activated caspase-3 levels after KA treatment; (B) normalized intensity of activated caspase-3 relative to GAPDH; (C) changes of caspase-3, activated caspase-3, Bax, and Bcl-2 after xenon inhalation; (D–F) normalized intensity of activated caspase-3, Bax and Bcl-2 relative to GAPDH; (G) changed positive Fluoro-Jade B (FJB) signals (bar = 100 μm); (H) analysis of positive FJB signals. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; ***P < 0.001, compared with controls; ###P < 0.001 compared with KA group; one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.



Moreover, we investigated changes in the autophagy levels in the different groups (n = 5 per group). SQSTM1, LC3-II, and LC3B are considered autophagy markers. After KA injection, there was no significant change in LC3-II/GAPDH levels in the KA group compared with the control group (Figures 2A,B). Notably, xenon treatment significantly elevated the LC3-II/GAPDH ratio in the cortex with the PC removed (P = 0.014), PC (P = 0.002), and hippocampus (P = 0.024, Figures 2C,D) from 24 h after administration. The immunoreactivity of LC3B increased after xenon treatment (Figures 2E,F). There is a negative relationship between SQSTM1 expression and autophagy activity given its usual degradation during autophagy. We observed significantly reduced SQSTM1/GAPDH ratios in the cortex, PC, and hippocampus in the xenon group compared with the KA group, though no significant difference was found between the sham and KA groups (Figures 2G,H). These findings suggest that xenon treatment significantly attenuates neuronal injury with an accompanying enhancement in the autophagy level. Subsequently, to assess whether autophagy promotes or inhibits the neuroprotective effects of xenon, autophagy inhibitors were administrated to xenon-treated rats, while autophagy promoters were administrated to KA-treated rats.
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FIGURE 2. Xenon treatment increased the level of autophagy during KA-induced acute generalized seizures. (A) change of LC3 expression after KA administration; (C) changes of LC3 expression after xenon treatment; (B,D) normalized intensity of LC3-II relative to GAPDH; (E,F) immunoreactivity of LC3B; (G) the expression of SQSTM1; and (H) normalized intensity of SQSTM1 relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls; ###P < 0.001 compared with KA group; one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.





3-MA Reversed the Increased Autophagy Level and Xenon Neuroprotective Effect

For autophagy inhibition (Yu et al., 2018), 75 μg 3-MA was injected into the lateral cerebral ventricle 6 h before xenon treatment (3-MA + KA + Xenon group, n = 5) while the control rats were injected with saline (Saline + KA + Xenon group, n = 5). Compared with the Saline + KA + Xenon group, a significant decrease in the LC3-II/DAPDH ratio (the cortex with the PC removed, P = 0.017; the PC, P = 0.010; and the hippocampus, P < 0.001; Figures 3A,C) and an increase in the SQSTM1/GAPDH ratio (the cortex with the PC removed, P < 0.001; the PC, P < 0.001; and the hippocampus, P < 0.001; Figures 3A,B) in the 3-MA+KA+Xenon group were noted. This indicates that xenon-induced enhanced autophagy was inhibited by 3-MA administration. Moreover, we assessed apoptosis-related proteins. Compared with the controls, the 3-MA-treated rats had a significantly higher activated caspase-3/GAPDH (Figures 4A,B) and Bax/GAPDH ratios (Figures 4A,C), and a significantly lower Bcl-2/GAPDH ratio (Figures 4A,D). Also, compared with the control rats, 3-MA-treated rats had significantly more FJB-positive signals in the CA3 and PC (Figures 4E,F). Taken together, 3-MA reversed the increases in autophagy and prevented the xenon-induced attenuation of apoptosis and neuronal injury.
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FIGURE 3. Treatment with 3-methyladenine (3-MA) reversed the increase in autophagic level after xenon inhalation. (A) Increased level of SQSTM1 and decreased level of LC3-II; (B) normalized intensity of SQSTM1 relative to GAPDH; (C) normalized intensity of LC3-II relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.
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FIGURE 4. Treatment with 3-MA reversed the attenuated neuronal injury after xenon inhalation. (A) Increased level of activated caspase-3 and decreased level of caspase-3; (B–D) normalized intensity of activated caspase-3, Bax, and Bcl-2 relative to GAPDH; and (E,F) analysis of positive FJB signals (bar = 100 μm). Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.





BafA1 Similarly Reversed the Enhanced Autophagy and Xenon Neuroprotective Effect

BafA1 is a proton-pump and autophagy inhibitor (Zheng et al., 2020). We injected 200 ng of BafA1 dissolved in 5 μl saline into the lateral ventricle 6 h before xenon treatment, while the control rats were instead injected with saline. The BafA1 effects were similar to those of 3-MA. BafA1 treatment significantly increased SQSTM (Figures 5A–C) and decreased LC3-II (Figures 5A,D,E) from 24 h onward. Moreover, BafA1-treated rats had significantly higher levels of activated caspase-3 (Figures 6A,C), Bax (Figures 6A,D) and lower levels of caspase-3 (Figures 6A,E) and Bcl-2 (Figures 6A,B) than those treated with saline from 24 h onwards (n = 5 per group). Moreover, BafA1-treated rats had a higher number of FJB-positive signals than the saline-treated control rats (Saline+KA+xenon group; the CA3 and PC; Figures 6F,G). Taken together, BafA1 reduced the autophagy level and reversed the neuroprotective effects of xenon.
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FIGURE 5. Treatment with BafA1 attenuated the increased autophagy after xenon inhalation. (A) Increased expression of SQSTM1 and decreased expression of LC3-II; (B,C) normalized intensity of SQSTM1 relative to GAPDH; (D,E) normalized intensity of LC3-II relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.
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FIGURE 6. Treatment with BafA1 reversed the attenuated neuronal injury after xenon inhalation. (A) Increased level of activated caspase-3 and decreased level of caspase-3; (B–E) normalized intensity of caspase-3, activated caspase-3, Bax, and Bcl-2 relative to GAPDH; (F,G) FJB staining (bar = 100 μm) and account of FJB positive signals. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.





Rapamycin Promoted Autophagy and Simulated the Xenon Protective Effects

Rapamycin, which is an autophagy inducer (Wang et al., 2019), was administered 1 h before KA administration to simulate xenon-induced autophagy enhancement. We found that rapamycin treatment increased autophagy levels, which was indicated by decreased SQSTM1 and increased LC3-II levels (Figures 7A–E). Moreover, it attenuated apoptosis, which was indicated by decreased levels of activated caspase-3 (Figures 8A,D,E) and Bax (Figures 8A,B), and increased levels of Bcl-2 (Figures 8A,C; n = 5 per group). Furthermore, the FJB staining results showed that rapamycin-treated mice had a significantly lower number of FJB-positive signals than that in control rats (CA3 and PC; Figures 8F,G). Taken together, rapamycin treatment exerts a similar autophagy promotion and protective effect as that of xenon, involving both, attenuation of apoptosis and neuronal injury.
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FIGURE 7. Rapamycin enhanced autophagy. (A) Decreased expression of SQSTM1 and increased expression of LC3-II; (B,C) normalized intensity of SQSTM1 relative to GAPDH; (D,E) normalized intensity of LC3-II relative to GAPDH. Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.
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FIGURE 8. Rapamycin simulated the neuronal protective effect of xenon. (A) Decreased level of activated caspase-3 and increased level of caspase-3; (B–E) normalized intensity of caspase-3, activated caspase-3, Bax and Bcl-2 relative to GAPDH; and (F,G) the changes of positive FJB signal after rapamycin treatment (bar = 100 μm). Data are presented as mean ± SEM. Error bars indicate SEM (n = 5/group; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with controls, one-way ANOVA). C, cortex except pyriform cortex; P/PC, pyriform cortex; H, hippocampus.






DISCUSSION

Previous studies have demonstrated the strong xenon neuroprotective effects (Metaxa et al., 2014; Lavaur et al., 2016a,b; Zhang et al., 2019a,b); however, the possible xenon neuroprotective effects and the underlying mechanisms in seizure-induced neuronal injury remain clear. In this study, we assessed the effects of xenon treatment on neuronal injury; moreover, we evaluated the role of autophagy in KA-induced acute generalized seizures and the involved xenon neuroprotective effects. There were no significant changes in the autophagy level with KA-induced acute generalized seizures. Contrastingly, xenon treatment significantly increased autophagy levels and attenuated neuronal injury. Moreover, the protective effects of xenon were impeded by autophagy inhibitors, including 3-MA and BafA1, and simulated by an autophagy inducer (rapamycin). These findings suggest that increased autophagy levels may be involved in the protective effects of xenon.

Epilepsy is characterized by neuronal over-excitation. Excessive excitation of the N-methyl-D-aspartate receptor, which results from extracellular glutamate accumulation, causes acute nerve injury or even death, by activating calpain and the caspase-3 pathway in patients with epilepsy and in animal models of epilepsy (Baudry and Bi, 2016; Hoque et al., 2016; Ceccanti et al., 2018). Xenon treatment regulates the glutamate level by suppressing its uptake and efflux (Lavaur et al., 2016a). This results in the upregulation of the anti-apoptotic protein Bcl-2 and downregulation of the pro-apoptosis protein Bax. Therefore, the xenon neuroprotective effect involves the inhibition of excessive excitation and attenuation of apoptosis (Preckel et al., 2006; Sinha and Cheung, 2010). Consistent with previous findings, we found that xenon treatment strongly prevented neuronal injury induced by KA-induced acute generalized seizures.

Increased oxidative stress resulting from over-excitation could cause autophagy (Signorelli et al., 2019). Autophagy plays an important role during apoptosis; however, its role in the pathological state remains controversial. Autophagy has been shown to play a protective role in some pathological states and its promotion is beneficial in some neurodegenerative diseases, including Parkinson’s disease and Alzheimer’s disease (Zhang et al., 2017). Contrastingly, autophagy could aggravate mitochondrial functional defects, which results in ROS accumulation and neuronal damage (Feng et al., 2020). So far, the role of autophagy in epilepsy- or seizure-induced neuronal injury remains unclear for complex seizure types and different epileptic development periods; however, previous studies have reported possible anti-epileptic effects of autophagy (Jain et al., 2016; Ni et al., 2016; Zhu et al., 2016; Kim et al., 2018). Therefore, we examined post-xenon treatment changes in molecular autophagy markers during KA-induced acute epileptic seizures to determine the involvement of autophagy in the xenon neuroprotective effect. We found that KA-induced epilepsy did not cause significant changes in autophagy markers; however, xenon inhalation significantly increased the autophagy level and attenuated neuronal injury in some brain subregions, including the PC, entorhinal cortex, and hippocampus, which are closely associated with the epilepsy development (Hsu, 2007; Petit et al., 2014; Parker et al., 2017; Sun et al., 2018). The previous reports confirmed the protection of increased autophagy in PTZ- and pilocarpine-induced seizures, though no significant changes in autophagy were found (Hosseinzadeh et al., 2016; Zhu et al., 2016). Our findings also suggest that increased autophagy levels could be closely associated with the neuroprotective effects of xenon. However, the effects of the increased autophagy in xenon treatment is unclear, because the dual roles were confirmed under different physiological or pathological conditions (Wen et al., 2008; Wang and Klionsky, 2011; Wang et al., 2011; Zhang et al., 2017; Feng et al., 2020). Moreover, whether an increased autophagy level is the underlying mechanism or is caused by the xenon neuroprotective effects remains unclear.

We administered autophagy inhibitors (3-MA and BafA1) to evaluate the role of autophagy in the xenon protective effects. We found that pretreatment with these autophagy inhibitors decreased the autophagy level and impeded the xenon protective effects. Contrastingly, the administration of rapamycin, an autophagy inducer, partly simulated the xenon neuroprotective effects in KA-induced acute generalized seizures. These findings further indicate that increased autophagy levels could be an underlying mechanism of the xenon neuroprotective effect and that simulating autophagy function could be a novel means of attenuating neuronal injury; however, this requires further research.

The overproduction of ROS has been confirmed in epileptic seizure (Reid et al., 2014). Due to active metabolism and oxygen consumption, mitochondria and neurons are particularly vulnerable to ROS accumulation, and injury or even death may occur due to oxidative stress. Meanwhile, the injury of mitochondria further produces even more ROS (Hattori et al., 2014; Yang et al., 2018). The damaged mitochondria could be cleaned by autophagy, ultimately, the function of mitochondria is stable (Wang and Klionsky, 2011; Lin et al., 2019), so the elevated level of autophagy attenuated ROS accumulation and neuronal injury in Parkinson’s disease and Alzheimer’s disease (Zhang et al., 2017). Similarly, our results indicate that the increased autophagy level may underlie the neuroprotective effect of xenon. Cleaning the injured mitochondria may contribute to the protection of autophagy, though some studies found that autophagy aggravated the damage of mitochondria, promote ROS production and neuronal injury in different pathological status (Wen et al., 2008; Wang et al., 2011; Feng et al., 2020).

As an inhibitor of mTOR, rapamycin has broad effects on neuronal survival, regeneration, and apoptosis. Even the effects of rapamycin on epilepsy are opposite at different intervention timepoints (Chen et al., 2012). Rapamycin intervention 10 h before KA inhibits epileptic seizure and neuronal cell death. Conversely, pretreatment with rapamycin 1 h before KA significantly promotes epileptic seizure and neuronal injury. Even rapamycin 6 h before KA results in weak aggravation. The age-, treatment paradigm-, and mode-specific anticonvulsant effects have also been confirmed (Chachua et al., 2012). These studies indicate that differences in pathological status may influence the effects of rapamycin intervention. In our preliminary experiment, the effects of rapamycin treatment 4 and 6 h before KA administration were evaluated. Significant neuronal protection was found in rats treated with rapamycin 6 h before KA. The neuroprotection difference of rapamycin at different intervention time points may be due to the different pathological development by the KA disposal method. The aggravation of rapamycin was found in KA intraperitoneal injection (12 mg/kg)-induced seizure, and seizure latency over 40 min (Chen et al., 2012). In our study, KA was administered via intracerebroventricular injection (3.25 × 10–3 mg/kg), and almost all rats had acute generalized seizures immediately after KA treatment, and even during the KA injection.

Additionally, given the crucial regulation roles of the PC and hippocampus in epileptic network development (Hsu, 2007; Petit et al., 2014; Parker et al., 2017; Sun et al., 2018), the neuroprotection of rapamycin in vital brain regions is most likely influence the epileptic development than acute seizure (Chachua et al., 2012).



CONCLUSIONS

In summary, this study provides evidence of the strong neuroprotective effect of xenon during KA-induced acute generalized seizures. Moreover, our findings indicate that increased autophagy levels might be involved in the xenon neuroprotective effect. Therefore, proper autophagy activation may be an effective approach for preventing seizure-induced neuronal injury.
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The current study investigates the neurotrophic effects of Clostridium botulinum C3 transferase (C3bot) on highly purified, glia-free, GABAergic, and glutamatergic neurons. Incubation with nanomolar concentrations of C3bot promotes dendrite formation as well as dendritic and axonal outgrowth in rat GABAergic neurons. A comparison of C3bot effects on sorted mouse GABAergic and glutamatergic neurons obtained from newly established NexCre;Ai9xVGAT Venus mice revealed a higher sensitivity of GABAergic cells to axonotrophic and dendritic effects of C3bot in terms of process length and branch formation. Protein biochemical analysis of known C3bot binding partners revealed comparable amounts of β1 integrin in both cell types but a higher expression of vimentin in GABAergic neurons. Accordingly, binding of C3bot to GABAergic neurons was stronger than binding to glutamatergic neurons. A combinatory treatment of glutamatergic neurons with C3bot and vimentin raised the amount of bound C3bot to levels comparable to the ones in GABAergic neurons, thereby confirming the specificity of effects. Overall, different surface vimentin levels between GABAergic and glutamatergic neurons exist that mediate neurotrophic C3bot effects.

Keywords: C3 transferase, vimentin, GABAergic neurons, glutamatergic neurons, axon outgrowth


INTRODUCTION

Monomeric GTPases of the Rho family are important cellular switches that regulate neuronal morphology. RhoA usually functions as a negative regulator of axon outgrowth and together with RhoB and C can be inhibited by Clostridium botulinum C3 exoenzyme (C3bot) that represents the prototype of bacterial ADP-ribosyltransferases (Aktories and Frevert, 1987). For this reason, C3bot and derivatives have been extensively used as tools to investigate neurite outgrowth and to foster neuronal plasticity for the potential treatment of CNS traumas like spinal cord injuries (SCI). This has been investigated in different animal models (Dubreuil et al., 2003; Boato et al., 2010; Loske et al., 2012). Moreover, systematic reviews and meta-analyses (Watzlawick et al., 2014), as well as clinical trials in humans, have subsequently confirmed these findings (McKerracher and Anderson, 2013; Fehlings et al., 2018).

Despite the lack of a classical cell-binding subunit of C3bot (as in the case of the clostridial neurotoxins), we were able to demonstrate that the intermediate filament protein vimentin as well as the ß1-subunit of integrins, known to serve as a transmembrane receptor for cell-extracellular matrix adhesion, function as surface interaction partners for C3bot (Rohrbeck et al., 2014, 2017; Adolf et al., 2019). Lack of vimentin results in failure of C3bot to foster axonal outgrowth in hippocampal/neocortical neurons as shown in vim−/− cultures (Adolf et al., 2016). In wild type neurons surface vimentin might originate from astrocytic exosomal release followed by binding to neuronal membranes but might also stem from so far unraveled neuronal trafficking routes guiding this primarily intracellular protein to the cell surface. Astroglial upregulation and subsequent vimentin release in vivo has also been demonstrated by other groups in the intact and injured CNS (Teshigawara et al., 2013; Shigyo and Tohda, 2016). In this context, we were able to show that exosomes obtained from cultured scratch-injured wild type but not vim−/− astrocytes enhanced binding of C3bot to synaptosomes from the brain and spinal cord (Adolf et al., 2019). Generally, studies to investigate neuronal process outgrowth and regeneration by C3bot primarily used mixed neuronal cultures containing different neuronal subtypes as well as co-cultured glia cells. Consequently, the observed promoting effects of C3bot on axonal and dendritic growth reflect the net outcome of a plethora of neuron subtypes in the presence of glia. Also, the regeneration-promoting CNS effects of C3bot or C3bot-derived peptides on axon regeneration in vivo in defined neuron types such as the primarily glutamatergic retinal ganglion cell axons in the optic nerve (Bertrand et al., 2007; Hu et al., 2007) as well as glutamatergic corticospinal or serotonergic descending brainstem fibers (Boato et al., 2010) display the effects in a glial environment.

A recently developed culturing method established to obtain highly purified GABAergic neurons from transgenic rat and mice (Turko et al., 2019) together with cultures of highly purified glutamatergic neurons (Goebbels et al., 2006) now opens the opportunity to independently analyze the sensitivity of these two major neuron subtypes to the direct growth-promoting effects of C3bot in the absence of glia. By crossing glutamatergic TdTomato expressing NexCre;Ai9 and GABAergic VGAT-Venus mice a transgenic NexCre;Ai9xVGAT-Venus mouse line was obtained that offers the advantage to obtain highly purified FAC sorted neuronal cultures of both neuron subtypes from littermates or even the same animal.

The current study was undertaken, first, to determine if putative differences in expression levels of neuronal C3bot binding partners such as ß1-integrin and vimentin exist that could mediate differential responsiveness to C3bot in inhibitory and excitatory neuron types. Second, we wanted to answer the question if neuronal vimentin, in the absence of a glial source, is sufficient to mediate C3bot effects. Therefore, we compared the effects of C3bot on axonal and dendritic growth of GABAergic and glutamatergic neurons by morphometrical analysis. Biochemically, we determined the expression levels of vimentin and ß1-integrin as well as the ability of C3bot to bind to these two cell types.



MATERIALS AND METHODS


Expression of Recombinant C3bot and Vimentin Protein

Clostridium botulinum C3 protein (C3bot) was expressed as recombinant glutathione S-transferase-fusion proteins in E. coli TG1 harboring the respective DNA fragment in the plasmid pGEX-2T. GST was removed by thrombin cleavage. Vimentin expression and purification were performed as described before (Rohrbeck et al., 2014). Plasmids of full-length mouse vimentin provided by Prof. Dr. Yi-Ling Li, Institute of Biomedical Sciences, Genomics Research Center, Academia Sinica, Taipei, Taiwan were used.



Animals

VGAT-Venus-A Wistar rats that selectively express a yellow fluorescent protein variant (Venus) in more than 95% of cortical GABAergic neurons were used to investigate the effects of C3bot on rat GABAergic neurons (Uematsu et al., 2008). NexCre;Ai9 × VGAT Venus mice were bred from NexCre;Ai9 mice (Goebbels et al., 2006; Madisen et al., 2010; described in Turko et al., 2019) and VGAT Venus mice (Wang et al., 2009). NexCre;Ai9 × VGAT Venus mice express the red fluorescent protein, TdTomato, in the majority of post-mitotic glutamatergic neurons and the yellow fluorescent protein, Venus, in the majority of GABAergic and glycinergic neurons. Genotyping of pups before cell culture (Figure 2A) was done using a fluorescent head-mounted miner’s lamp (Excitation filter FS/ULS-02B2/emission filter FS/TEF-3GY1: BLS Ltd, Budapest, Hungary).
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FIGURE 1. C3bot fosters dendrite formation and outgrowth and enhances axon length of purified rat GABAergic neurons. (A) Representative images of GABAergic neurons stained for α-tubulin displaying the respective morphologies at the indicated time points. Images not to scale. (B) Positive-sorted GABAergic neurons obtained from VGAT-Venus rats were incubated at low density for 24, 48, or 72 h (DIV1–DIV4) with or without 300 nM of C3bot application. Bar charts summarizing the effect of C3bot on GABAergic cell morphology over time. After 48 h, C3bot-treated neurons showed a significantly enhanced proportion of multipolar cells paralleled by a reduced number of unipolar cells. One day later, C3bot-treated cells had increased the multipolar phenotype 2-fold compared to control neurons, reflected by a decreased proportion of bipolar, unipolar, and cells bearing no processes. (C) Fixed cells were subjected to morphometrical analysis of overall process length after 24, 48, or 72 h of incubation with 300 nM of C3bot. Significant promoting effects were observed after 48 h and, more pronounced, after 72 h of treatment. (D) Fixed cells were subjected to morphometrical analysis of dendrite number and overall dendrite length after 72 h of C3bot incubation. Map2 staining was used to support the differentiation of neuronal processes into dendritic and axonal (arrowheads) compartments. Both parameters were significantly increased by C3bot compared to untreated cells. (E) Axon growth was also analyzed and revealed the promoting effect of C3bot on axon length. Data represent the means ±SEM. Statistical differences were determined by Student’s t-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). For 24, 48, and 72 h incubation time, data were obtained from a total of 251, 331, or 161 neurons, respectively. Per condition, cells from three individual coverslips and two animals were evaluated.




[image: image]

FIGURE 2. Generation of purified GABAergic and glutamatergic cell cultures using fluorescence-based cell sorting. (A) Images showing the fluorescent signal from transgenic NexCre;Ai9xVGAT Venus mice at postnatal day 2. The Neocortex appears strongly positive for TdTomato, due to the large numbers of glutamatergic neurons in this area. The cerebellum appears strongly positive for Venus, due to the large numbers of Purkinje and other GABAergic neurons in the molecular layer. (B) Intensity scatter plot of NexCre;Ai9xVGAT Venus dissociated cortico-hippocampal cells. Strongly fluorescent TdTomato (glutamatergic) or Venus (GABAergic) cells were selected for sorting (see gating boxes). (C) Combined infrared (bright field) images and superimposed fluorescent signals from living TdTomato (left) and Venus (right) positive neurons after 1 h in vitro.





Cell Sorting of GABAergic and Glutamatergic Neurons

The purification and culture of GABAergic and glutamatergic neurons have been described previously (including a Jove video protocol of the whole procedure, found in Turko et al., 2019). In brief, cortico-hippocampal tissue from postnatal (days 0–2) VGAT-Venus-A Wistar rats or NexCre;Ai9 × VGAT Venus mice (Figure 2A) was dissected and dissociated in papain (1.5 mg/ml for 30 min). Cells were then resuspended in Hibernate A low fluorescence transport medium (BrainBits, Springfield, IL, USA), supplemented with B27 (1× concentration), Glutamax (1× concentration), and penicillin-streptomycin (100 U/ml; all sourced from Gibco, Waltham, MA, USA). Dissociated cells were then sorted using either BD FACSAria I or II flow cytometers, at the Flow Cytometry and Cell Sorting Facility (FCCF) in the Deutsches Rheuma-Forschungszentrum (DRFZ, Berlin Germany). An example dot plot showing the typical gating parameters used for sorting is given in Figure 2B. Following sorting, purified GABAergic and glutamatergic neurons were resuspended in Neural Basal A (NBA) medium (with the same supplements as Hibernate A medium; Thermo Fisher Scientific, Waltham, MA, USA). For cell morphology analysis and immunocytochemistry, purified neurons were plated onto 12 mm, round, glass coverslips in a 24-well plate, at a density of 1,000 cells/μl, 10 μl/well. For Western blot experiments, cells were plated in six-well plates, at a density of 500 cells/μl, 2 ml/well (1 × 106 cells per well). Coverslips and culture plates were coated in poly-L-lysine hydrobromide solution before plating (20 μg/ml, 1 h; Merck Millipore, Darmstadt, Germany). Cells were grown for 4–14 days in vitro (DIV) before direct fixation in 4% paraformaldehyde (PFA) solution for cell morphology and immunocytochemistry analysis or harvested without fixation for protein analysis. Cells were incubated at 37°C, at 5% CO2, in a humidified incubator (Heraeus; Thermo Fisher Scientific, Waltham, MA, USA).



Antibodies


Primary Antibodies

Monoclonal mouse anti-Tau IgG (#314011, IF dilution 1:1,000, Adolf et al., 2016), polyclonal rabbit anti-microtubule-associated protein 2 (Map2, #188003, IF dilution 1:1,000, Troca-Marín et al., 2011), polyclonal rabbit anti-vimentin (#172002, IF dilution 1:400, Adolf et al., 2019) and polyclonal rabbit ß1-integrin IgG (#240003, WB dilution 1:1,000; Liu et al., 2009) were from Synaptic Systems, Göttingen, Germany. A monoclonal rat anti-ß1-integrin IgG (#MAB 2405, IF dilution 1:500) was from R&D Systems (Minneapolis, MN, USA). An affinity-purified polyclonal rabbit IgG against full-length C3bot (IF dilution 1:1,000, WB dilution 1:2,000) was developed in our lab (Rohrbeck et al., 2014). A monoclonal mouse anti-glyceraldehyde-3-phosphate dehydrogenase IgG (GAPDH, MAB374, WB dilution 1:4,000, Dazard et al., 2003) was from Merck Millipore.



Secondary Antibodies

Alexa 594 goat anti-rabbit IgG (#11012, dilution 1:500), Oregon Green goat anti-rabbit IgG (#0-11038, dilution 1:300), Oregon Green goat anti-mouse IgG (#0-6380, dilution 1:500) were from Invitrogen (Carlsbad, CA, USA). Alexa 647 goat anti-rabbit IgG (#111-605-144) was from Jackson Labs, Bar Harbor, USA. Peroxidase-conjugated horse anti-mouse IgG (#PI-2000. Dilution 1:4,000) and goat anti-rabbit IgG (#PI-1000, dilution 1:1,000–4,000) were from Vector Laboratories, Burlingham, NY, USA.


Immunofluorescence

Cultured neurons were fixed after 4 days in culture with 4% formalin in 0.1 M PBS and incubated at 4°C overnight with the respective primary antibodies (see above). Following repeated washing in PBS, cells were incubated for 2 h at RT with fluorescence-conjugated secondary antibodies. Cells were again washed and mounted with Immu-Mount® (Thermo Fisher Scientific, Waltham, MA, USA).

For lectin-based membrane staining, an Alexa Fluor 488-conjugated wheat germ agglutinin (Thermo Fischer Scientific, Waltham, MA, USA) was used. Typically, the conjugate was added by a medium application at 2.5–5 μg/ml for 10 min at 36°C. Cells were washed 3× with PBS before further handling. Images were acquired using epifluorescence (see below) or using a Leica SL confocal device.



Morphometrical Analysis

Total length and the overall number of branches from axons and dendrites, as well as axon segment orders (first order represents the axon stem, second order the branches originating from the first branch node and so on), were analyzed morphometrically from images taken by a Leica DMLB upright epifluorescence microscope using a PL FLUOTAR 40× objective using the Neurolucida software applying manual reconstruction (MicroBrightField, Williston, VT, USA). Filter cubes were the following: 450–490 nm excitation with a 510 nm dichromatic mirror, 515–560 nM excitation and 580 nm dichromatic mirror and 620–660 nm excitation and 660 nm dichromatic mirror for green, red, and invisible red spectrum fluorescence, respectively. The parameter “axon length” represents the integral length of all visible parts of an axon, including branches. Typically, 30–40 neurons per condition were randomly chosen given they exhibited a clear morphological differentiation into the axonal and dendritic compartment as judged mainly by the length of the neurites (see also Figures 3A,B) and evaluated from independent experiments that were carried out two to three times. Exact n values for cells, coverslips, and animal numbers are given in the respective figure legends. For morphometrical reconstruction Tau staining was applied that exclusively marks axons in mature neurons but also works as an excellent antibody to stain neurites up to the fine branches of both the axonal and the dendritic compartment in immature neurons used in our study. Providing there were no significant differences between coverslip means (means of the axon and dendrite parameters from individual coverslips), data were pooled and given as mean ± SEM. Unless otherwise stated, a Student’s t-test was used to test for significance between means [significance: 0.05 (*), 0.01 (**), and 0.001 (***)].
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FIGURE 3. C3bot-mediated neurotrophic effects on purified GABAergic neurons. (A) Positive-sorted GABAergic neurons obtained from NexCre;Ai9x VGAT Venus mice were grown at low density for 72 h (DIV1–DIV4), fixed and immunostained for Tau indicating neuronal morphology. Most neurons had developed processes differentiated into a single axon (white arrowhead) and several dendrites. (B) GABAergic neurons at higher magnification. A single axon (white arrowhead) and several shorter tapering dendrites (black arrowheads) extend from the soma. (C) Positive-sorted GABAergic neurons were grown at low density for 72 h (DIV1–DIV4) with or without 300 nM of C3bot application. Following incubation, cells were fixed and immunostained for Tau strongly labeling axons and dendrites. A GABAergic cell phenotype was ascertained from endogenous Venus expression. (Arrowhead: axon, D) Fixed cells were subjected to morphometrical analysis of axon length and branch nodes. Both parameters were significantly increased by C3bot treatment relative to controls. (E) Axon segment order analysis revealed that treatment with C3bot increased branching up from second-order branches. (F) Morphometrical analysis of dendrite parameters. Treatment with C3bot resulted in increased dendritic length, number, and branch nodes. Data represent the means ± SEM. Statistical differences were determined by Student’s t-test (*p ≤ 0.05; ***p ≤ 0.001). Per condition, a representative analysis of a total of 40 neurons from four individual coverslips and two animals is displayed.





C3 Binding Assays

To biochemically assess C3 binding, cultured neurons were first grown for 7 days in vitro (DIV). Typically, 2–5 × 106 neurons were used per condition, in each experiment. To test for C3bot interaction with specific neuron types, cell culture supernatant was first discarded and cells were harvested in PBS. Suspended cells were exposed to 300 nM of C3bot for 1 h at 4°C with or without addition of 1 ng/μl recombinant vimentin. Subsequently, cells were washed two times with PBS. Cells were then pelleted and transferred into the Laemmli sample buffer for gel electrophoresis and blotting. For immunocytochemical analysis of C3bot binding, purified GABAergic and glutamatergic neurons were cultured together in a 50:50 mix (500 cells YFP and 500 cells RFP/μl in a 10 μl droplet—total cells = 10 × 104 cells/coverslip). Cells were grown to 7 DIV before 1-h treatment with 300 nM C3bot (4°C). Cells were then washed twice in PBS before fixation and processing for immunocytochemistry.






RESULTS

To investigate whether C3bot affects GABAergic interneurons in the absence of glial cells, we first analyzed GABAergic neuronal cultures obtained from VGAT-Venus-A Wistar rats FAC sorted cultures of these animals selected for Venus-positive cells contain 99% of GABAergic neurons (Turko et al., 2019). FAC sorted cultures of these animals selected for Venus-positive cells contain 99% of GABAergic neurons (Turko et al., 2019). For a readout, we looked at the morphological effects elicited by medium application of Clostridium botulinum C3 transferase (C3bot) on neocortical/hippocampal neurons prepared from early postnatal brains. Initially, we started with analyzing the C3bot-mediated effects on neurite formation and early growth during the first 72 h (Figures 1A,B). After 24 h in culture, the majority of cells presented as unipolar neurons with no significant effects of C3bot observable. A day later C3bot had significantly lowered the number of unipolar neurons but raised the proportion of multipolar cells. After 72 h the majority of control cells exhibited either a bipolar (50%) or multipolar (40%) morphology. Treatment with C3bot, on the other hand, promoted the formation of multipolar cells that represented the vast majority of neurons (80%) while the number of bipolar cells was reduced to 20%. Next, we analyzed the overall length of the neuronal processes (Figure 1C). Starting from 48 h of incubation, C3bot treatment resulted in a significant promotion of process growth reaching nearly +175% after 72 h. To see whether the effect of an increased process formation resulted from enhanced dendrite formation in C3bot-treated neurons we stained the neurons for the dendritic marker microtubule-associated protein 2 (Map2) and counted the number of dendritic processes. The morphometrical analysis indeed revealed a significantly increased number of dendrites in treated neurons (Figure 1D). Differential analysis of dendritic vs. axonal effects (only neurons showing a clear morphological differentiation in a dendritic and axonal compartment, see also Figure 3A for general criteria applied, were analyzed) revealed that both dendritic and axonal growth contributed to the observed effect (Figures 1D,E).

Taken together, the results demonstrate a direct and glia-independent growth-promoting effect of C3bot on a defined subpopulation of neurons, namely neocortical/hippocampal GABAergic interneurons.

We then asked whether different subtypes of neurons exhibit differential sensitivity to the inhibition of rho-mediated pathways by C3bot. To this end we used newly established transgenic NexCre;Ai9xVGAT Venus mice that offer the opportunity to obtain purified GABAergic and glutamatergic neurons from a single animal line or even individual animals. Consequently, this allows for a direct comparison of C3bot effects on these neuronal subtypes. Animals of glutamatergic NexCre;Ai9-x and GABAergic VGAT-Venus lines were crossed. NexCre;Ai9xVGAT-Venus positive mice were identified by transcranial detection of red and green fluorescence expression after birth using a fluorescent lamp (Figure 2A). A large number of glutamatergic neurons such as the pyramidal cells in the neocortex together with the GABAergic interneurons exhibited a red/orange fluorescence, while the cerebellum appeared green due to a large number of GABAergic neurons in the Purkinje cell layer and Golgi cells in the molecular layer. Following cell sorting (Figure 2B) Venus and TdTomato expressing neurons were enriched to high purity and cultured in isolation (Figure 2C).

Separate cultures of fluorescent Venus (GABAergic) or TdTomato (glutamatergic) neurons obtained by this procedure were used for the morphometrical measurements of C3bot effects on specific neuronal subtypes. To quantify the morphological effects elicited by C3bot we first used GABAergic neurons incubated for 72 h with 300 nM of C3bot. For visualization, endogenous Venus fluorescence was combined with staining for Tau to identify both the axon and dendrites to the finest branches. Tau represents an established axonal marker in cultured mature neurons (Kosik and Finch, 1987) but in the case of the immature neurons used in our study Tau has not yet fully disappeared from dendrites. After 4 days in culture, the vast majority of purified GABAergic neurons had developed a single long process that by characteristic morphological parameters- primarily the length- but also others such as more extensive branching and initial small diameter was easily discernable from dendrites (Figures 3A,B). Morphometrical measurements revealed a C3bot-mediated increased axonal length by 83% (Figures 3C,D). Axonal branching was even more enhanced up from second segment order branches with a total increase of axon nodes by 138% (Figures 3D,E). Analysis of dendrite growth and branching (Figure 3F) revealed C3bot-mediated promoting effects on total dendrite length by 115%, the individual dendrite length was raised by 69%, the number of dendrites by 27%, and the at this maturation stage still poorly developed dendritic branch nodes by 333%. These data supported our previous findings in the rat model.

We then applied the same criteria for a morphometrical analysis using purified TdTomato expressing glutamatergic neurons (Figure 4A). The axonal length was increased by 62% following C3bot treatment (Figure 4B). Axonal branching was also enhanced up from second segment order branches with a total increase of axon nodes by 70% (Figures 4B,C). Analysis of dendrite growth and branching revealed significant yet lower C3bot-mediated effects on total dendrite length of 49%, and individual dendrite length of 24%. In contrast to GABAergic neurons, the number of dendrites as well as their branching were not altered (Figure 4D).
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FIGURE 4. C3bot-mediated neurotrophic effects on purified glutamatergic neurons. (A) Positive-sorted glutamatergic neurons were grown at low density for 72 h (DIV1–DIV4) with or without 300 nM C3bot application. Following incubation, cells were fixed and immunostained for Tau as an axonal marker. A glutamatergic cell phenotype was ascertained by endogenous TdTomato expression. (Arrowhead: axon, B) Fixed cells were subjected to morphometrical analysis of axon length and branch nodes. Both parameters were significantly increased by C3bot treatment relative to controls. (C) Axon segment order analysis revealed that treatment with C3bot increased branching up from second-order branches. (D) Morphometrical analysis of dendrite parameters. Treatment with C3bot resulted in increased dendritic length. Data represent the means ± SEM. Statistical differences were determined by Student’s t-test (*p ≤ 0.05). Per condition, a representative analysis of a total of 30 neurons from three individual coverslips and two animals is displayed. **p ≤ 0.01; ***p ≤ 0.001.



In summary, regarding most parameters investigated GABAergic neurons exhibited a higher sensitivity to the neurotrophic effects elicited by C3bot than glutamatergic ones (for a summary, see Table 1).

TABLE 1. Summary of C3bot effects on the morphology of GABAergic and glutamatergic neurons.
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So far, two binding partners for C3bot have been identified. The first protein discovered by our group was vimentin which represents an intracellular protein but appears also at the cell surface (Rohrbeck et al., 2014). The second interacting protein residing at the plasma membrane was identified as the ß1-subunit of integrin (Rohrbeck et al., 2017). In the light of these findings, we checked for putative differences in the expression levels of these two proteins in GABAergic vs. glutamatergic neurons that could account for the differential sensitivity of these two neuron subtypes to C3bot. First, we aimed to detect the expression of vimentin and ß1-integrin by using immunofluorescence methods in mixed purified cultures. Both GABAergic and glutamatergic neurons exhibited detectable levels of either protein when co-cultured (Figures 5A,B). Next, we performed qualitative immunofluorescence binding assays using C3bot in mixed GABAergic/glutamatergic cultures. Application of 300 nM of C3bot for 1 h at 4°C revealed a stronger binding of C3bot to GABAergic than glutamatergic neurons (Figure 5C). To allow for a better comparison of the protein levels we performed Western blot assays and stained culture homogenates for vimentin and ß1-integrin in isolated sorted cultures (Figures 5D,E). Whilst ß1-integrin was detected at similar levels in both neuron types vimentin showed a marked reduction of 50% in glutamatergic neurons compared to GABAergic cells. To answer the question of whether the higher vimentin expression in GABAergic neurons was also accompanied by enhanced binding of C3bot to this neuron subtype we performed binding assays in the same cultures used to detect vimentin and ß1-integrin levels. Incubation of GABAergic and glutamatergic neurons with 300 nM at 4°C for 1 h revealed a 30% reduction of C3bot binding to glutamatergic neurons compared to GABAergic cells. To test whether the decreased binding of C3bot could be restituted by the addition of vimentin to glutamatergic neurons we added recombinant vimentin (1 ng/μl) while binding of C3bot was performed (Figure 5F). Quantification revealed that the combinatory treatment of glutamatergic neurons with C3bot and vimentin equalized the amount of bound C3bot in both neuron types, thereby confirming that the observed differences in binding were due to the different vimentin levels.
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FIGURE 5. Higher vimentin levels in purified GABAergic neurons are accompanied by increased binding of C3bot. Purified GABAergic and glutamatergic neurons were mixed at a 1:1 ratio and cultured together for 5 days, fixed and immunostained for (A) vimentin or (B) ß1-integrin using an Alexa647-conjugated secondary antibody. Prior staining of living cells with Alexa-488 conjugated wheat germ agglutinin (WGA488) was used to mark neuronal membranes. TdTomato expression was used to discern glutamatergic from GABAergic cells. Both vimentin and ß1-integrin were expressed at detectable levels in either cell type in the soma and throughout the processes. (C) Purified mixed neurons were cultured together for 5 days. Cells were then incubated with 300 nM of C3bot for 1 h at 4°C. Following washing and fixation cultures were stained for bound C3bot. A comparison between Venus expressing GABAergic and TdTomato expressing glutamatergic neurons revealed a stronger association of the C3bot signal (detected by an Alexa 647-coupled secondary antibody) with GABAergic neurons. (D) Separate GABAergic and glutamatergic neuron cultures were incubated with 300 nM of C3bot for 1 h at 4°C. Western blot analysis was performed to detect endogenous ß1-integrin and vimentin as well as bound C3bot. GAPDH was used as a loading control. (E) A quantitative analysis of the blots shown in (D) revealed equal amounts of ß1-integrin, but strongly reduced vimentin levels in glutamatergic neurons compared to GABAergic cells. Accordingly, C3bot binding also was reduced in glutamatergic cells. Data represent the mean of three independent experiments ± SEM. Statistical differences were determined by Student’s t-test (*p ≤ 0.05; **p ≤ 0.005). (F) Binding assays were performed as in (D), not (C) using a modified combinatory treatment with 300 nM C3bot and recombinant vimentin at 1 ng/μl in glutamatergic neurons. Differences in C3bot binding were no longer observable. Data represent the mean of three independent experiments ±SEM. (C–E) Data were obtained from three individual experiments. (G) Depicted are GABAergic neurons at DIV 5 in mixed culture stained live with WGA488 to mark the plasma membrane. Cells were then fixed and stained for vimentin (Alexa 647-coupled secondary antibody) under permeabilizing (standard) or non-permeabilizing conditions. Insets show vimentin co-localizing with the WGA488 signal in an unpermeabilized GABAergic neuron. (A,B,G): confocal imaging.



To demonstrate surface localization of vimentin in GABAergic neurons, living neurons were lectin-treated for 10 min with Alexa488-coupled wheat germ agglutinin (WGA488) to label the plasma membrane. This procedure was then followed by fixation and antibody staining against vimentin in either permeabilized or unpermeabilized cells (Figure 5G). In contrast to permeabilized cells, unpermeabilized GABAergic neurons exhibited a strongly reduced intracellular vimentin signal and a clearly visible co-localization with the WGA488 signal, thus indicating a surface or at least surface-near localization.

In summary, by using a novel transgenic mouse line, the present work demonstrates a differential sensitivity of GABAergic vs. glutamatergic neurons towards the growth-promoting effects of Clostridium botulinum C3 protein that is mediated by vimentin.



DISCUSSION

Vimentin has been demonstrated to function as a key neuronal cell-binding partner for clostridial C3 transferase. In neuronal cell lines such as hippocampal HT22 cells as well as J744A.1 macrophages surface vimentin was the first protein identified to interact with C3bot during the process of cell binding and uptake thereby eliciting its cellular responses (Rohrbeck et al., 2014, 2015). Using a knockout strategy, vimentin was shown to be crucially involved in mediating the growth-promoting effects of C3bot in hippocampal/neocortical neurons (Adolf et al., 2016). In addition to this, site-directed mutagenesis creating mutant C3bot variants with a disturbed RGD integrin-binding domain further identified the ß1-integrin subunit as an additional binding partner for C3bot in neuronal cell lines, macrophages, and primary neuron cultures (Rohrbeck et al., 2017).

Vimentin, besides its role in the formation of the intracellular intermediate filament system, has gained recent attention as a surface-expressed protein, providing a docking structure for invading pathogens in a variety of cell types, amongst them the SARS-associated coronavirus (Mak and Brüggemann, 2016; Yu et al., 2016). Also, this surface expression has been linked to malignant tumor progression (Liu et al., 2020). Various posttranslational modifications such as citrullination or phosphorylation are involved in the regulation of vimentin secretion into the extracellular fluid or in mediating surface presentation in different cell types (for review see Patteson et al., 2020). Also, conformational changes have been identified that elucidate mechanisms of membrane integration as a prerequisite for surface location. In this context, it was demonstrated that vimentin presents as oligomers (4–12 mers) rather than filaments at the surface of glioma cells (Hwang and Ise, 2020). The same group had shown before that the K373-G407 residues of the rod II domain bind N-acetylglucosamine and represent a lectin-like cell surface-exposed domain (Ise et al., 2010). On the neuronal surface, the insulin-like growth factor-1 receptor (IGF1R) represents a binding partner for extracellular vimentin that upon activation by vimentin fosters axonal outgrowth in cortical neurons (Shigyo et al., 2015). Current investigations by our group address the question of whether similar mechanisms to the ones found in macrophages, endothelial cells, glioma, or astrocytes that release vimentin by exosomal secretion (Adolf et al., 2019) also exist in neurons. In the developing brain neuronal vimentin is gradually replaced by neurofilaments representing the main intermediate filament system of the mature axon (Li et al., 2013). During the transition from the premature to the differentiated neuron, vimentin was found to be mainly associated with hypophosphorylated neurofilaments to form heteropolymers and to become excluded from extensively phosphorylated neurofilament bundles. In contrast to the vimentin/neurofilament heteropolymers, these bundles stabilize and become resistant to proteolytic cleavage and therefore vimentin is gradually removed from the neurites (Yabe et al., 2003). Generally, the upregulation of (mainly astroglial) vimentin is well documented following CNS lesions in various systems (Pekny and Pekna, 2016). Concomitant with the upregulation, release of glial vimentin to the extracellular space and binding to neuronal membranes may occur (Teshigawara et al., 2013; Shigyo et al., 2015; Shigyo and Tohda, 2016; Adolf et al., 2019). Upregulation of neuronal vimentin, on the other hand, may also take place since it was observed in lesioned sciatic nerve fibers (Perlson et al., 2005) as well as in neurons of the cerebral cortex, cerebellum, and hippocampus affected by Alzheimer’s disease (Levin et al., 2009). In line with this, the injection of kainate into the rat spinal cord resulted in the prolonged neuronal upregulation of vimentin (Nishida et al., 2017). Interestingly, the expression of neuronal vimentin by transfection of differentiated neuroblastoma cells with vimentin resulted in an enhanced axon outgrowth (Dubey et al., 2004). Overall, damage-associated upregulation of vimentin is a proposed response mechanism that recapitulates earlier stages in neuronal development crucial for differentiation and fast process outgrowth. The presentation of an increased amount of extracellular vimentin might be therefore advantageous for the regeneration-promoting properties of C3bot when used as a tool to foster axonal or dendritic re-growth.

Cultured neurons are usually obtained from embryonic or early postnatal days and seem to resemble developing neurons in the in vivo situation since they usually express vimentin throughout their culture period (own observations). We here report on a differential expression profile of the intermediate filament protein vimentin but not ß1-integrin between the two major classes of cortical neurons, the projecting excitatory neurons, and the inhibitory interneurons.

Both cell types differ in many anatomical and physiological properties. Moreover, diversity within the lineages of excitatory and inhibitory neurons exists in a way that neocortical excitatory neurons derive from progenitors in the pallium whereas GABAergic interneurons derive from progenitors in the subpallium (Marín and Müller, 2014). Inhibitory GABAergic interneurons in vivo comprise only 10–20% of the neuronal population but are characterized by a dense local axonal arbor that coordinates the activity of large populations of local neurons (Booker and Vida, 2018). Despite their relatively low number, they are the most diverse neurons in terms of morphology, connectivity, and physiological properties (Ascoli et al., 2008; Kepecs and Fishell, 2014).

Remarkably, the observed axonotrophic effects of C3bot are more pronounced in GABAergic interneurons even though glutamatergic layer V excitatory neurons, for example, can project to very distant spinal projection areas. The exact reason for the higher vimentin expression in GABAergic neurons remains to be elucidated. Despite the anatomical and physiological differences between inhibitory and excitatory neurons, we could show by the addition of extracellular vimentin that the detected differential sensitivity to C3bot was indeed due to the different vimentin levels. Other integrins such as the β3-subunit have been identified to directly interact with vimentin and to enhance the surface presentation of vimentin at endothelial focal adhesion sites (Bhattacharya et al., 2009). On the other hand, filamentous vimentin underneath the plasma membrane can regulate integrin-ligand interactions by binding to the β3-subunit (Kim et al., 2016). Differential expression profiles of β1-integrins, however, seem not to be responsible for the enhanced vimentin levels in GABAergic neurons or directly account for an increased cell binding of C3bot.

Further work addressing the in vivo neuronal growth- and regeneration-promoting properties of C3bot in vimentin knockout mice will add to the understanding of the cellular mechanisms underlying the observed neurotrophic effects.
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Injuries in the central nervous system (CNS) often causes neuronal loss and glial scar formation. We have recently demonstrated NeuroD1-mediated direct conversion of reactive glial cells into functional neurons in adult mouse brains. Here, we further investigate whether such direct glia-to-neuron conversion technology can reverse glial scar back to neural tissue in a severe stab injury model of the mouse cortex. Using an adeno-associated virus (AAV)-based gene therapy approach, we ectopically expressed a single neural transcription factor NeuroD1 in reactive astrocytes in the injured areas. We discovered that the reactive astrocytes were efficiently converted into neurons both before and after glial scar formation, and the remaining astrocytes proliferated to repopulate themselves. The astrocyte-converted neurons were highly functional, capable of firing action potentials and establishing synaptic connections with other neurons. Unexpectedly, the expression of NeuroD1 in reactive astrocytes resulted in a significant reduction of toxic A1 astrocytes, together with a significant decrease of reactive microglia and neuroinflammation. Furthermore, accompanying the regeneration of new neurons and repopulation of new astrocytes, new blood vessels emerged and blood-brain-barrier (BBB) was restored. These results demonstrate an innovative neuroregenerative gene therapy that can directly reverse glial scar back to neural tissue, opening a new avenue for brain repair after injury.

Keywords: brain repair, brain injury, NeuroD1, in vivo reprogramming, neuron to astrocyte ratio, neuroinflammation, blood-brain-barrier, astrocyte-to-neuron conversion


HIGHLIGHTS


-   The glial scar can be reversed back to neural tissue through neuroregenerative gene therapy

-   Astrocytes are not depleted after neuronal conversion

-   Neuron to glia ratio after an injury can be rebalanced through in vivo cell conversion

-   Conversion of reactive astrocytes into neurons reduces neuroinflammation

-   Astrocyte-to-neuron conversion restores blood vessels and blood-brain-barrier





INTRODUCTION

A delicate balance between neurons and glial cells is critical to maintaining normal brain functions. Injuries in the central nervous system (CNS) often results in neuronal loss and glial proliferation, leading to severe impairment of neuron-glia balance. Restoration of the neuron-glia balance is rather difficult because adult mammalian brains have largely lost the neuroregeneration capability (Yiu and He, 2006; Cregg et al., 2014; He and Jin, 2016; Sorrells et al., 2018). Reactive glial cells after injury may serve as a physical barrier to prevent the spreading of injury (Barker et al., 2018), but they can also secrete neuroinhibitory factors such as chondroitin sulfate proteoglycans (CSPGs) and lipocalin-2 (LCN2), as well as inflammatory cytokines such as TNFα and interleukin-1β (IL-1β; Silver and Miller, 2004; Koprivica et al., 2005; Ferreira et al., 2015). Neutralization of the neuroinhibitory factors can facilitate axonal regeneration (Bradbury et al., 2002; Sivasankaran et al., 2004). Injuries in the CNS may also induce neuroinflammation and breakdown of blood-brain-barrier (BBB), resulting in a toxic microenvironment for neuronal and glial survival (Silver and Miller, 2004). Reduction of neuroinflammation in injury sites can effectively reduce neuronal death (Fu et al., 2015; Witcher et al., 2015). However, neural protection alone is not sufficient for tissue repair if there are a large number of neurons lost and replaced by a large number of glial cells in the injury sites.

We have recently demonstrated that ectopic expression of NeuroD1 in reactive astrocytes can directly convert them into functional neurons inside the mouse brain (Guo et al., 2014; Chen et al., 2020; Wu et al., 2020). Such glia-to-neuron conversion can also be achieved with other neural transcription factors, such as Sox2 (Niu et al., 2013; Heinrich et al., 2014; Su et al., 2014), Ngn2 (Grande et al., 2013; Heinrich et al., 2014; Gascón et al., 2016), and Ascl1 (Torper et al., 2013, 2015; Liu et al., 2015; Rivetti di Val Cervo et al., 2017) or knockdown PTBP1 (Qian et al., 2020). However, it is currently unclear what impact will the in vivo glia-to-neuron conversion have on the glial scar formation. Will glial cells be depleted after conversion? Will injury become worse after conversion? Will neuron-glia balance be restored after conversion?

To answer these questions regarding in vivo glia-to-neuron conversion, we employed a severe stab injury model in the mouse motor cortex to investigate the broad impact of cell conversion on the microenvironment of injured brains. We found that astrocytes were not depleted after conversion, but rather repopulated due to intrinsic proliferation capability. The neuron-glia ratio was rescued by astrocyte-to-neuron (AtN) conversion, and the microenvironment of the injury sites was ameliorated after conversion. Specifically, A1 type reactive astrocytes in the injury sites were transformed into less reactive astrocytes within 3 days of NeuroD1 infection. Reactive microglia were also ameliorated and neuroinflammation was reduced following NeuroD1-mediated AtN conversion. Furthermore, BBB was restored and new synaptic connections were established after AtN conversion. Together, we demonstrate that NeuroD1-mediated cell conversion can rebalance the neuron-glia ratio in the injury sites and reverse glial scar back to neural tissue.



MATERIALS AND METHODS


Mouse Model of Stab Injury and Virus Injection

Animal procedures were performed following the Animal Protection Guidelines of the US National Institutes of Health, and all experimental protocols were approved by the Pennsylvania State University’s Institutional Animal Care and Use Committee (IACUC). Wild type (WT) C57BL/6J and FVB/N-Tg(GFAP::GFP) 14Mes/J transgenic mice were purchased from Jackson Laboratory. Mice were housed in a 12 h light/dark cycle and supplied with sufficient food and water. Adult mice (20–30 g) with both genders were recruited in the experiments at the age of 3–6 months old. The mouse motor cortex was injured with a blunt needle (0.95 mm outer diameter) as previously reported with modifications (Bush et al., 1999; Bardehle et al., 2013; Guo et al., 2014). Briefly, ketamine/xylazine (100 mg/kg ketamine; 12 mg/kg xylazine) was administrated by intraperitoneal injection. Under anesthesia, mice were placed in a stereotaxic apparatus with the skull and bregma exposed by a midline incision. A hole of ~1.2 mm was drilled in the skull in both sides of the motor cortex (coordination: +1.0 mm anterior-posterior, ±1.5 mm medial-lateral relative to Bergma). A blunt needle (0.95 mm) was placed into each site to the depth of −1.8 mm dorsal-ventral and stayed still for 3 min. At 4 or 10 days post stab injury (dps) when astrocytes became reactive, mice were randomly subjected to either NeuroD1 or control virus-injection into the same site. The viral injection procedures were similar as previously reported (Guo et al., 2014), with each injection site received 1.5 μl adeno-associated virus (AAV) or retrovirus using a 5 μl micro-syringe and a 34 Gauge needle (Hamilton). The viral injection rate was controlled at 0.15 μl/min, with the needle gradually moved up at a speed of 0.1 mm/min. After injection, the needle was maintained in place for additional 3 min before fully withdrawn. Post-surgery, mice were recovered on a heating pad until free movement was observed. We did not observe any paralysis in mice after surgery. Mice were singly housed and carefully monitored daily for at least 1 week.



Brain Section Inclusion and Quantification

To make sure the brain slides were comparable among different groups, we sectioned the brain in 40 μm thickness with vibrotome and store the slices in a 24-well plate with two slices per well in a rostral-to-caudal sequence. The slices with the maximal lesion were identified by a light microscope and marked as injury core. The brain slices with the same distance to the injury core among different groups were selected for comparison. Usually, only slices within ±0.2 mm distance away from the injury core were included for the current study.

To quantify cellular staining (NeuN, NeuroD1, GFAP, BrdU, LCN2, Iba1, iNOS, CSPG, and CD68), the entire lesioned cortical tissue was covered in 20× images (1.5 × 1.5 mm). The intensity or covered area was quantified in 20× images. To quantify the astrocyte and neuron numbers, a 0.3 × 1.5 mm region in the middle of the lesion area was selected. To quantify the neurites and synaptic puncta, high mag (40× or 63×) images were taken in the area at 0.3–0.5 mm away from the needle track, where the cell debris and nonspecific background were minimal.

ImageJ software was used for image quantifications. To quantify the intensity of GFAP, CSPG, Iba1, iNOS, and SMI32, the whole image was selected and the average intensity was quantified. Synaptic puncta were quantified by using the function of “analyze particles.”



AAV Vector Construction

The hGFAP promoter was obtained from a pDRIVE-hGFAP plasmid (InvivoGen Inc.,) and inserted into pAAV-MCS (Cell Biolab) between MluI and SacII to replace the CMV promoter. The Cre gene was obtained by PCR from Addgene plasmid #40591 (gift of Dr. Albee Messing) and inserted into pAAV MCS between EcoRI and Sal1 sites to generate pAAV-hGFAP::Cre vector. To construct pAAV-FLEX-mCherry-P2A-mCherry and pAAV-FLEX-NeuroD1-P2A-mCherry vectors, the NeuroD1 or mCherry-coding cDNA was obtained by PCR using the retroviral constructs described previously (Guo et al., 2014). The NeuroD1 gene was fused with P2A-mCherry and subcloned into the pAAV-FLEX-GFP vector (Addgene plasmid #28304, a gift of Dr. Edward Boyden) between Kpn1 and Xho1 sites. Plasmid constructs were verified by sequencing.



AAV Production

Recombinant AAV stereotype 9 was produced in 293AAV cells (Cell Biolabs). Briefly, triple plasmids [pAAV expression vector, pAAV9-RC (Cell Biolab) and pHelper (Cell Biolab)] were transfected by polyethyleneimine (PEI, linear, MW 25000). Cells were scraped and centrifuged at 72 h post-transfection. Cell pellets were frozen and thawed for four times by being placed in dry ice/ethanol and 37°C water bath alternately. AAV lysate was purified by ultra-centrifugation at 54,000 rpm for 1 h in discontinuous iodixanol gradients (Beckman SW55Ti Rotor). The virus-containing layer was collected followed by concentration by Millipore Amicon Ultra Centrifugal Filters. Virus titers were initially determined by QuickTiterTM AAV Quantitation Kit (Cell Biolabs): 1.5 × 1011 – 1.2 × 1012 GC/ml for hGFAP::Cre, 1.4 × 1012 GC/ml for FLEX-NeuroD1-P2A-mCherry, 1.6 × 1012 GC/ml for FLEX-mCherry-P2A-mCherry.



Retrovirus Production

The pCAG::GFP-IRES-GFP retroviral vector was a gift from Dr. Fred Gage (Salk Institute, CA, USA). Mouse NeuroD1 sequence was inserted into the above-mentioned vector to generate pCAG::NeuroD1-IRES-GFP vector (Guo et al., 2014). To package retroviral particles, the target vector with vesicular stomatitis virus glycoprotein (VSV-G) vector was transfected by PEI in gpg helper-free human embryonic kidney (HEK) cells. The titer of retroviral particles was determined as ~107 particles/ml according to the serial dilution method.



Tissue Collection

Brain samples were collected as previously described (Guo et al., 2014). Briefly, animals were injected with 2.5% Avertin for anesthesia. Transcardial perfusion with artificial cerebral spinal fluid (ACSF) was performed to systemically wash out the blood to better preserving the brain structure and antigen. After perfusion, brains were dissected out for immunohistochemistry or RT-PCR analyses. For immunohistochemistry, brains were post-fixed in 4% paraformaldehyde (PFA) at 4°C overnight, then washed with PBS and sectioned in 40 μm thickness. The brain slices were either used immediately or kept in PBS with 0.02% NaN3 in 4°C cold room for storage of about 1 month. For longer preservation, brain slices were transferred into anti-frozen solutions (50% xylene + 50% glycerol, at 1:1 mixture with MilliQ H2O) and kept at −20°C. For RNA extraction purposes, brain tissues around the injury site (~1.5 × 1.5 × 1 mm cube) were dissected out and flash-frozen at −80°C till usage.



Immunohistochemistry

After fixation, brain tissues were sectioned at 40 μm sections using Leica-1000 vibratome. Brain slices were washed three times with phosphate-buffered saline (PBS) followed by permeabilization in 2% Triton X-100 in PBS for 1 h. Then brain sections were blocked in 5% normal donkey serum and 0.3% Triton X-100 in PBS for 1 h. The primary antibodies were added to the blocking buffer and incubated with brain sections overnight at 4°C. Primary antibodies were rinsed off with PBS three times followed by secondary antibody incubation for 2 h at room temperature (RT). After being washed with PBS, brain sections were mounted onto a glass slide with an anti-fading mounting solution containing DAPI (Invitrogen). Images were acquired with confocal microscopes (Olympus FV1000 or Zeiss LSM800). To ensure antibody specificity, the only secondary antibody was used for immunostaining as a side-by-side control, with no distinct signal detected. Primary antibodies used in the current study was listed in Table 1.

TABLE 1. Primary antibodies used in the study.
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BrdU Labeling

For labeling of proliferative astrocytes after brain injury, GFAP-GFP transgenic mice were used and intraperitoneal injection of BrdU (Invitrogen) was conducted daily from 1 dps to 4 or 10 dps at a dose of 0.1 ml/10 g. For characterization of newly generated astrocytes after conversion, BrdU was administrated daily from 7 to 14 dpi. Fixed brain sections were subjected to 30 min treatment with 2 M HCl at 37°C for DNA denaturation. After five washes with PBS, brain sections were permeablized in 2% Triton-PBS for 1 h and incubated in blocking buffer (5% normal donkey serum and 0.3% Triton in PBS) for an additional 1 h at RT. Primary antibodies were mixed in a blocking solution and incubated with brain sections at 4°C overnight.



Cresyl Violet Staining (Nissl Staining)

A Series of coronal sections were collected for analysis of tissue damage. The center of needle injury was collected and set as zero points; two sections anterior and posterior to the injury site at 200 μm intervals were also selected. The brain sections were first placed in xylene for 5 min, followed by a gradual hydration series with alcohol (95, 70, and 0% in water) for 3 min each. The samples were transferred to cresyl violate buffer (0.121 mg/ml cresyl violet acetate in NaAc buffer, pH 3.5) for 8 min at 60°C. Upon completion, the stain was rinsed and dehydrated in a series with alcohol (0, 70, 95, and 100%) for 30 s each. Finally, the samples were cleared in xylene for 1 h and mounted in DPX Mountant (Sigma–Aldrich). Images were acquired using an Olympus BX61 microscope.



RNA Extraction and Quantitative Real-Time PCR

The RNA extraction was performed using the Macherey-Nagel NucleoSpin RNA kit (Macherey-N Macherey-Nagel, Bethlehem, PA, USA). RNA concentration and purity were measured by NanoDrop. For cDNA synthesis, 500 ng RNAs were mixed with Quanta Biosciences qScript cDNA supermix and incubated at 25°C for 5 min, 42°C for 30 min, 85°C for 5 min and held at 4°C. Upon completion, the cDNAs were diluted 5-fold with RNase/DNase-free water. The primers for real-time qPCR were designed using Applied Biosystems Primer Express software and synthesized in IDT. Primers used in the current study was listed in Table 2. For qRT-PCR, each reaction, 6.25 μl SYBR Green Supermix (Quanta Biosciences PerfeCTa, ROX), 2 μl cDNA, and 3.75 μl water were mixed well and loaded in a 96-well plate (Applied Biosystem Inc.). Gapdh was used as an internal control. All comparisons were conducted to non-injured cortical tissue from healthy mice. The comparative Ct method was used for the calculation of fold change.

TABLE 2. Primers used in the study.
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Electrophysiology

Brain slice recordings were performed as previously described (Guo et al., 2014). Briefly, 1 month after NeuroD1-AAV injection, mice were anesthetized with 2.5% avertin, and then perfused with NMDG-based cutting solution (in mM): 93 NMDG, 93 HCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 15 glucose, 12 N-Acetyl-L-cysteine, 5 sodium ascorbate, 2 Thiourea, 3 sodium pyruvate, 7 MgSO4, 0.5 CaCl2, pH 7.3–7.4, 300 mOsm, bubbled with 95% O2/5% CO2. Coronal sections of 300 μm thickness were cut around AAV-injected cortical areas with a vibratome (VT1200S, Leica, Germany) at RT. Slices were collected and incubated at 33.0 ± 1.0°C in oxygenated NMDG cutting solution for 10–15 min. Then, slices were transferred to holding solutions with continuous 95% O2/5% CO2 bubbling (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 15 glucose, 12 N-Acetyl-L-cysteine, 5 sodium ascorbate, 2 Thiourea, 3 sodium pyruvate, 2 MgSO4, 2 CaCl2. Brain sections were recovered in the holding solution at least for 0.5 h at room temperature. For patch-clamp recording, a single slice was transferred to the recording chamber continuously perfused with standard ACSF (in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26, NaHCO3, 10 Glucose, 1.3 MgSO4, 2.5 CaCl2) saturated by 95% O2/5% CO2 at 33.0 ± 1.0°C. To record action potentials and ionic currents, whole-cell recordings were performed with pipette solution containing (in mM): 135 K-Gluconate, 10 KCl, 5 Na-phosphocreatine, 10 HEPES, 2 EGTA, 4 MgATP and 0.3 Na2GTP, pH 7.3 adjusted with KOH, 280–290 mOsm. Depolarizing currents were injected to elicit action potentials under the current-clamp model. To record spontaneous excitatory postsynaptic currents (sEPSCs) and spontaneous inhibitory postsynaptic currents (sIPSCs), pipette solution contained (in mM): 120 Cs-Methanesulfonate, 10 KCl, 10 Na-phosphocreatine, 10 HEPES, 5 QX-314, 1 EGTA, 4 MgATP and 0.3 Na2GTP, pH 7.3 adjusted with KOH, 280–290 mOsm. The cell membrane potential was held at −70 mV for sEPSC recordings, and 0 mV for sIPSC recordings, respectively. Data were collected with a MultiClamp 700A amplifier and analyzed with pCLAMP10 software (Molecular Devices).



Data Analysis and Statistics

Prism 6 Graphpad software was used for statistical analysis and bar graphs. ImageJ version 1.46r, Java 1.6.0_20 (64-bit) was used for imaging analysis. For comparison of two data sets, Paired Student’s t-test, two-tailed was conducted. For comparison of three data sets, one-way or two-way analysis of variance (ANOVA) was performed, followed by post hoc tests. Statistical significance was set as p < 0.05. Data were presented as mean ± SEM.




RESULTS


NeuroD1-Mediated Astrocyte-to-Neuron Conversion in a Severe Stab Injury Model

The functional role of reactive glial cells after a neural injury is still controversial despite extensive research over the past decades. On one hand, reactive glial cells have long been reported to secret neuroinhibitory and neuroinflammatory factors to hamper neuroregeneration (Bush et al., 1999; Silver and Miller, 2004; Yiu and He, 2006; Cregg et al., 2014; He and Jin, 2016); on the other hand, a glial scar may have a beneficial effect on axonal regeneration (Anderson et al., 2016; Silver, 2016). We have recently demonstrated that reactive astrocytes and NG2 cells can be directly converted into functional neurons inside mouse brains by a single transcription factor NeuroD1 (Guo et al., 2014). Since glial scar seems to be a double-edged sword, we wondered whether converting astrocytes into neurons might cause any detrimental effects and make the injury worse. To answer this question, we established a severe stab injury model in adult mice (3–6 months old, both genders included) and investigated the impact of NeuroD1-mediated astrocyte-to-neuron (AtN) conversion on the microenvironment of the injury areas. Specifically, we used a blunt needle (outer diameter 0.95 mm) to make a severe stab injury in the mouse motor cortex, which induced a significant tissue loss together with reactive astrogliosis in the injury sites (Supplementary Figure 1A). As expected, the number of astrocytes increased significantly in the stab-injured areas at 4 and 10 dps (Supplementary Figure 1A, right bar graph). This is consistent with the increased proliferation of astrocytes following neural injury, as shown by the incorporation of bromodeoxyuridine (BrdU) during cell division (Supplementary Figure 1B; BrdU+ astrocytes, 38.7 ± 2.5%, n = 4 mice, 10 dps). Also, the astrocytes accumulated in the lesion site showed hypertrophic elongated morphology and lost their own territory with processes overlapping with each other (Supplementary Figures 1A,B). Therefore, our severe stab injury model in the mouse motor cortex causes a significant tissue loss and formation of glial scar in the injury sites.

To convert glial cells into neurons, we first employed retroviruses expressing NeuroD1 in dividing reactive glial cells as previously reported (Guo et al., 2014). We injected retroviruses into the injury site at 10 dps and collected the tissue at 14 days post-viral injection (dpi). We confirmed that ectopic expression of NeuroD1-GFP in glial cells efficiently (90.6 ± 5.2%) converted them into NeuN+ neurons, whereas none of the GFP-infected cells were co-labeled by NeuN in the control group (Supplementary Figure 2, n = 4 mice). Despite high conversion efficiency, the total number of newly converted neurons after the retroviral infection was limited due to the limited number of glial cells that happened to be dividing during retroviral injecting. To increase the total number of newly converted neurons in the injury sites for therapeutic repair, we developed an AAV Cre-FLEX system to achieve more broad viral infection and cell conversion because AAV can express target genes in both dividing and non-dividing cells (Ojala et al., 2015). Specifically, Cre recombinase was expressed under the control of astrocyte promoter GFAP (GFAP:: Cre) to target astrocytes; the expression of Cre will act at the loxP-type recombination sites flanking an inverted sequence of NeuroD1-P2A-mCherry under the CAG promoter in a separate AAV vector (FLEX-CAG::NeuroD1-P2A-mCherry; Figure 1A). Therefore, NeuroD1 expression can be targeted to reactive astrocytes where the GFAP promoter is highly active, and the subsequent Cre-mediated recombination will lead to high expression of NeuroD1 driven by a strong promoter CAG. The use of a CAG promoter instead of a GFAP promoter is to ensure the detection of converted neurons through mCherry expression because the GFAP promoter will be gradually silenced after neuronal conversion. We have initially tried GFAP::NeuroD1-P2A-mCherry (or GFP), but it is difficult to identify the converted neurons after several weeks because they may have lost mCherry (or GFP) after the silence of GFAP promoter in converted neurons (data not shown).
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FIGURE 1. NeuroD1-mediated high-efficiency astrocyte-to-neuron conversion after stab injury. (A) Schematic illustration showing the Cre-FLEX system. GFAP::Cre viruses express Cre in astrocytes, where Cre acts at the loxP-type recombination sites of FLEX-CAG::NeuroD1-P2A-mCherry (inverted sequence). After Cre-mediated recombination, NeuroD1 will be expressed under the control of the CAG promoter. (B) Schematic illustration showing stab injury and adeno-associated virus (AAV) injection in both sides of the mouse motor cortex, followed by analyses at different time points. To evaluate the effect of NeuroD1-treatment, the AAV serotype 9 (AAV9) carrying GFAP::Cre and FLEX-CAG::NeuroD1-P2A-mCherry or FLEX-CAG::mCherry-P2A-mCherry (control) were injected into the injury site at 4 days post stab injury (dps). Mice were sacrificed at 3, 5, 7, or 14 days post-viral injection (dpi) for analyses. A half brain section with NeuroD1-AAV9 injection showed broad viral infection around the one side of the motor cortex area (top right). (C) Ectopic expression of NeuroD1 in reactive astrocytes after stab injury gradually shifted the astrocytic population into neurons. Representative images showing control AAV mCherry-infected cells with clear astrocytic morphology and GFAP signal (cyan) across different time points (3, 5, 7, and 14 dpi). In contrast, NeuroD1-infected cells (arrowheads) initially showed colocalization of NeuroD1 (green) and GFAP at 3 dpi, indicating infection of astrocytes, but later showed colocalization of NeuroD1 and NeuN (magenta) at 5, 7, and 14 dpi, suggesting conversion into neurons. Note that the astrocytic morphology in the NeuroD1 group also became less hypertrophic compared to the control group. Scale bar = 20 μm. (D,E) Quantitative analysis of the ratio of neurons vs. astrocytes among all virally infected cells in both control (black bar) and NeuroD1 group (gray bar). At 3 dpi, the majority of mCherry- and NeuroD1-infected cells remained as GFAP+ astrocytes; at 5 dpi, NeuN+ started to be observed in NeuroD1-infected cells; at 7 and 14 dpi, while control mCherry-infected cells remained GFAP+, the majority of NeuroD1-infected cells became NeuN+ neurons. Note that at 14 dpi, some control mCherry-infected cells were NeuN+, suggesting that some injured neurons might have GFAP-Cre and FLEX-mCherry expression. n = 4–6 mice per group. Each dot represents one animal. ***P < 0.001, two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test.



The AAV Cre-FLEX system was proved to be very efficient as shown by the wide expression of NeuroD1-mCherry in the stab-injured cortical areas (Figure 1B). Because AAV can infect both neurons and glial cells in the brain, we first investigated whether our GFAP::Cre/FLEX system can target astrocytes as we designed. At 4 dps, AAVs expressing either GFAP::Cre/FLEX-mCherry or GFAP::Cre/FLEX-NeuroD1-mCherry were injected at the injury sites and brain sections were immunostained with GFAP and NeuN to assess the AAV-infected cell identity (Figure 1C). At 3 days of post-viral infection (dpi), both the control AAV mCherry and the NeuroD1-mCherry-infected cells were astrocytes (Figure 1C, top two rows). At 5 dpi, however, while the majority of control AAV mCherry-infected cells remained GFAP+ astrocytes, some of the NeuroD1-mCherry-infected cells started to show NeuN+ signal (Figure 1C, middle rows of 5 dpi). At 7 and 14 dpi, the NeuroD1-mCherry-infected cells showed stronger NeuroD1 expression (green) and NeuN signal (magenta), while the majority of control mCherry-infected cells remained astrocytes (Figure 1C, bottom rows of 7 and 14 dpi). The quantitative analysis found that at 3 days post-NeuroD1-mCherry viral injection (3 dpi), 92.1 ± 3.1% of NeuroD1-mCherry infected cells were GFAP-positive, indicating preferential infection of astroglial population guided by GFAP::Cre viruses. Among these NeuroD1-mCherry infected cells, 87.4 ± 2.5% were already immunopositive for NeuroD1 (Supplementary Figures 3A,B), suggesting a rapid expression of NeuroD1 using our AAV Cre-FLEX system. Such early expression of NeuroD1 was further confirmed by real-time PCR analysis (Supplementary Figure 4A). At 5 dpi, about 35.9 ± 3.9% of NeuroD1-infected astrocytes were converted into NeuN-positive neurons, while only 6.0 ± 0.4% of the control AAV mCherry-infected cells showed NeuN signal. At 7 dpi (injected at 4 dps), we found that 89.2 ± 4.7% of NeuroD1-infected cells showed NeuN signal (7 dpi, n = 4 mice), whereas in the control group 80% of mCherry AAV-infected cells were still GFAP+ astrocytes (Figures 1D,E). The number of NeuroD1-converted neurons in the injury areas were quantified as 219.7 ± 19.3/mm2 at 14 dpi. Together, by developing an AAV Cre-FLEX system to highly express NeuroD1 in reactive astrocytes, we achieved high efficiency of AtN conversion in the stab-injured mouse cortex. It is worth to mention that while GFAP::Cre may be expressed in radial glia or neuro progenitor, the current study is limited to the adult mouse cortex, where neuroprogenitor has rarely been demonstrated in 3-month old mice. Therefore, our neuronal conversion is most likely occurring in adult astrocytes, rather than adult neuro-progenitors which are mainly found in the subventricular zone of the hippocampal subgranular zone.



Astrocytes Not Depleted After Conversion

Astrocytes play a vital role in supporting neuronal functions (Allen and Barres, 2009). The high efficiency of AtN conversion raises a serious concern regarding whether astrocytes might be depleted (mostly absent) after neuronal conversion. We, therefore, performed GFAP staining and did observe an overall reduction of GFAP signal in the NeuroD1 group compared to the control group, but astrocytes were not absent in the converted area (Figure 2A). Furthermore, the astrocyte morphology showed a significant change in the NeuroD1 group, displaying much less hypertrophic processes compared to the control group (Figure 2A, arrowhead in left images), suggesting that astrocytes in the NeuroD1-converted areas became less reactive. The quantitative analysis found that compared to the non-injured cortex, the GFAP signal after stab injury was significantly increased by 5–10 folds in the mCherry control group (Figure 2A, bar graphs, black bar), but reduced significantly by about half in NeuroD1-infected areas (Figure 2A, gray bar). The decrease of the GFAP signal in the NeuroD1 group is consistent with the conversion of reactive astrocytes into neurons. On the other hand, our detection of a significant level of GFAP signal in the NeuroD1-infected areas suggests that reactive astrocytes are not depleted after conversion. Since astrocytes have an intrinsic capability to proliferate, we hypothesized that neuronal conversion might trigger the remaining astrocytes to proliferate to compensate for the loss of astrocytes undergoing conversion. To test this idea, we injected BrdU, which can be incorporated into DNA during cell division, daily from 7 dpi (viral injection at 4 dps) to 14 dpi to monitor cell proliferation in both the control group and NeuroD1 group (Figure 2B, left schematic illustration). We discovered that the number of BrdU-labeled astrocytes in the NeuroD1 group more than tripled that of the control group (Figure 2B, right panels, and quantified in the bar graph). Many of the BrdU-labeled astrocytes were adjacent to the NeuroD1-converted neurons (Figure 2B, arrowheads), suggesting that astrocytes can proliferate in the converted areas. Note that there were also astrocytes that were BrdU negative, suggesting that preexisting astrocytes and newly generated astrocytes intermingled together after AtN conversion. Therefore, astrocytes will not be depleted by AtN conversion but rather can be repopulated due to their intrinsic proliferative capability (Bardehle et al., 2013; Wanner et al., 2013).
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FIGURE 2. Rescue of neuron:astrocyte ratio through NeuroD1-mediated in vivo AtN conversion. (A) Astrocytes are not depleted in NeuroD1-converted areas. Control AAV-infected injury areas showed intensive GFAP signals (green) with hypertrophic morphology (top row, 7 dpi). In contrast, NeuroD1-infected injury areas showed significantly reduced GFAP expression, and astrocytic morphology was less reactive (bottom row, arrowhead). Astrocytes (green) persisted in the NeuroD1-converted area (red). Scale bar = 200 μm (low mag, left), and 20 μm (high mag, right). Quantitative analysis revealed a significant reduction of both GFAP intensity and GFAP-covered area in NeuroD1-infected injury areas (right bar graphs). Note that the GFAP signal in the NeuroD1 group was reduced to half of the control group but still higher than non-injured brains, indicating that astrocytes were not depleted after NeuroD1 conversion. n = 4–6 mice per group. Each dot represents one animal. **P < 0.01, ***P < 0.001, two-way ANOVA followed by Bonferroni post hoc test. (B) Increased proliferation of astrocytes after NeuroD1-mediated cell conversion. BrdU was applied daily in GFAP::GFP mice between 7–14 dpi, a time window of cell conversion, to assess cell proliferation. We detected many proliferating astrocytes that were co-labeled with BrdU (magenta) and GFP (green) in the vicinity of NeuroD1-converted neurons (red). Scale bar = 20 μm. Quantitative analysis revealed a significant increase in the number of proliferating astrocytes (BrdU+/GFP+) in NeuroD1-infected injury areas, compared to the control group. n = 3 mice. *P < 0.05, Student’s t-test. (C) Representative images illustrating astrocytes (S100β, green; GFAP, cyan) and neurons (NeuN, red) in non-injured brains (NI), and stab-injured brains with mCherry control virus infection (mCH) or NeuroD1 virus infection (ND1). Scale bar = 100 μm. (D) Bar graphs illustrating quantitative analyses of the number of NeuN+ neurons, and GFAP+/S100b+ astrocytes among non-injured, mCherry control, and NeuroD1 groups (14 dpi). (E) Rescue of neuron:astrocyte ratio after NeuroD1-mediated AtN conversion. Quantitation of neuron:astrocyte ratio among non-injured, mCherry control, and NeuroD1 groups at 3, 7, and 14 dpi. The neuron:astrocyte ratio was 4:1 in non-injured mouse motor cortex, but significantly decreased to 0.6:1 after stab injury, and then reversed back to 2.6:1 by NeuroD1-mediated AtN conversion. n = 3–6 mice per group. *P < 0.05, ***P < 0.001, two-way ANOVA plus post hoc Sidak’s test.





Neuron to Astrocyte Ratio Rebalanced After Conversion

Brain functions rely upon a delicate balance between neurons and glial cells. After the neural injury, both neurons and glial cells will die initially but only glial cells can proliferate following injury, resulting in an altered neuron: glia ratio in the injury areas. This was reflected in our severe stab injury model (Figure 2C), where the number of healthy neurons (NeuN+ cells, red) significantly decreased after injury (mCH column) but the number of astrocytes (GFAP+/S100b+) significantly increased in the lesion site (mCH column) throughout cortical layer II to VI (1.2 mm in depth and 0.3 mm in width). After NeuroD1-mediated AtN conversion, the NeuN+ neurons increased but the hypertrophic astrocytes decreased (Figure 2C, ND1 columns). Quantitatively, at 4 dps before viral injection, there were 316 ± 26 astrocytes (per 0.36 mm2 area) in the injury site. At 14 dpi, the number of astrocytes in the mCherry control group increased to 486 ± 22, but in the NeuroD1 group decreased to 241 ± 23, which was closer to the astrocyte number (176 ± 13) in the non-injured cortex. The fact that the number of astrocytes in the NeuroD1-converted areas was still more than that in non-injured areas further confirmed that the astrocytes were not depleted or absent after neuronal conversion. Such a decrease of astrocytes in the NeuroD1 group was accompanied by an increase of NeuN+ neurons (Figure 2D, the black square), as expected through AtN conversion. With simultaneous changes of both astrocytes and neurons after injury and AtN conversion, we further quantified the neuron: astrocyte ratio in the non-injured vs. injured cortex. We found that the neuron:astrocyte ratio in the mouse motor cortex was ~4:1 (four neurons to one astrocyte) in resting condition (Figure 2E, black dot, non-injury). After stab injury, the neuron:astrocyte ratio dropped to 0.6:1 (Figure 2E, black triangle, 3 dpi). After NeuroD1-conversion, the neuron:astrocyte ratio reverted to 2.6:1 at 14 dpi (Figure 2E, the black square). Given the critical role of a balanced neuron:astrocyte ratio in normal brain functions, a significant rescue of the neuron:astrocyte ratio after AtN conversion is an important step to restore normal brain functions.



A1 Reactive Astrocytes Transformed During Conversion

A recent study suggested that reactive astrocytes after injury or disease might be characterized by A1 and A2 astrocytes with different gene expression profiles (Liddelow et al., 2017). Specifically, A1 astrocytes were induced by inflammatory cytokines and exhibited neurotoxic effects, whereas A2 astrocytes were activated post-stroke and secret both neural inhibitory and neuroprotective factors. If astrocytes persisted after NeuroD1-mediated conversion, are they different from the reactive astrocytes in the control group? To answer this question, we collected brain tissue in lesion site (1.5 × 1.5 × 1 mm) and performed RT-PCR analysis of a variety of genes related to A1 astrocytes and neuroinflammation at 3 dpi, an early stage of neuronal conversion. Compared to the non-injury (NI) group, stab injury caused an upregulation of the pan-reactive astrocyte genes such as Gfap by 37-fold (Figure 3A), which was significantly attenuated in the NeuroD1 group (one-way ANOVA, Sidak’s test, **P < 0.01, n = 4 pairs). Lcn2, a neuroinflammation marker associated with reactive astrocytes after injury (Zamanian et al., 2012), was increased by 700-fold after stab injury, but drastically reduced in the NeuroD1 group (Figure 3A, one-way ANOVA, Sidak’s test, ***P < 0.001, n = 4 pairs). Also, genes characteristic for A1 astrocytes such as Gbp2 and Serping1 were upregulated by 300–900 folds after stab injury (one-way ANOVA, Sidak’s test, ***P < 0.001, n = 4 pairs), but greatly attenuated by an order of magnitude after NeuroD1 treatment (Figure 3B). Besides, NeuroD1 treatment also increased the astrocytic genes that support neuronal functions such as Anax2, Thbs1, Gpc6, and Bdnf (Figure 3C). As a validation, the expression of NeuroD1 in injured tissue was confirmed by RT-PCR analysis, showing a significant increase compared to the control group (Supplementary Figure 4A). Different from A1 astrocyte genes, the A2 reactive astrocyte genes were not changed despite a decrease of GFAP expression after NeuroD1-infection (Supplementary Figures 4B,C).


[image: image]

FIGURE 3. NeuroD1 transformed A1-type reactive astrocytes at an early point. (A) Quantitative real-time PCR (qRT-PCR) analysis revealed a dramatic increase of reactive astrocytic genes Gfap and Lcn2 after stab injury, which was significantly attenuated in NeuroD1-infected areas. n = 4 mice. Each dot represents one animal. **P < 0.01, ***P < 0.001, one-way ANOVA followed with Sidak’s test. (B) A1 type astrocyte genes Gbp2 and Serping1 were upregulated several hundred folds in stab-injured cortices compared to non-injured cortices, but markedly reduced in NeuroD1-infected cortices. n = 4 mice. Each dot represents one animal. ***P < 0.001, one-way ANOVA followed with Sidak’s test. (C) More quantitative analyses with qRT-PCR revealed a significant upregulation of astrocytic functional genes in NeuroD1-infected cortices compared to the mCherry control group. n = 4 mice. Each dot represent one animal. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. (D) Representative images showing that in control-AAV infected injury sites, neural injury marker lipocalin-2 (LCN2) was highly expressed (top row, arrowhead; 3 dpi). In contrast, the NeuroD1-infected area showed a much-reduced LCN2 signal (bottom row, arrowheads). Scale bar = 20 μm. Bar graphs: quantitative analyses revealed a reduced LCN2 expression in both NeuroD1-infected or non-infected cells compared to the control-AAV infected/non-infected cells. n = 3 mice. Each dot represents one animal. *P < 0.05, Student’s t-test. (E) Representative images showing the high expression level of chondroitin sulfate proteoglycan (CSPG) in reactive astrocytes in control-AAV infected injury sites (upper panels, arrowheads; 7 dpi), whereas NeuroD1-infected areas showed significantly reduced CSPG signal (lower panels). Scale bar = 200 μm (low mag, left), 10 μm (high mag, right). Bar graph showing quantitative analysis of the CSPG signal in control and NeuroD1 groups. n = 3 mice. Each dot represents one animal. *P < 0.05, Student’s t-test.



To determine how NeuroD1 expression affected the glial reactivity, we looked into the cellular changes by performing immunostaining at 3 dpi, at which time point NeuroD1 was already detected in infected astrocytes. Consistent with RT-PCR analysis in Figure 3A, we observed a global reduction in LCN2 intensity in the NeuroD1-infected injury areas (Figure 3D, Student’s t-test, *P < 0.05, n = 3 pairs). Next, we asked whether this LCN2 reduction is restricted only in NeuroD1 virus-infected cells. The quantitative analysis found that both NeuroD1-infected and non-infected astrocytes in the injured areas showed a significant decrease of LCN2 compared to the control group (Figure 3D, Student’s t-test, *P < 0.05, n = 3 pairs). Similarly, we observed a significant reduction of the GFAP level in both NeuroD1-infected and non-infected astrocytes (Supplementary Figure 4C, Student’s t-test, ***P < 0.001, ****P < 0.0001, n = 4 pairs). Therefore, NeuroD1-mediated reduction of astrocytic reactivity may be achieved through both cell-autonomous and non-cell-autonomous effects. Furthermore, CSPG is widely associated with reactive astrocytes after neural injury and plays an important role in neuron inhibition during glial scar formation (Koprivica et al., 2005). In our severe stab injury model, we detected a high level of CSPG in the injury areas (Figure 3E, top row); but in the NeuroD1-treated group, the CSPG level was significantly reduced (Figure 3E, bottom row; quantified in a bar graph, Student’s t-test, *P < 0.05, n = 5 pairs). Together, these results suggest that ectopic expression of NeuroD1 in reactive astrocytes significantly attenuated their reactive and neuroinflammatory properties, and such beneficial effects occurred as early as 3 days after NeuroD1 infection.



Astrocyte-Microglia Interaction During In vivo Cell Conversion

It is reported that toxic A1 astrocytes are activated by cytokines such as IL-1α, TNF, and C1q secreted by reactive microglia (Liddelow et al., 2017). Conversely, reactive astrocytes also secret cytokines such as TGFβ, CXCL10, CLC2, ATP, C3, ORM2 to modulate microglia (Chung and Benveniste, 1990; Norden et al., 2014). Here, we investigated what kind of impact would AtN conversion have on microglia. Compared to the resting microglia in non-injured brains (Figure 4A, top row), stab injury-induced reactive microglia that were hypertrophic and amoeboid-shape (Figure 4A, middle row). As expected, both microglia and astrocytes were highly proliferative after stab injury as shown by BrdU labeling (Supplementary Figures 5A–C), but no newborn neurons were detected in the adult mouse cortex after stab injury (Supplementary Figure 5D). In NeuroD1-infected areas, however, microglia morphology resembled closer to the resting microglia with ramified processes (Figure 4A, bottom row). Such morphological change started as early as 3 dpi, as shown in Figure 4B (top row), where microglia contacting NeuroD1-infected astrocytes showed more processes and less amoeboid shape compared to the microglia contacting mCherry-infected astrocytes. RT-PCR analysis revealed that the cytokines TNFα and IL-1β were both significantly increased after stab injury, but both attenuated in the NeuroD1 group (Figure 4B, bar graph, one-way ANOVA followed by Turkey’s test, *P < 0.05, ***P < 0.001, n = 4 pairs). Such a dramatic decrease of cytokines during AtN conversion may explain why microglia were less reactive in the NeuroD1 group. Consistently, toxic M1 microglia that were immunopositive for inducible nitric oxide synthase (iNOS) showed a significant reduction in the NeuroD1 group compared to the control group (Figure 4C, Student’s t-test, ***P < 0.001, n = 4 pairs). Note that the reduction of iNOS-labeled M1 microglia coincided with the reduction of toxic A1 astrocytes, as detected at 3 dpi after NeuroD1 infection, suggesting an intimate interaction between astrocytes and microglia (Volterra and Meldolesi, 2005). At 7 dpi, compared to the control group, the reduction of iNOS in the NeuroD1 group was even more significant, accompanied with a reduction of ionized calcium-binding adaptor molecule 1 (Iba1) signal as well (Figure 4D, two-way ANOVA, **P < 0.01, ***P < 0.001, n = 6 pairs at 3 dpi and 7 dpi, n = 5 pairs at 14 dpi). Besides, stab injury also induced a remarkable increase in the expression level of CD68, a marker for macrophages and monocytes as well as some reactive microglia (Figure 4E). However, in NeuroD1-infected areas, the expression level of CD68 was significantly attenuated (Figure 4E, bar graph, two-way ANOVA, **P < 0.01, ***P < 0.001, n = 6 pairs). Together, these results suggest that accompanying AtN conversion, toxic M1 microglia are reduced and neuroinflammation is alleviated.
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FIGURE 4. NeuroD1-treatment attenuates microglial inflammatory responses. (A) Microglia (Iba1, green) in non-injured brains displaying ramified branches (top row), but showing hypertrophic amoeboid shape in stab-injured areas (middle row, 7 dpi). In NeuroD1-infected injury areas, however, microglia returned to ramified morphology again (bottom row). Such morphological changes of microglia coincided with the morphological changes of astrocytes (GFAP::GFP labeling in the left column). Scale bar = 20 μm. (B) Representative images showing a close look of the microglia morphology (Iba1, green) contacting mCherry-infected astrocytes (left panel, red) or NeuroD1-mCherry infected astrocytes (right panel, red) at 3 dpi. Note that microglia showed clear morphological difference when contacting the NeuroD1-infected astrocytes as early as 3 dpi. Scale bar = 20 μm. Lower bar graph illustrating the gene expression level of inflammatory factors Tnfa and Il1b significantly increased in stab-injured cortices compared to non-injured cortical tissue, but such increase was greatly reduced in NeuroD1-infected injury areas (3 dpi). n = 4 mice. Each dot represents one animal. *P < 0.05, ***P < 0.001, one-way ANOVA followed with Sidak’s test. (C) Representative images illustrating many inflammatory M1 microglia labeled by nitric oxide synthase (iNOS) with amoeboid morphology in the control-AAV infected injury areas (upper panels, 3 dpi). In contrast, microglia in close contact with the NeuroD1-infected astrocytes showed much lower iNOS expression with ramified morphology (lower panels, arrow; 3 dpi). Scale bar = 10 μm. Quantitative analysis showing a significant reduction of the iNOS signal of Iba1+ cells in close contact with NeuroD1-infected cells. n = 3–4 mice per group. Each dot represents one animal. ***P < 0.001, Student’s t-test. (D) Representative images illustrating lack of iNOS signal in non-injured brains (upper panels), but high Iba1 and iNOS signal in stab-injured cortical tissue (middle panels, 7 dpi). However, in NeuroD1-infected cortices, both Iba1 and iNOS signals reduced significantly (bottom panels, 7 dpi). Scale bar = 50 μm. Right bar graphs, quantitative analyses showing the immunofluorescent signal of Iba1 and iNOS in non-injured (white bar), mCherry control (black bar), or NeuroD1 AAV-infected cortices (gray bar) at 3, 7, and 14 dpi. **P < 0.01, ***P < 0.001. Two-way ANOVA followed by Bonferroni post hoc tests. n = 5–6 mice per group. Each dot represents one animal. (E) Representative images showing the immunoreactivity of CD68, a macrophage marker, significantly reduced in NeuroD1-infected cortical tissues. Scale bar = 50 μm. Right bar graph showing a quantitative analysis result, which revealed a significant reduction of CD68 fluorescent signals in NeuroD1-infected cortices (gray bar) at 3 and 7 dpi. n = 5–6 mice per group. Each dot represents one animal. **P < 0.01, ***P < 0.001, two-way ANOVA plus Bonferroni post hoc test.





Astrocyte-Blood Vessel Interaction During In vivo Cell Conversion

One important function of astrocytes in the brain is to interact with blood vessels and contribute to BBB to prevent bacterial and viral infection and reduce chemical toxicity (Obermeier et al., 2013). Breakdown of BBB will result in the leakage of a variety of biological and chemical agents into the parenchymal tissue, contributing to the secondary injury (Bush et al., 1999). In a healthy brain, BBB is tightened by astrocytic endfeet wrapping around the blood vessels (Figure 5A). Comparing to the evenly distributed blood vessels (labeled by endothelial marker Ly6C) in non-injured brains (Figure 5B, left panels), stab injury caused blood vessels to swollen (Figure 5B, middle panels). In the NeuroD1-treated group, however, blood vessels exhibited less hypertrophic morphology and closer to the ones in healthy brains (Figure 5B, right panels). Accompanying altered blood vessel morphology after stab injury, we also found a disruption of BBB, as evident by the mislocalization of the aquaporin-4 (AQP4) signal. AQP4 is a water channel protein, normally concentrating at the endfeet of astrocytes at resting state wrapping around blood vessels (see Figures 5A,C). After stab injury, the AQP4 signal dissociated from blood vessels and instead distributed throughout the injury areas (mCherry group in Figures 5C,D, top row). In NeuroD1-treated areas, the AQP4 signal showed re-association with blood vessels, returning to the normal state (Figure 5C, right column, and Figure 5D, bottom row). Note that the astrocytic morphology also looked much less reactive in the NeuroD1-treated group: the astrocytes in the mCherry-infected control group were hypertrophic and their processes were disorganized and often overlapped with each other; whereas the astrocytes in the NeuroD1 group showed well-branched processes and maintained their territories (Figure 5C, bottom right panel). Together, these results suggest that after NeuroD1-mediated cell conversion, astrocytes interact with blood vessels again to restore the broken BBB caused by the neural injury.
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FIGURE 5. Repair of blood vessels and blood-brain-barrier (BBB) after stab injury through NeuroD1-mediated in vivo cell conversion. (A) Representative images showing the astrocyte-vascular unit in the non-injured mouse cortex. Astrocytes (green, labeled by GFAP::GFP) send their endfeet wrapping around blood vessels (magenta, labeled by LY6C, a vascular endothelial cell marker). Water channel protein aquaporin 4 (AQP4, was highly blue) concentrating at the astrocytic endfeet in resting state, which wrapped around the blood vessels. Scale bar = 20 μm. (B) Representative images in lower magnification (top row) and higher magnification (bottom row) showing the blood vessel morphology disrupted by stab injury. In NeuroD1-infected areas, the hypertrophic blood vessel morphology was partially reversed, closer to the ones in non-injured brains. Scale bars = 100 μm (low mag), 20 μm (high mag). (C) AQP4 signal in non-injured (Left column) and injured cortex (right two columns). Top row, low magnification images; Bottom row, high magnification images. Note that the AQP4 signal was typically concentrating at the endfeet of astrocytes wrapping around blood vessels (left column), but dissociated from the blood vessels after injury (middle column). Right column illustrating in NeuroD1-infected areas, the AQP4 signal (green) was re-associated with blood vessels. Scale bars = 100 μm (top row), 20 μm (bottom row). (D) Enlarged images to further illustrate the relationship between AQP4 and blood vessels (labeled by LY6C) in control AAV- vs. NeuroD1-treated injured areas. Top row, in control AAV mCherry-infected areas, AQP4 signal (green) was widely distributed in the injured areas and disassociated from blood vessels (magenta, LY6C). Bottom row, in NeuroD1-infected areas, the AQP4 signal (green) was re-associated with blood vessels (magenta, LY6C). Scale bar = 20 μm.





Tissue Repair After NeuroD1-Mediated Neuronal Conversion

With a substantial change in the glial environment during and after NeuroD1-mediated AtN conversion, we further investigated neuronal properties such as dendritic morphology, synaptic density, and electrophysiological function in the injured areas. Stab injury resulted in severe dendritic damage as expected, shown by a significant decrease of dendritic marker SMI32 in injured areas (Figure 6A, left middle images, green signal). In NeuroD1-infected areas, however, we observed a significant increase in dendritic signal SMI32 (Figure 6A, bottom image). Quantitatively, neuronal dendrites labeled by SMI32 were severely injured after stab lesion, decreasing to 25% of the non-injured level, but NeuroD1 treatment rescued the dendritic signal to over 50% of the non-injured level at 14 dpi (Figure 6A; bar graph, two-way ANOVA, ***P < 0.001, n = 4 pairs). Many SMI32-labeled dendrites were colocalized with NeuroD1-mCherry signals (Figure 6A; arrowheads), indicating a significant contribution of the converted neurons to neural repair. Consistent with the dendritic damage, stab injury also caused a severe reduction of synapses in the injured areas as shown by glutamatergic synapse marker vesicular glutamate transporter 1 (vGluT1) and GABAergic synapse marker glutamic acid decarboxylase 67 (GAD67; Figure 6B, left images). After NeuroD1 treatment (30 dpi), both glutamatergic and GABAergic synaptic density in the injured areas showed a significant increase compared to the control group (Figure 6B, bar graphs).


[image: image]

FIGURE 6. Tissue repair after NeuroD1-mediated AtN conversion. (A) Left images showing dendritic marker SMI32 (green) drastically reduced after stab injury (middle panel), but significantly rescued in NeuroD1-infected injury regions (bottom panel). Note that the NeuroD1-converted new neurons (red, bottom panel) were co-labeled by SMI32, indicating the newly generated neurons contributing to neural repair. Right bar graph illustrating the SMI32 signal partially recovered at 7 and 14 dpi. Scale bar = 20 μm. n = 3–4 mice per group. ***P < 0.001, two-way ANOVA plus Bonferroni post hoc test. (B) Rescue of synaptic loss after stab injury by NeuroD1-mediated cell conversion. Left images showing both glutamatergic synapses (red, Vglut1) and GABAergic synapses (green, GAD67) were significantly reduced after stab injury (middle panel, 30 dpi). However, after NeuroD1-treatment, both glutamatergic and GABAergic synapses showed significant recovery. Scale bar = 20 μm. Right bar graphs showing quantitative analysis results. Note that both the number of synaptic puncta and the covered area were rescued in NeuroD1-treated injury areas. n = 4–5 mice per group. ***P < 0.001, two-way ANOVA plus post hoc test. (C) Electrophysiological analysis demonstrating that the NeuroD1-converted neurons were functional. Left images showing patch-clamp recordings performed on NeuroD1-mCherry-infected cells in cortical slices (30 dpi). Right traces showing a typical recording of large Na+ and K+ currents, repetitive action potentials, and excitatory (EPSC) and inhibitory (IPSC) postsynaptic currents. n = 15 cells from three mice. (D) Rescue of tissue loss by NeuroD1-mediated AtN conversion. Top row illustrating cortical tissue damage induced by stab injury with Nissl staining in serial brain sections across the injury core (7 dpi) of one control mouse. Bottom row illustrating much less tissue loss in a NeuroD1-treated mouse. Scale bar = 200 μm. Right line graph showing the quantitative analysis result (n = 5 mice for both control and NeuroD1 groups). Across the entire injury areas, cortical tissue loss was significantly rescued throughout the NeuroD1-infected regions. The tissue areas absent of crystal violet signals were quantified. **P < 0.01, two-way ANOVA followed with Bonferroni post hoc test.



Next, we investigated whether the NeuroD1-converted neurons are physiologically functional. Cortical brain slices were prepared and patch-clamp recordings were performed on the NeuroD1-mCherry converted neurons (Figure 6C, left images). After 1 month of conversion, the NeuroD1-mCherry positive neurons showed large sodium and potassium currents (13/15 recorded cells) and repetitive action potentials (7/10 cells; Figure 6C, left traces). We also recorded both glutamatergic synaptic events in 10/13 cells (frequency: 0.96 ± 0.5 Hz; amplitude: 24.4 ± 6.3 pA; holding potential = −70 mV) and GABAergic synaptic events in 9/13 cells (frequency: 0.74 ± 0.16 Hz; amplitude: 55.9 ± 7.7 pA; holding potential = 0 mV; Figure 6C, right traces), consistent with the recovery of vGluT1 and GAD67 immuno-puncta shown in Figure 6B.

We have repeatedly observed a significant tissue loss after severe stab injury during a variety of immunostaining analysis, but a remarkable tissue repair in the NeuroD1-treated group (Figures 2A,C, 3E, 4D,E, 5B–D). To quantitatively assess the level of tissue loss, we performed serial cortical sections with Nissl staining around the injury core in both the mCherry control group and the NeuroD1 treatment group. Nissl staining revealed a large tissue loss across the serial brain sections in the mCherry control group after stab injury (Figure 6D, top row). In contrast, the NeuroD1-treatment group showed much less tissue loss across all brain sections (Figure 6D, bottom row). Quantitatively, the tissue loss around the injury areas in the NeuroD1 group was significantly reduced by 60% compared to the control group (Figure 6D, right line graph, Two-way ANOVA, **P < 0.01, n = 5 pairs). Together, these results suggest that converting reactive astrocytes into functional neurons significantly preserves neural tissue.



Converting Reactive Astrocytes Into Neurons After Glial Scar Formation

In the above experiments, we have demonstrated that early intervention after traumatic stab injury (at 4 days after stab lesion) can effectively convert reactive astrocytes into functional neurons and essentially limiting the glial scar formation. One remaining question is whether the reactive astrocytes in the well established glial scar tissue can still be converted into neurons. To answer this question, we injected AAV viruses at 21 days after stab lesion (21 dps; Figure 7A), when the glial scar is known to be formed at this late stage. As a control, PBS was injected at 21 dps to assess the glial scar formation following severe stab lesion (Figures 7A–D). There was a significant tissue loss after 1 month of stab injury (Figure 7B). Immunostaining results showed that the astrocytes in the lesion areas were highly reactive, showing hypertrophic morphology with an abnormally high level of GFAP and vimentin, as well as inflammatory factors such as CSPG and LCN2 (Figures 7C,D). The highly reactive astrocytes were similarly seen in the control mCherry virus-injected areas (Figures 7E,F, mCherry group, high GFAP signal). However, in NeuroD1-mCherry infected areas, astrocytes became much less reactive as shown by low GFAP signal and less hypertrophic morphology (Figure 7F). More importantly, the majority of NeuroD1-mCherry infected cells became NeuN-positive neurons (Figures 7E,F). Therefore, we conclude that the reactive astrocytes before and after glial scar formation can both be converted into neurons.
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FIGURE 7. NeuroD1 can convert reactive astrocytes into neurons after glial scar formation. (A) Schematic illustration of the timeline of experimental design. The viral injection was carried out at 21 days after a stab lesion when the glial scar being well established. PBS was injected as a control to assess glial scar formation. Mice were sacrificed for data analysis at 14 days after viral injection. (B) Representative image illustrating severe tissue damage in the mouse cortex at 35 days after stab injury, with PBS, injected at 21 days following stab injury as a control. Scale bar: 500 μm. (C) Enlarged images from panel B (dashed rectangle) showing densely packed hypertrophic reactive astrocytes around the stab lesion area. GFAP and LCN2 were highly expressed in the reactive astrocytes. Vimentin and CSPG were also upregulated in the injured area. Scale bar: 100 μm. (D) High magnification images from panel C (dashed square) showing the upregulation of GFAP, vimentin, CSPG, and LCN2 after stab injury. Scale bar: 50 μm. (E) Comparison of the virally infected lesion areas between mCherry control (left) and NeuroD1-treated group. Scale bar: 100 μm. (F) High magnification images showing the virally infected cells in both control and NeuroD1 groups. In the control group, mCherry-expressing cells showed reactive astrocyte morphology with a high expression level of the GFAP signal. In contrast, NeuroD1-infected cells showed neuronal morphology, and the astrocytes in the NeuroD1 group were less hypertrophic with a low level of GFAP signal compared to the control group. Scale bar: 50 μm.






DISCUSSION

In this study, we demonstrate that NeuroD1-mediated astrocyte-to-neuron (AtN) conversion not only regenerates functional neurons but also improves glial landscape and restore the neuron:astrocyte ratio in the injury sites. Importantly, this study has answered three critical questions regarding the in vivo AtN conversion technology: (1) astrocytes are not depleted after conversion; (2) glial scar tissue can be reversed back to neural tissue to achieve real tissue repair; and (3) altered neuron-glia ratio after an injury can be rebalanced after conversion. Before converting into neurons, ectopic expression of NeuroD1 in reactive astrocytes can reduce the expression level of toxic A1 marker genes and hence reduce the released toxic cytokines. Meanwhile, toxic M1 microglia and neuroinflammation in the injury area are attenuated, and blood vessels and BBB are restored after NeuroD1-mediated AtN conversion. Together, AtN conversion results in more functional neurons, less reactive glial cells, better blood vessels, and rebalanced neuron:astrocyte ratio in the injury area, leading to a reversal of glial scar tissue back to neural tissue which is a fundamental path toward neural tissue repair.


Rebalancing Neuron to Glia Ratio After Injury

Glial cells, in particular astrocytes, closely interact with neurons to provide structural, metabolic, and functional support (Nedergaard et al., 2003). A delicate balance between neurons and glia ensures normal brain function. Injury to brain tissue leads to irreversible neuronal loss accompanied by glial proliferation. As a result, the delicate balance between neurons and glia is altered and brain functions impaired. Although the functional role of astrocytes in neural injury has been extensively examined in previous studies, rebalance of the neuron:glia ratio after an injury has not been achieved successfully before. This may be partly because previous technologies are not capable of simultaneously regenerating new neurons and reducing reactive glial cells in the injury sites. For example, transplantation of exogenous neuroprogenitor cells can generate new neurons but cannot reduce reactive glial cells (Toft et al., 2007; Lu et al., 2012; Péron et al., 2017). On the other hand, ablation of astrocytes can reduce the number of glial cells but cannot generate new neurons (Anderson et al., 2016). Other approaches attempting to attenuate glial scar such as using chondroitinase ABC to reduce CSPG level cannot generate new neurons (Sekiya et al., 2015). Compared to these previous approaches targeting either neurons or glial cells in a separate manner, our in vivo AtN conversion technology is a “one stone-two birds” approach, not only generating new neurons but also reducing reactive glial cells at the same time. Hence, we can quickly rescue the neuron to astrocyte ratio after brain injury to a level much closer to the resting state after AtN conversion. Accompanying such a remarkable increase of neuron:astrocyte ratio in the injury sites, neuronal dendrites, and synaptic density also increase significantly after AtN conversion. Therefore, restoration of the neuron:glia ratio after an injury is critical for brain repair.



Astrocytes Not Depleted but Rather Repopulated After Neuronal Conversion

As the most abundant cell type in the mammalian CNS, astrocytes influence brain functions by providing trophic support to neurons, regulating BBB, modulating immune cells, and controlling synapse formation. It is well established that after injury or disease, reactive astrocytes undergo dramatic morphological change and express a high level of GFAP and cytokines such as TNFα and Lcn2 in the CNS (Zamanian et al., 2012). Reactive astrocytes and microglia can release a high amount of glutamate and ATP to induce neurotoxicity (Takeuchi et al., 2006; Orellana et al., 2011). However, the precise function of reactive astrocytes after an injury is still under debate due to their double-faceted roles. On one hand, the inhibitory effect of reactive astrocytes on axon regeneration has been widely reported (Silver and Miller, 2004; Yiu and He, 2006; Cregg et al., 2014). Reactive astrocytes also produce pro-inflammatory cytokines that exacerbate CNS injury (Brambilla et al., 2005; Pineau et al., 2010; Sofroniew, 2015). On the other hand, ablation of scar-forming astrocytes after an injury has been reported to impair axon regeneration and worsening the injury areas (Bush et al., 1999; Anderson et al., 2016). It is important to point out that these results are based on the ablation of scar-forming astrocytes, which causes massive astrocytic death in the injury areas and will inevitably trigger massive neuroinflammation from reactive microglia. This is indeed what has been observed when astrocytes are killed (Bush et al., 1999; Anderson et al., 2016). Over-activation of microglia and macrophages can induce profound neurotoxicity and axonal retraction through both physical interaction and inflammatory responses (Horn et al., 2008; Hu et al., 2015; Silver, 2016). Besides, astrocytes provide a variety of support to normal neuronal functions, ranging from neurotrophic nourishing to neurotoxin removal as well as regulating synaptic structure and functions (Allen and Barres, 2009). Therefore, it is not surprising that killing astrocytes will further deteriorate the microenvironment of injury areas if neurons are deprived of astrocytic support. In contrast to the killing astrocyte approach, our in vivo AtN conversion approach not only regenerates new neurons but also regenerates new astrocytes, as shown by increased proliferation following conversion. Thus, astrocytes are not depleted by conversion but rather repopulated in the injured areas after AtN conversion.

Why killing astrocytes results in worsening of neural injury, whereas converting astrocytes into neurons repairs damaged neural tissue? The fundamental difference is the presence of new neurons and new astrocytes in the injured areas following AtN conversion. When transgenic mice were used to impair normal astrocyte functions, inflammation was increased in the injury areas and neurons could not get the necessary support from the impaired astrocytes (Anderson et al., 2016). In contrast, when reactive astrocytes are converted into neurons, the remaining astrocytes can proliferate and repopulate themselves in the injury areas. Therefore, AtN conversion creates an entire new microenvironment in the injury sites, which includes new neurons, new astrocytes, new blood vessels, together with reduced microglia and reduced inflammatory cytokines. It is the summation of all these effects together, rather than any single factor among them, that makes ours in situ AtN conversion approach very powerful for brain repair. It is also worth mentioning that NeuroD1 not only can convert reactive astrocytes into neurons shortly after the injury occurred (4 dps) but also can convert the scar-forming astrocytes long after the injury (21 dps) into neurons, suggesting that such in vivo conversion approach can be potentially applied with a broad time window for therapeutic interventions. Interestingly, different from reactive astrocytes, non-reactive astrocytes can also be converted into neurons but at lower efficiency, suggesting that resting astrocytes might be more resistant to conversion (Brulet et al., 2017).

One of the new insights gained from this study is that in addition to neural injury that can stimulate astrocytic proliferation, we now demonstrate that AtN conversion in the adult brain can also trigger astrocytic proliferation. It is known that adult astrocytes in the resting state do not proliferate unless under the condition of injury or diseases. Why astrocytes proliferate after AtN conversion? We hypothesize that such proliferation may be due to the loss of direct contact between astrocytes, but the precise underlying mechanism is an interesting topic to be further explored in future studies. It may be worth mentioning that a previous report found that mild stab injury in the brain resulted in less astrocytic proliferation (Bardehle et al., 2013). In the current study, we purposely used a large needle (outer diameter 0.95 mm) to induce severe stab injury, resulting in a clear tissue loss in the mouse motor cortex. Accordingly, we found a significant number of proliferating astrocytes in the injured areas. Therefore, different levels of neural injury or different disease models may result in different levels of astrocytic proliferation.

The stab injury in this study does not induce obvious behavioral deficits. Therefore, no behavioral tests were performed to evaluate functional rescue. The focus of this study is to investigate the rescue of the neuron to astrocyte ratio after AtN conversion, which provides a fundamental cellular basis for tissue repair.



Attenuation of Neuroinflammation and Repair of BBB

It is unexpected when we detect a drastic decrease of microglia and neuroinflammatory factors in the injury areas following NeuroD1-mediated AtN conversion. If astrocytic and neuronal changes are directly associated with AtN conversion, the change in microglia is an indication of a non-cell-autonomous impact on the local environment. Microglia act as neuroprotective cells and play a pivotal role in immune defense in the brain by constantly surveying brain tissue to identify any potential damage for immediate repair. On the other hand, excessive activation of microglia often leads to secondary neuronal damage due to their secretion of neurotoxic cytokines, inflammatory factors, and reactive oxygen spices (Neher et al., 2013; Hu et al., 2015). Therefore, like reactive astrocytes, reactive microglia also act as a double-edged sword, with both positive and negative effects on injured nerve tissue. How to control the microglia at an optimal level is pivotal for neural repair. One major challenge is to find out what is the best time window to stop microglial over-reactive response during the repair. In the current study, we were surprised to observe diminished microglial reactivity and a drastic reduction of inflammatory factors such as TNFα and interleukin 1β (IL-1β) accompanying AtN conversion. We hypothesize that such microglial change may be related to the reduction of reactive astrocytes because astrocytes can modulate microglial activity through a variety of factors including ATP, Ca2+, complement (C3), chemokines, and plasma protein ORM2 (Schipke et al., 2002; Davalos et al., 2005; Zamanian et al., 2012; Clarner et al., 2015; Lian et al., 2016; Jo et al., 2017). Therefore, by converting reactive astrocytes into neurons, NeuroD1 treatment indirectly regulates the reactivity of microglia and reduces neuroinflammation.

Another indirect impact of AtN conversion is the BBB repair in NeuroD1-infected areas. Astrocytes actively participate in the maintenance of BBB integrity by physically contacting blood vessels with endfeet and secreting growth factors such as vascular endothelial growth factor A (VEGFA), basic fibroblast growth factor 2 (FGF2), interleukin 6 (IL-6), and glia-derived neurotrophic factor (GDNF) to promote angiogenesis (Obermeier et al., 2013). Brain injury is associated with BBB breakdown (Shlosberg et al., 2010) because reactive astrocytes cannot maintain normal BBB structure and function in an injured environment (Fukuda and Badaut, 2012). This is confirmed in our study, as shown by the mislocalization of the AQP4 signal after stab injury, which indicates the dissociation of astrocytic endfeet from the blood vessels. What is unexpected is the reversal of the AQP4 signal back to the blood vessels after AtN conversion, suggesting that the astrocytic endfeet is re-associated with the blood vessels. The repair of BBB could also be a result of alleviation of inflammation, as microglial activation has been reported to impair BBB function by releasing cytokines (e.g., TNFα, IL1ß, and IFNγ; da Fonseca et al., 2014). While much more mechanistic studies are needed to interpret these discoveries, one critical insight gained from our studies is that AtN conversion is having a broad impact on the local brain environment beyond new neurons generated.



Implications for Future Clinical Translations

One important issue regarding future clinical applications is that our AAV Cre-FLEX system is designed for long-term tracing the converted neurons for basic research purposes, and the Cre recombinase will not be applied to patients during clinical therapies where there is no need to trace the converted neurons. Another issue to be considered is the potential pre-existing AAV capsid-specific neutralizing antibodies in patients that may complicate the clinical design for each individual. For this particular reason, we believe that intracranial injection of AAV into the injured brain area to repair the local damaged tissue might be a better approach than the systemic injection through intravenous (i.v.) delivery route, at least at this moment before new serotype AAV emerges. Because local intracranial injection of AAV will use very low doses to reach a relatively high concentration in the local brain tissue; whereas i.v. injection of AAV will use a much higher dose in the circulation to reach a reasonable concentration in the brain that may trigger severe inflammation in the liver, spleen, kidney, etc. We have already performed non-human primate experiments where intracranial injection of AAV resulted in a nice viral infection in every monkey injected (Ge et al., 2019), suggesting that pre-existing AAV antibodies, if any, in the monkey brain may not be sufficient to antagonize the AAV injected locally.

This cell conversion technology is not intended for acute treatment within hours of neurotrauma but rather intended for neural regeneration and repair after days and weeks following neurotrauma. Therefore, our approach is complementary to the existing acute treatments, which are mainly focusing on neuroprotection and aiming to open a new avenue for long-term functional improvement through in vivo neuroregeneration approach. The current study provides a new angle to think about how to repair a damaged brain even after glia scar formation.




CONCLUSIONS

Previous studies have well documented both positive and negative effects of glial scar formation on neural function recovery. On one hand, killing reactive astrocytes in the injury sites exacerbates the injury due to the loss of positive effect of astrocytes; on the other hand, the persistence of glial scar in the brain also inhibits functional recovery due to inhibition of neuronal regrowth. So far, previous studies have not been able to effectively remove glial scar inside the brain without causing additional impairment. Our in vivo cell conversion technology opens a new avenue to tackle glial scar from within the scar tissue without surgical resection or external cell transplantation. By directly converting reactive astrocytes into neurons in the injury sites in situ, our AtN conversion technology offers an effective way to reverse glial scar back to neural tissue without introducing any exogenous cells. Following the reduction of reactive astrocytes and regeneration of new neurons after AtN conversion, we detect a series of beneficial effects such as rebalancing neuron to astrocyte ratio, reduction of microglia, and neuroinflammation, increase of neuronal dendrites and synaptic density, and restoration of BBB. Therefore, in vivo cell conversion technology may provide a potential alternative approach for neural repair through reversing glial scar back to neural tissue.
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Although the increased expression of members of the chondroitin sulfate proteoglycan family, such as neuron-glial antigen 2 (NG2), have been well documented after an injury to the spinal cord, a complete picture as to the cellular origins and function of this NG2 expression has yet to be made. Using a spinal cord injury (SCI) mouse model, we describe that some infiltrated bone marrow-derived macrophages (BMDMΦ) are early contributors to NG2/CSPG4 expression and secretion after SCI. We demonstrate for the first time that a lesion-related form of cellular debris generated from damaged myelin sheaths can increase NG2/CSPG4 expression in BMDMΦ, which then exhibit enhanced proliferation and decreased phagocytic capacity. These results suggest that BMDMΦ may play a much more nuanced role in secondary spinal cord injury than previously thought, including acting as early contributors to the NG2 component of the glial scar.

Keywords: spinal cord injury (SCI), NG2, CSPG4, bone marrow derived macrophages, microglia, inflammation, myelin debris


INTRODUCTION

Spinal cord injury (SCI) is a devastating and potentially life-threatening form of injury that can not only cause life-long chronic pain and other injury-associated symptoms but also places an immense financial and social burden on the patients and their families. SCI can be divided into two defined phases: primary injury and secondary injury. Primary injury is characterized by the initial mechanical damage caused by the injury, which is closely followed by the multifaceted and chronic secondary injury. This secondary stage of SCI involves the propagation of an immense inflammatory cascade, widespread cell death, immune cell infiltration, disruption of the blood-spinal cord-barrier, and scar formation (Anwar et al., 2016). One key persistent characteristic of SCI that can occur as a result of the initial mechanical trauma, as well as develop as a progressive and chronic feature of secondary injury, is the demyelination of axons within and proximal to the injury site (Totoiu and Keirstead, 2005). It is this demyelination that leads to impaired axonal function and neuronal survival after injury (Almad et al., 2011). The myelin debris generated from demyelination is an important lesion-related factor that promotes injury progression. Myelin debris not only contains inhibitory molecules that prevent remyelination and axonal regeneration, but it also can activate an inflammatory response (McKerracher et al., 1994; Kotter et al., 2006; Sun et al., 2010; Geoffroy and Zheng, 2014; Lampron et al., 2015; Cantuti-Castelvetri et al., 2018; Kopper and Gensel, 2018). A critical cell type involved in this inflammatory response is BMDMΦ, which migrate to the injury area within 1–2 weeks post-injury (Fleming et al., 2006; Wang et al., 2015) and upon uptake of myelin debris not only become pro-inflammatory and persist at the lesion site but may also lose their normal functions such as a phagocytic capacity for apoptotic/necrotic cells and cellular debris. Together these changes may exacerbate the inflammatory microenvironment after injury (Fleming et al., 2006; Wang et al., 2015).

Neuron-glial antigen 2 (NG2), also known as chondroitin sulfate proteoglycan 4 (CSPG4), has been shown to inhibit axonal growth and its expression is highly upregulated after SCI, with expression levels increasing from 24 h after injury and peaking at 7 days (d) post-injury (Dou and Levine, 1994; Jones et al., 2002). NG2 positive cells accumulated within the glial scar have a significant proliferative capacity within days after injury, however, their function in glial scar formation, as well as their origin, remains poorly understood (Levine, 1994; Hackett and Lee, 2016). NG2 is not only present in oligodendrocyte precursor cells (OPCs) in the central nervous system (CNS), but also in pericytes, and activated macrophages and microglia (Bu et al., 2001; Jones et al., 2002; De Castro et al., 2005; Cejudo-Martin et al., 2016; Hesp et al., 2018). In several CNS cell types, NG2 has been characterized as an important factor in cell proliferation, migration, and survival (Burg et al., 1997, 1998; Stallcup, 2002; Stallcup and Huang, 2008; Kucharova and Stallcup, 2010). However, specifically regarding macrophages, NG2 has only been shown to play a role in their recruitment to brain tumors and areas of demyelination in the CNS (Cejudo-Martin et al., 2016; Stallcup et al., 2016). It is also important to note that NG2 expression is only induced in activated macrophages, however, in the context of SCI, the specific lesion related factor responsible for this activation and subsequent NG2 upregulation is as of yet unknown (Bu et al., 2001; Cejudo-Martin et al., 2016; Stallcup et al., 2016).

In the current study, we investigated the possible lesion-related factors that induce NG2/CSPG4 expression in BMDMΦ and microglia in vitro and in the injured spinal cord. We showed that NG2 expression is transiently colocalized with BMDMΦ mainly at the region of glial scar and that NG2 expression in BMDMΦ is upregulated upon myelin debris uptake in vitro. NG2+ BMDMΦ lose their phagocytic capacity and proliferate at a faster rate than NG2− BMDMΦ. These data suggest that increased NG2 expression in BMDMΦ in the injury perimeter may be due to the uptake of myelin debris—an abundant lesion-related factor generated immediately after an injury. Finally, we demonstrated that myelin debris engulfment-induced NG2 expression is associated with an alteration of BMDMΦ functions such as phagocytic and proliferative capacity.



MATERIALS AND METHODS


Reagents

All chemicals were purchased from Sigma–Aldrich unless otherwise noted here. Dulbecco’s Modified Eagle Medium (DMEM) with high glucose was purchased from Hyclone (SH30003.03), and all other cell culture media was purchased from Invitrogen (Carlsbad, CA, USA) unless otherwise indicated. Recombinant mouse TGF-β1 (#5231) was from Cell Signaling Technology. Anti-MBP (ab40390; 1:200 for IF) was purchased from Abcam. GAPDH [ab181602; 1:3,000 for western blot (WB)] was purchased from Abcam. F4/80 antibody was produced via hybridoma cell line HB-198. All cell lines were purchased from American Tissue Culture Collection (ATCC, Manassas, VA, USA). Alexa Fluor 555- and 647-conjugated secondary antibodies (1:1,000 for IF) were purchased from Invitrogen.



Mice

C57BL/6J (wild type, WT), C57BL/6-Tg(CAG-EGFP)1Osb/J (EGFP), B6.129P2(Cg)-Cx3cr1tm1Litt/J (CX3CR1GFP/+), and B6.Cg-Tg(CAG-mRFP1)1F1Hadj/J (RFP) mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and maintained in a pathogen-free animal facility in Florida State University. Animal housing, handling, and all procedures were approved by the Animal Care and Use Committee (ACUC) of Florida State University. All results from animal work were evaluated and quantified using double-blinded methods.



Spinal Cord Injury in Mice

Thoracic spinal cord contusion injuries were performed on 8–12 weeks-old female mice. To expose the spinal cord, a laminectomy was performed on the T8–T11 vertebrae. The contusion injury was induced using the NYU impactor with a 5 g rod dropped 6.25 mm from the cord surface as described in our previous study (Zhou et al., 2019).



Generation of GFP+ and RFP+ Mouse Bone Marrow Chimeras

GFP+ and RFP+ bone marrow chimeric mice were generated according to a previous publication (Wang et al., 2015). C57BL/6 WT mice at 6–8 weeks of age were anesthetized using ketamine/xylazine and exposed to a single dose of irradiation with a maximum of 12 Gy and a maximum dosage rate of 4.54 Gy/min using an X-RAD 320 self-contained irradiation system (Precision X-Ray, North Branford, CT, USA). The brain and spine were protected from exposure. Following irradiation, mice received either PBS or 5 × 106 bone marrow cells freshly collected from transgenic GFP or RFP mice intravenously (i.v.). Efficient reconstitution was confirmed by postmortem examination of circulating blood for GFP+ or RFP+ cells. On average, 80% transplant engraftment efficiency was achieved.



Cell Culture

BMDMΦ were prepared as previously described (Wang et al., 2012, 2015). Bone marrow cells from mice up to 12 weeks of age were collected by flushing the femoral shafts with DMEM supplemented with 5% newborn calf serum (NCS). Cells were then cultured in an incubator at 37°C, with 5% CO2, for 7 days in DMEM supplemented with both 5% NCS and 15% L929 conditioned media. Mouse microglia cell lines (BV2 cells, Accegen, Cat: ABC-TC212S) were cultured in DMDM supplemented with 10% FBS.



Myelin Debris Preparation

Myelin debris was isolated and prepared as previously described and utilized at a concentration of 100 mg/ml in each experiment (Sun et al., 2010). Brains from WT mice are isolated and homogenized and then processed through density gradient centrifugation in which the homogenized brains are diluted in a 0.32 M sucrose solution and then added to a 0.83 M sucrose solution and spun down through ultracentrifugation to produce a crude myelin lysate intermediate layer. This crude lysate is then washed with Tris-Cl buffer and spun down using ultracentrifugation several times resulting in a highly purified myelin debris fraction.



Phagocytosis Assay

BMDMΦ were washed twice with PBS then treated for 3 h with a final concentration of 1 mg/ml of myelin debris diluted in DMEM. The cells were then washed with PBS to remove any non-ingested myelin debris before preceding with immunocytochemistry staining.



Histology and Immunofluorescent Staining

Mice were transcardially perfused with 0.9% saline and then 4% paraformaldehyde (PFA). Spinal cords were collected and fixed in 4% PFA overnight, and then 30% sucrose at 4°C. Cords were then frozen and mounted in optimal cutting temperature compound before being sectioned. The sectioned cords were then washed with PBS and blocked with PBS containing 0.3% Triton X-100 and 1% BSA for 1 h at room temperature. Then samples were incubated overnight with their respective primary antibodies and then washed and incubated with secondary antibodies for 1.5 h at room temperature. Regions of interest were imaged with a Nikon Ti-E microscope and Nikon A1 laser scanning confocal microscope (Nikon Instruments, Melville, NY, USA). All images were taken from sagittal sections of the injury area. Using Nikon NIS-Elements software, the regions of the spinal cord were outlined and measured at 200 μm intervals over a 2 mm distance, centered on the lesion core. The injured regions were defined as the regions with a radius of around 300 μm, which were negative/weak positive for NG2 but densely positive for nucleus nuclear staining (Hoechst staining). The marginal regions, within the NG2+ glial scar, were considered as 300–600 μm away from the epicenter. At least 200 cells were quantified per image per area per mouse. The images were processed using ImageJ2 and the ImageJ distribution Fiji (Schindelin et al., 2012; Rueden et al., 2017).



Quantitative RT-PCR

Total RNA from cells was isolated using TRIzol and reverse transcribed into cDNA according to manufacturer’s instructions using High Capacity cDNA Reverse Transcription Kit (#4368814; Applied Biosystems). cDNA was treated with DNase (RQ1 RNase-Free DNase, cat: M6101PCR) and qPCR was performed according to manufacturer’s instructions using PowerUp SYBR Green Master Mix (ref:100029284). All reactions (20 ul) were run using a real-time PCR system (CFX96; BioRad), and the specificity of every primer was determined using melting curve analysis. The expression level of target genes was normalized to 18S and calculated using ΔΔCt. Primers: NG2/CSPG4: Forward 5′-TTCCTTCGCCTTACAAGTCC-3′, Reverse 5′-CTCACTCACCAGGAGCTGTAG-3′. 18S: Forward 5′-CTCTTAGCTGAGTGTCCCGC-3′, Reverse 5′-CTGATCGTCTTCGAACCTCC-3′.



Enzyme-Linked Immunosorbent Assay (ELISA) Detection of CSPG4

CSPG4 protein in BMDMΦ was quantified by a commercial quantitative sandwich ELISA kit (G-Biosciences Cat. #IT5412). All samples were normalized to total protein. Data are reported as pg of CSPG4/mg total protein.



Statistical Analysis

Data distribution was assumed to be normal, but this was not formally tested. The statistical significance between control and experimental groups was determined using independent t-tests, using Prism 7 (GraphPad). Differences were considered statistically significant when P ≤0.05. With *P ≤0.05, **P ≤0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 as shown in figures and figure legends unless otherwise denoted. Data are shown as mean ± SD unless otherwise indicated.




RESULTS


BMDMΦ Express NG2 in the Lesion Perimeter at 1-Week Post-SCI

We, as well as others, previously reported that BMDMΦ accumulate in the lesion perimeter during the first 1–2 weeks (w) after injury (Fleming et al., 2006; Wang et al., 2015). Within days after SCI, the lesion core begins to be surrounded by the glial scar, which is formed by a highly proliferative population of reactive astrocytes and microglia (Hu et al., 2010; Yuan and He, 2013; Adams and Gallo, 2018; Alizadeh et al., 2019; Yang et al., 2020). Consistent with previous studies, we found that NG2 positive cells were detected in the marginal region of the lesion core in SCI mice (Figure 1A), with NG2 expression found to be 10 times greater in mice with a demyelinating injury vs. control mice (Novotna et al., 2011; Hackett et al., 2016; Levine, 2016; Kucharova and Stallcup, 2017; Hesp et al., 2018). It has been well established that NG2 is not only expressed by OPCs and pericytes, but also by activated macrophages and microglia (Bu et al., 2001; De Castro et al., 2005; Zhu et al., 2012; Cejudo-Martin et al., 2016; Hesp et al., 2018). Here we examined the spatiotemporal relationship between cell types present at the injury site and NG2 expression in injured spinal cords. At 1 week post-injury, we observed a proportion of F4/80 positive cells expressing NG2 (Figure 1B), leading us to further investigate macrophages and microglia as other sources of NG2 after injury. To determine if these F4/80 positive cells are resident microglia or infiltrated BMDMΦ, we generated a bone marrow (BM) chimeric mouse model, in which the bone marrow-derived cells (BMDCs) of WT recipient mice were replaced by donor BMDCs isolated from RFP mice. Using this model, we observed colocalization between a small proportion of infiltrated BMDCs and NG2 at 1 week after injury (Figures 1C,D). Utilizing the same model, our previous study demonstrated that 1 week after SCI, the BMDCs around the lesion epicenter were BMDMΦ since these BMDCs colocalized with key macrophage markers such as F4/80, CD68, and IBA-1, indicating that a vast majority of these cells were BMDMΦ, rather than locally activated microglia (Wang et al., 2015). Therefore, these NG2+ BMDCs at the injury site are considered as infiltrated BMDMΦ. In the same lesion perimeter area 2 week after injury, a vast majority of BMDMΦ migrated into the injury core, and in these BMDMΦ, as well as those not yet migrated into the core, very few showed colocalization with NG2 (Figure 1E). These results were further confirmed in a GFP BM chimeric mouse model where again, 2 week after injury, BMDMΦ lacked expression of NG2 (Figure 1F). In our previous study, utilizing a CX3CR1GFP/+ transgenic mouse model, we demonstrated that strong CX3CR1 expression can only be seen in microglia after injury making it a useful tool in identifying microglia in the injured cord (Wang et al., 2015). We, therefore, utilized the CX3CR1GFP/+ mouse model in our current study to further elucidate the identity of NG2 expressing cells at the injury site. There did appear to be some colocalization of CX3CR1 and NG2 at 10 days after injury, however, the quantification of NG2 expression in the CX3CR1 strong positive populations demonstrated that there were fewer NG2+ microglia than NG2+ BMDMΦ (Figures 1G,H). This data together suggests that BMDMΦ, as well as microglia, contributes to the increase in NG2 expression near the marginal area of the injury site approximately 1 week after injury.
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FIGURE 1. Neuron-glial antigen 2 (NG2) expression in injured spinal cords. (A) Representative image of NG2 expression (red) in the marginal regions of the injured spinal cord at 2 week post-injury with yellow dashed line demarcating lesion edge and asterisk the lesion core. (B) NG2 (green) colocalization with F4/80 (red) positive cells within the marginal region of the injured cord at 1 week post-injury. (C–E) Representative image showing colocalization between RFP+ bone marrow-derived cells (BMDCs) and NG2 (purple) within the marginal region at 1 week (C) and 2 week (E) post-injury in a cord from an RFP bone marrow (BM) chimeric, with yellow arrows highlighting two NG2+ BMDCs. (D) Quantification of RFP+ BMDCs with or without NG2 colocalization within the marginal region 1 week post-injury; data are shown as means ± SD (n = 4), with at least three images quantified per mouse from four separate mice. *P ≤ 0.05. (F) Representative image showing colocalization between GFP+ BMDCs and NG2 (red) within the marginal region in a 2 week post-injury cord from a GFP bone marrow chimeric mouse; data are shown as means ± SD (n = 4), with at least three images quantified per mouse from four separate mice. *P ≤ 0.05. (G) Representative image showing colocalization between CX3CR1+++ (green) and NG2 (red) within the marginal region at 10 days post-injury cord from CX3CR1GFP/+ mouse. The yellow arrows highlighting two microglia expressing NG2. (H) Quantification of CX3CR1+++ microglia with and without NG2 colocalization within the marginal region; data are shown as means ± SD (n = 3), with at least three images quantified per mouse from three separate mice. *P ≤ 0.05.





In vitro Myelin Debris Engulfment Causes Upregulation of NG2 Expression in BMDMΦ

With our previous results showing a large number of NG2+ cells surrounding the injury area, we hypothesize that lesion-related factors could be contributing to NG2 expression. One potential injury factor is the myelin debris generated from myelin sheaths of axons that are damaged upon injury. Myelin debris can be detected within 24 h after injury, increases over a 1 week period, and accumulates in the lesion site for months or even years after injury (Buss et al., 2005; Kopper and Gensel, 2018). Microglia and BMDMΦ are classified as the two major professional phagocytes that engulf and clear myelin debris in the injury area (Rotshenker, 2003; Kopper and Gensel, 2018). We, therefore, investigated the potential role of myelin debris as a lesion-related factor responsible for the induction of NG2 expression in these two types of phagocytes. BMDMΦ was treated with myelin debris for 14 days. The expression of NG2 in BMDMΦ was markedly increased compared with control BMDMΦ (without myelin debris treatment; Figure 2B). Furthermore, the NG2+ cells also express F4/80 (Figure 2B), highlighting the fact that these NG2+ cells are indeed macrophages. Notably, myelin debris possessed a significantly greater influence on NG2 expression in BMDMΦ than TGF-β, a known inducer of NG2 expression/secretion in macrophages (Moransard et al., 2011; Figure 2A). We next performed a similar experiment observing NG2 expression in BMDMΦ over a series of time points of myelin debris treatments. After 3 h, 1 day, 2 days, and 3 days we did not observe a significant increase in NG2 expression in BMDMΦ (data not shown). However, after 7 days of myelin debris treatment, BMDMΦ showed a very significant increase in NG2 expression and a small increase after 14 days of myelin debris treatment (Figure 2C). These results parallel our in vivo observations where BMDMΦ only showed a significant increase in NG2 expression after 1 week of myelin debris exposure. To rule out myelin debris as a potential contributor of NG2 protein in our BMDMΦ cultures, we performed a western blot analysis of myelin debris and pericyte cells, a known NG2 expressing cell. The results showed that myelin debris contains virtually no NG2 protein and therefore it is unlikely myelin debris is a contributor to NG2 expression changes in BMDMΦ (Figure 2D). We also observed that macrophages that have taken-up myelin debris for less than 3 days do not display any NG2 expression, further demonstrating that myelin debris treatment in itself does not introduce NG2 protein into our cell cultures (data not shown).
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FIGURE 2. Myelin debris engulfment stimulates NG2 expression in BMDMΦ. (A) Percentage of NG2 expressing BMDMΦ after treatment with myelin debris or TGF-β for 14 days. (B) Representative images of NG2 expression (red) in BMDMΦ (F4/80, purple) cultured and treated with myelin debris for 14 days (left) or cultured for 14 days and then treated with myelin debris for 3 h (right). (C) The proportion of NG2 expressing BMDMΦ treated with myelin debris for 7 days and 14 days, respectively. Data for all quantifications are shown as means ± SD of three separate BMDMΦ isolations from three separate mice (n = 3). **P ≤ 0.01 and ****P ≤ 0.0001. (D) NG2 protein in myelin debris and mouse primary pericytes detected by Western blot (WB) images. Corresponding quantification of protein levels was determined by densitometry analysis relative to α-tubulin.



To further confirm the ability of myelin debris to induce NG2 expression in BMDMΦ, we investigated NG2 at the levels of mRNA, intracellular protein, and secreted protein in BMDMΦ treated with myelin debris. NG2 mRNA level was significantly higher in myelin debris treated cells after 7 days (Figure 3A). In a similar temporal pattern to BMDMΦ in the injury site after injury, BMDMΦ treated with myelin debris for 7 days, rather than for 14 days, showed significantly increased expression of NG2 protein (Figure 3B). BV2 microglia treated with myelin debris for the indicated time points did show a slight increase in NG2 expression only at 3d of treatment, however, the change is not statistically significant (Figure 3C). Moreover, CSPG4, the secreted form of NG2, also showed significantly higher levels in the conditioned media of BMDMΦ treated with myelin debris for 7 days and 14 days (Figure 3D). These data firmly suggest that myelin debris is an SCI lesion-related factor capable of inducing NG2/CSPG4 expression in BMDMΦ.
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FIGURE 3. NG2 expression at levels of the mRNA, intracellular protein, and secreted protein in BMDMΦ treated with myelin debris. (A) NG2 mRNA expression in BMDMΦ treated with myelin debris for 7 days. (B) NG2 protein expression in BMDMΦ treated with myelin debris for 7 days and 14 days assessed by WB images. Corresponding quantification of protein levels was determined by densitometry analysis relative to α-tubulin. The immunoblots were performed twice with similar results. C: control; T: myelin debris treatment. (C) NG2 protein expression in microglia with myelin debris for indicated time points assessed by WB images. Corresponding quantification of protein levels was determined by densitometry analysis relative to α-tubulin. The immunoblots were performed four times with similar results. C: control; T: myelin debris treatment. (D) Chondroitin sulfate proteoglycan 4 (CSPG4) in the supernatant of BMDMΦ treated with myelin debris for 7 days and 14 days detected by Enzyme-linked immunosorbent assay (ELISA). Data for all quantifications are shown as means ± SD of three separate BMDMΦ isolations from three separate mice (n = 3). **P ≤ 0.01.





NG2 Expression in BMDMΦ Is Associated With Increased Proliferation and Impaired Phagocytic Capacity

We next investigated any functional changes occurring in NG2+ BMDMΦ treated with myelin debris. After myelin debris treatment for 14 days, NG2+ BMDMΦ showed higher proliferative ability than NG2− BMDMΦ as indicated by higher levels of BrdU and EdU (Figures 4A–C). A previous study demonstrated that in response to LPS stimulation in the rat brain, NG2 expression was induced in macrophages and microglia and they lost their phagocytic capacity for latex beads (Zhu et al., 2012). Therefore, we next investigated if myelin debris-induced NG2 expression could be associated with BMDMΦ loss of phagocytic capacity for myelin debris and latex beads. BMDMΦ were treated with myelin debris for 7 days and a significantly higher proportion of NG2− BMDMΦ possessed the ability to phagocytose myelin debris compared to NG2+ BMDMΦ, as seen by the intracellular myelin basic protein (MBP) puncta (Figures 4D,E). Similarly, upon treatment with latex beads, more NG2− BMDMΦ phagocytosed the latex beads compared to NG2+ BMDMΦ (Figures 4F,G). Beyond that, NG2− BMDMΦ were able to take up more latex beads than NG2+ BMDMΦ, with a vast majority of NG2+ BMDMΦ engulfing only one bead (Figure 4H). Together this evidence suggests that NG2 expression is associated with impaired BMDMΦ phagocytic capacity.
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FIGURE 4. Alteration of proliferation and phagocytic capacity in NG2+ BMDMΦ. (A) Representative image of NG2 expression (red) and proliferation marker BrdU (green) in naïve BMDMΦ (absence of myelin debris; left) and BMDMΦ treated myelin debris for 14 days (right). (B) Representative image of EdU+ (red) with NG2+ (purple) BMDMΦ treated myelin debris for 14 days; inset showing detailed immunostaining of a single EdU+/NG2+ BMDMΦ. (C) Percentage of EdU+ in NG2+ BMDMΦ and NG2− BMDMΦ. (D) Representative image of BMDMΦ phagocytosis of myelin debris in NG2+ BMDMΦ and NG2− BMDMΦ. Engulfed myelin debris was determined by detection of intracellular myelin basic protein (MBP; red) puncta; insert showing detailed immunostainings of NG2+ BMDMΦ and NG2− BMDMΦ containing MBP puncta. (E) The corresponding percentage of NG2+ BMDMΦ and NG2− BMDMΦ phagocytosis of myelin debris. (F) Representative image of BMDMΦ phagocytosis of latex beads (red) in NG2+ BMDMΦ and NG2− BMDMΦ; insert showing detailed immunostaining of NG2+ BMDMΦ and NG2− BMDMΦ containing latex beads. (G) The corresponding percentage of latex beads engulfment in NG2+ BMDMΦ and NG2− BMDMΦ. (H) The number of engulfed beads in both NG2+ BMDMΦ and NG2− BMDMΦ. Data are shown as means ± SD of three separate BMDMΦ isolations from three separate mice (n = 3). *P ≤ 0.05 and **P ≤ 0.01.






DISCUSSION

Although it has been reported that NG2 expression can be found in microglia and macrophages, little is known specifically regarding the consequences of NG2 expression in infiltrated macrophages at the injury site of SCI, as well as what environmental factors contribute to this expression (Bu et al., 2001; De Castro et al., 2005; Moransard et al., 2011; Cejudo-Martin et al., 2016; Hesp et al., 2018). Our data demonstrate that BMDMΦ can express NG2 approximately 1 week after SCI in the lesion perimeter. We revealed that myelin debris is a lesion-related factor capable of stimulating NG2/CSPG4 expression and secretion in BMDMΦ in vitro. NG2 expression can also be observed in BMDMΦ and microglia in the injured spinal cord in a similar temporal manner. Furthermore, we uncovered that these NG2 expressing BMDMΦ possess impaired phagocytic capacity and increased proliferative ability.

NG2/CSPG4 is a membrane-spanning protein with intracellular and extracellular domains that facilitate NG2 signaling. Differential phosphorylation of two sites on the intracellular domain of NG2, and β1 integrin’s interaction with these different forms of phosphorylated NG2, are key mediators of cell motility and cell proliferation (Fukushi et al., 2004; Makagiansar et al., 2007; Binamé et al., 2013; Yadavilli et al., 2016). In the context of infiltrated macrophages expressing NG2 in the CNS, the mechanism by which NG2 expression is induced, as well as the function of NG2 in these cells has yet to be completely elucidated. It has been reported that NG2+ BMDMΦ in the ischemic lesions of the human and rat brain plays a beneficial role, at least in part, by their production of neuroprotective factors (Smirkin et al., 2010). Furthermore, NG2 appears to play a crucial role in macrophage migration since there was a significant decrease in macrophage abundance in brain tumors and sites of CNS demyelination in myeloid-specific NG2 null mice (mye-NG2-KO mice; De Castro et al., 2005; Cejudo-Martin et al., 2016; Kucharova and Stallcup, 2017). In a lysolecithin-induced spinal cord demyelination mouse model, the lesion repair in both mye-NG2-KO mice and NG2 null mice is greatly reduced compared with WT mice (Kucharova and Stallcup, 2015; Cejudo-Martin et al., 2016). The substantial decrease in repair in these mice may simply be the result of the greatly decreased presence of macrophages at the demyelinated sites, which would then lead to decreased clearance of debris. The loss of NG2 expression leads to decreased proliferation of OPCs, pericytes, and macrophages/microglia, and without NG2 there is a shift from pro-inflammatory to anti-inflammatory cytokine production in macrophages and microglia (Kucharova et al., 2011). This shift in cytokine production brings about many important questions as to the role NG2 could be playing in SCI repair through the mediation of BMDMΦ inflammatory profile and deserves further investigation.

Most of what is known about NG2 in the context of SCI is focused on its expression in pericytes within the lesion core and OPCs in the lesion border and glial scar. However, few studies have placed attention on macrophages and microglia as NG2 expressing cells or their role in SCI progression and repair. A population of NG2 expressing cells has been shown to proliferate within days after injury and accumulate within the glial scar, however, their function in glial scar formation, as well as their origin, remains poorly understood (Levine, 1994; Hackett and Lee, 2016). The glial scar is a dense barrier of scar tissue generated by a highly proliferative population of reactive astrocytes and NG2 positive cells, serving as both a protective and inhibitory structure for healing (McTigue et al., 2001; Jones et al., 2002; Hu et al., 2010; Yuan and He, 2013; Adams and Gallo, 2018; Yang et al., 2020). The glial scar not only acts as a physical barrier to axonal regrowth but also contains neurotoxic reactive astrocytes, as well as NG2 and its secreted form CSPG4 which can act as inhibitory molecules for axonal growth (Dou and Levine, 1994; Schäfer and Tegeder, 2018; Yang et al., 2020). It is not very clear if NG2 expressing BMDMΦ have a beneficial or detrimental role in secondary injury after SCI. With the knowledge that NG2/CSPG4 are major contributors to the inhibitory nature of the glial scar, gaining a further understanding of the role that these CSPG4 producing NG2+ BMDMΦ play in the deposition of CSPGs in the glial scar is of great importance.

We have previously shown that myelin debris engulfment polarized BMDMΦ toward a chronic pro-inflammatory M1 phenotype (Wang et al., 2015), and with this current study we believe it is reasonable to infer that these pro-inflammatory cells are probably NG2− BMDMΦ as NG2+ BMDMΦ have a poor phagocytic capacity. This therefore could be evidence of NG2+ BMDMΦ playing a beneficial role in reducing inflammation at the injury site, however, future studies are needed to separate and define the inflammatory features of NG2+ BMDMΦ and NG2− BMDMΦ in response to myelin debris. The lower phagocytic capacity shown in these NG2+ BMDMΦ could also prove detrimental by hindering clearance of myelin debris which accumulates at the injury site. Further investigation is required to understand if NG2+ BMDMΦ also possess a lower phagocytic capacity for other damaged cells/tissue at the lesion site.

This study implicates that an SCI lesion-related factor may be responsible for the induction of NG2 expression in BMDMΦ and that this expression of NG2 is associated with several different functionality changes in BMDMΦ including increased proliferation and reduced phagocytic capacity (Figure 5). Overall, NG2 expression in BMDMΦ merits great interest in the context of secondary SCI, and future studies are needed to understand the precise roles of NG2 on BMDMΦ function in the injured spinal cord. These investigations could prove to be invaluable for the development of different therapeutic strategies targeting components of the secondary injury cascade after SCI.
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FIGURE 5. Graphical representation of the induction and consequences associated with NG2 expression in BMDMΦ. BMDMΦ upon treatment with myelin debris demonstrate an increase in expression and secretion of NG2/CSPG4 in a small percentage of their cell population. These NG2 positive cells demonstrate increased proliferation and possess a lower phagocytic capacity than NG2 negative BMDMΦ.
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The voltage-gated proton channel Hv1 is a newly discovered ion channel that is highly conserved among species. It is known that Hv1 is not only expressed in peripheral immune cells but also one of the major ion channels expressed in tissue-resident microglia of the central nervous systems (CNS). One key role for Hv1 is its interaction with NADPH oxidase 2 (NOX2) to regulate reactive oxygen species (ROS) and cytosolic pH. Emerging data suggest that excessive ROS production increases and requires proton currents through Hv1 in the injured CNS, and manipulations that ablate Hv1 expression or induce loss of function may provide neuroprotection in CNS injury models including stroke, traumatic brain injury, and spinal cord injury. Recent data demonstrating microglial Hv1-mediated signaling in the pathophysiology of the CNS injury further supports the idea that Hv1 channel may function as a key mechanism in posttraumatic neuroinflammation and neurodegeneration. In this review, we summarize the main findings of Hv1, including its expression pattern, cellular mechanism, role in aging, and animal models of CNS injury and disease pathology. We also discuss the potential of Hv1 as a therapeutic target for CNS injury.
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INTRODUCTION

The central nervous system (CNS) injuries or diseases such as stroke, traumatic brain injury (TBI), spinal cord injury (SCI), and multiple sclerosis (MS), are the leading causes of death and disability in the United States and around the world. To date, no neuroprotective or neurorestorative therapy has clearly improved long-term recovery. This may reflect, in part, an incomplete understanding of the complex pathobiological mechanisms involved. Numerous experimental observations including ours (Faden et al., 2016; Skovira et al., 2016; Li Y. et al., 2020; Ritzel et al., 2020) indicate that persistent neuroinflammation contributes to long-term neurological functional deficits. However, no preferred current treatments specifically target neuroinflammatory mechanisms for CNS damage. Thus, identifying new targets to effectively reduce CNS injury-induced neuroinflammation remains an important research direction.

As the major cellular component of the innate immune system in the CNS, microglia play a critical role in neuroinflammation following CNS trauma (Loane and Byrnes, 2010). In response to injury, microglia can produce neuroprotective factors, clear cellular debris and orchestrate neurorestorative processes that are beneficial for neurological recovery. However, dysregulated microglia can also produce high levels of pro-inflammatory and cytotoxic mediators that can injure cells and hinder CNS repair (Loane and Kumar, 2016). Theoretically, resident microglia should work in concert to fine-tune inflammatory responses, scavenge debris, and promote remodeling and repair after injury, thereby contributing to successful wound healing. However, microglia often exhibit a sustained neurotoxic phenotype continuing for months to years after CNS trauma, associated with progressive neurodegeneration and related neurological dysfunction (Faden et al., 2016).

Proton (H+)-sensitive channel and exchanger in microglia include the hydrogen voltage gated channel 1 (HVCN1) and Na+/H+ exchanger (NHE). The HVCN1 gene encodes a voltage-gated protein channel protein (Hv1/VSOP) that is primarily expressed in phagocytes in the immune system (Ramsey et al., 2006; Sasaki et al., 2006) and is one of the major ion channels expressed in CNS-resident microglia (Wu et al., 2012). It is reported that Hv1 is not expressed by neurons or astrocytes in the mouse brain (Wu et al., 2012). In contrast, NHE1 is ubiquitously expressed in all cell types in the CNS. While NHE1 is important for maintaining the basal intracellular pH (pHi) in microglia, cell migration, and calcium triggering, Hv1 mediates pH regulation and membrane hyperpolarization in microglia (Luo et al., 2021). Although the voltage-dependent proton current was first reported forty years ago (Thomas and Meech, 1982), its gene and molecular structure were not identified until 2006 (Ramsey et al., 2006; Sasaki et al., 2006). The crystal structure is a chimeric construct composed of the parts of 3 different proteins and forms a trimer, in contrast to the dimer-forming Hv1 channel (Takeshita et al., 2014). To date, one key physiological function of Hv1 is the regulation of NADPH oxidase (NOX) activity in phagocytes (Ramsey et al., 2009). Under pathological conditions, microglial Hv1 is required for NOX-dependent generation of reactive oxygen species (ROS) by providing charge compensation for exported electrons via proton extrusion, thereby relieving the intracellular acidosis that occurs following respiratory burst. Excessive NOX/ROS expression and tissue acidosis can damage neurons and glia, and participates in the pathophysiology of neuroinflammatory disorders (von Leden et al., 2017). However, Hv1 also functions independently of the NOX/ROS pathway, for example in snail neurons, basophils, osteoclasts, and cancer cells (Seredenina et al., 2015). Early work from experimental stroke models using transgenic knockout (KO) mice provides a strong rationale for Hv1 as a potential therapeutic target for the treatment of ischemic brain injury (Wu et al., 2012).

Generally, ion channels including Hv1 are potent drug targets (Seredenina et al., 2015). To facilitate the development of clinically useful Hv1-active drugs, this review summarizes the current research on the function and mechanisms of the Hv1 channel in CNS injury models including various ischemic and traumatic brain injuries, neurodegenerative disease, and spinal cord injury. We also discuss recent studies on disrupted Hv1 in age-related pathologies, highlighting its involvement in chronic CNS injury and neurodegenerative diseases. The temporal and spatial expression of Hv1 channel are reviewed in CNS resident cells as well as on injury-responsive immune cells. Potential cellular mechanism studies addressing the role of Hv1 in CNS injury-mediated pathobiology are highlighted, including microglial Hv1-triggered oxidative stress and neuroinflammation. Lastly, we review recent novel mechanistic discoveries on Hv1-driven intracellular and extracellular acidosis in injured brain and spinal cord tissues, and provide therapeutic options, with an emphasis on the depletion or inhibition of the Hv1 channel for the prevention of acidotoxicity, oxidative stress damage, and inflammatory neurodegeneration after CNS trauma.



THE DISCOVERY AND STRUCTURE OF THE VOLTAGE-GATED PROTON CHANNEL HV1

The voltage-dependent proton current was first reported in neurons of the land snail Helix aspersa (Thomas and Meech, 1982). Decades later in 2006 the Hv1 gene was identified simultaneously by two groups in both Mus musculus (Sasaki et al., 2006) and Homo Sapiens (Ramsey et al., 2006). The human Hv1 (hHv1) gene is located on the chromosome 12 at q24.11 and has seven exons. The hHv1 protein is predicted to be 273 amino acids in length (31.7 kD, pI = 6.62) and forms four transmembrane (TM) segments (s1–s4) (see Figure 1). The TM structure and placement of charged residues in hydrophobic domains is conserved among the vertebrate Hv1 orthologs. The N-terminal of Hv1 contains a voltage-sensitive domain (VSD) but is not conserved in sequence. The VSD of Hv1 is unique due to the lack of pore domain which is totally different from the other voltage-gated ion channels, and therefore Sasaki et al. (2006) first named it voltage sensor domain only protein (VSOP). The VSD has dual roles of voltage-sensing and proton permeation. Its gating is sensitive to pH and Zn2+ (Ramsey et al., 2006). H168 is crucial for ΔpH-dependent gating of the hHv1 (Cherny et al., 2018). The crystal structure of mouse Hv1 was presented in the resting state at 3.45Å resolution, providing a platform for understanding the general principles of voltage-sensing and proton permeation (Takeshita et al., 2014).
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FIGURE 1. Schematic structure of hHv1: hHv1 has four transmembrane domains with N terminus and C terminus lie inside the cells. H168 is crucial for ΔpH-dependent gating, M91T mutant requires approximately 0.5 pH units more alkaline pH values than wild-type Hv1 to activate proton extrusion.


There are two isoforms of Hv1, long and truncated. HVCN1S is a short isoform lacking the first 20 amino acids via alternative mRNA splicing (Hondares et al., 2014). It is specifically expressed at higher levels in chronic lymphocytic leukemia (CLL) cells and other B cell lines than is the longer isoform, but only weakly expressed in normal B cells. HVCN1S mediates stronger currents upon PKC phosphorylation and increases BCR signaling, proliferation, and chemokine-dependent migration, which together confer a growth advantage to malignant B cells and contribute to the disease pathogenesis of CLL (Hondares et al., 2014).

In human sperm, Hv1 is post-translationally cleaved to a N-terminus truncated form that lacks the first 68 amino acids, generating Hv1Sper which has a molecular weight of 25 kDa (Berger et al., 2017). The pH-control of Hv1Sper and Hv1 is distinctively different. Voltage gating of Hv1 is intimately coupled to ΔpH across the cell membrane regardless of the changes in the intracellular and extracellular pH. While in Hv1Sper, gating is sensitive not only to ΔpH, but also to the changes in intracellular and extracellular pH. As a result, Hv1 can only export protons and alkalize sperm, whereas Hv1Sper can either alkalize or acidify sperm, depending on the pH of the environment (Berger et al., 2017).

A missense mutation of Hv1 at the 91 site from methionine to threonine (M91T) in epithelial cells requires approximately 0.5 pH units more alkaline mucosal pH values than wild-type Hv1 to activate proton extrusion, providing both functional and molecular indication that Hv1 mediates pH-regulated acid secretion by the airway epithelium (Iovannisci et al., 2010).



THE TEMPORAL AND SPATIAL EXPRESSION OF HV1 IN THE CNS

The Hv1 channel is a membrane protein that is highly expressed in cells of the immune system including eosinophils (DeCoursey et al., 2001), neutrophils (DeCoursey et al., 2000), basophils (Musset et al., 2008), B cells (Capasso et al., 2010), T cells (Schilling et al., 2002), monocytes (Musset et al., 2012a), macrophages (Kapus et al., 1993), dendritic cells (Szteyn et al., 2012), and mast cells (Kuno et al., 1997), suggesting that Hv1-driven signaling may be involved in a variety of immunological processes. In the CNS, Hv1 mRNA expression patterns in rat primary cultured neurons, microglia, and astrocytes revealed that its expression is predominantly limited to microglia (Li et al., 2021). The basal level of Hv1 in cultured astrocytes and neurons was extremely low or undetectable (Wu et al., 2012; Li et al., 2021). In the healthy mouse brain, Hv1 was found to be exclusively expressed in microglia, but not in neurons or astrocytes (Wu et al., 2012). The expression level of Hv1 in the mouse CNS is developmentally increased, i.e., non-detectable in the neonatal stage, detectable in adulthood by western blot, and 2–3-fold higher in the aged brain compared with that in the adult brain (Wu, 2014; Zhang et al., 2020). This likely reflects the increased activation state of microglia that occurs with normal aging (Harry, 2013; Norden and Godbout, 2013).

In response to CNS insults, increased Hv1 protein expression was observed in whole brain lysates at 24 h after permanent middle cerebral artery occlusion (MCAO) (Wu et al., 2012). In a mouse moderate/severe brain injury using a controlled cortical impact (CCI) model of experimental TBI, Hv1 mRNA and protein expression were remarkably increased at 24 h post-injury and remained elevated for up to 4 weeks in the ipsilateral cortex and hippocampus (Ritzel et al., 2021). qPCR analysis revealed a virtual absence of Hv1 mRNA expression in the microglia-depleted brain (Ritzel et al., 2021), further confirming that expression of this channel is largely restricted to microglia within the CNS. Dysregulation of Hv1 expression in the injured spinal cord after moderate/severe contusion in mice was also recently reported (Li et al., 2021). qPCR analysis showed a rapid up-regulation (40-fold) of Hv1 mRNA, starting at 3 days post-injury and continuing for up to 28 days in both male and female mice. This was confirmed in CD11b+ microglia/macrophages isolated from the adult spinal cord at 3 days post-injury. In situ, cells immunoreactive for Hv1 coexpress ionized calcium-binding adaptor molecule 1 (Iba1), a known marker for microglia/macrophages (Li et al., 2020b). Furthermore, a nearly four-fold increase in Hv1 protein expression was observed in spinal cord tissue at 3 days post-injury (Li et al., 2021). These results demonstrate that the expression level of the Hv1 channel is dysregulated following CNS injury.



CELLULAR MECHANISM AND PHYSIOLOGICAL FUNCTION OF HV1 CHANNELS


NOX2-Mediated ROS Signaling Pathways

The best-described function of Hv1 is the regulation of NOX2 activity in phagocytes. During respiratory burst, electrons from NADPH are transferred outside of the cell, leading to membrane depolarization; at the same time, protons are accumulated in the cytoplasm, leading to acidification of the cytosol (El Chemaly et al., 2010). NOX activity, depolarization, and intracellular acidification are key stimuli to activate Hv1. Both membrane depolarization and cytosol acidification inhibit the activity of NOX2, which can be reversed by Hv1-mediated extrusion of protons from the cytoplasm, thereby maintaining physiological membrane potential and re-establishing normal pH. Inhibition of Hv1 activity would thus portend a decrease in proton extrusion that could lead to intracellular acidosis. For example, in Hv1-deficient neutrophils, the cytosolic pH is more acidic than in wild-type (WT) cells following stimulation with phorbol myristate acetate (PMA) (El Chemaly et al., 2010). In addition to superoxide production, Hv1 also sustains calcium entry and migratory capacity (El Chemaly et al., 2010).

Hv1-deficient eosinophils have also been shown to produce significantly less ROS upon PMA stimulation compared with WT eosinophils (Zhu et al., 2013). However, Hv1-depleted eosinophils did not show an impairment in calcium mobilization or migration ability as demonstrated in neutrophils. Interestingly, Hv1-deficient eosinophils underwent significantly greater cell death after PMA stimulation, suggesting that intracellular acidosis during respiratory burst may be more severe in this cell type (Zhu et al., 2013).

In adaptive immune cells, Hv1 modulates B cell antigen receptor (BCR) signal strength in B cells (Capasso et al., 2010). Generation of ROS was lower in Hv1-deficient B cells, resulting in attenuated BCR signaling via impaired BCR-dependent oxidation of Src homology region 2 domain-containing phosphatase-1 (SHP-1). Hv1 KO mice showed reduced activation of the spleen tyrosine kinase (SYK) and protein kinase B (PKB, also known as Akt) signaling pathways, impaired mitochondrial respiration and glycolysis, and diminished antibody responses (Capasso et al., 2010). While little is known regarding the role of Hv1 in T cells, there is evidence that ablating Hv1 in Jurkat T cells induces acidification which promotes apoptotic cell death (Asuaje et al., 2017). It remains to be seen whether Hv1 plays a similar role in modulating T cell receptor (TCR) signaling pathways and downstream effector functions.

In microglia, Hv1 channels were reported to conduct protons to the extracellular space as charge compensation and to help sustain ROS production by NOX2 (Wu et al., 2012). However, Kawai et al. (2017, 2018) observed that Hv1-deficiency enhanced the extracellular ROS signal in primary cultured microglia, as well as in Kupffer cells (Kawai et al., 2020). This may be apparently paradoxical considering numerous evidence showing that Hv1 supports ROS generation, but still sheds light on the complex regulatory mechanism of Hv1 in context of diverse physiological states of microglia.



Non-NOX Dependent Hv1 Function in ROS Production

Within the medullary thick ascending limb, Hv1 is found to localize in the mitochondria membrane where it modulates the formation of ROS by complex I on the mitochondrial membrane rather than by NOX-mediated ROS production. It points to a novel pathway of Hv1 independent of its traditional role in maintaining cell membrane potential and intracellular pH (Patel et al., 2019).



pH Regulation

It is noteworthy that in many instances Hv1 functions independently of NOX. As a proton channel, Hv1 is responsible for conducting protons and thus regulating the intracellular or extracellular pH. For example, in human spermatozoa, Hv1 is highly expressed in the flagellum. Activated Hv1 allows outward conduction of protons, resulting in intracellular alkalization and activation of spermatozoa (Lishko et al., 2010). Hv1 activity has been suggested to play a role in a number of functions in sperm, including motility, capacitation, sperm-zona pellucida interaction, acrosome reaction, and sperm-oocyte fusion (Lishko et al., 2010; Musset et al., 2012b; Zhao et al., 2018; Yeste et al., 2020).

In osteoclast cells, Hv1 helps release H+ ions to acidify the extracellular milieu and dissolve mineralized bone, promoting bone resorption (Nordstrom et al., 1995). In airway epithelia, Hv1 is involved in the maintenance of the physiological pH of the airway and lung environment (Fischer et al., 2002; Cho et al., 2009; Iovannisci et al., 2010; Fischer, 2012). Hv1 activation by PMA or anti-IgE in basophils may cause histamine release, which is coupled with the ability of Hv1 to maintain cytosolic pH but not linked with NOX2 due to its lack of expression in basophils (Musset et al., 2008). This same mechanism of regulating histamine release is also found in mast cells (Marone et al., 1986).

In addition to regulating the intracellular pH, Hv1 is also responsible for regulating the pH of phagocytic vacuole of neutrophils. In human cells, the vacuolar pH is around 9. By contrast, in Hv1 KO mouse neutrophils, the vacuolar pH rose above 11, and the cytosol acidified excessively, demonstrating that Hv1 plays an important role in charge compensation (Levine et al., 2015). Furthermore, Hv1 is required for proper endosomal acidification and subsequent toll-like receptor 9 (TLR9) signaling in plasmacytoid dendritic cells (Montes-Cobos et al., 2020). Hv1 deficiency delayed endosomal acidification, consequently limiting protease activity and the secretion of type I interferons (IFN-I). Whether Hv1 impacts antigen presentation by dendritic cells in the context of microbial infection remains to be seen.



PATHOLOGICAL FUNCTION OF HV1 CHANNELS


Hv1 in Brain Aging and Age-Related Pathology

Aging is a major risk factor for many human pathologies, including metabolic, inflammatory, and neurodegenerative conditions. The role of ROS and Ca2+ in aging and age-related disease has been extensively reviewed (Madreiter-Sokolowski et al., 2020). Each have been strongly implicated in the development and progression of age-related pathologies. By ensuring Ca2+ entry through charge compensation, the Hv1 proton channel helps to sustain NOX2-induced ROS production and other phagocyte effector functions critical for innate immunity (El Chemaly et al., 2010). Age-associated defects in neutrophil migration, adhesion, and oxidative burst activity have been documented in young Hv1-deficient mice (Ramsey et al., 2009; El Chemaly et al., 2010; Capasso et al., 2011; Okochi et al., 2020). These observations have led many to examine the role of Hv1 in the context of aging. Given its role in rebalancing pH and charges across the plasma membrane, dysregulated Hv1 activity could provide both a mechanism of age-related disease and a therapeutic target. Although few studies have examined the relationship between Hv1 and innate immune function in naturally aging mice, emerging data suggest that Hv1 activity may play a key role in age-dependent responses to injury.

Studies investigating Hv1 expression across the lifespan have identified age- and region-dependent increases in the brain. The highest expression level was seen in the striatum of WT mice and was associated with increased expression of markers of microglia (e.g., CD11b, CX3CR1, and CD68) (Kawai et al., 2021). These findings suggest that Hv1 may be involved in the transition of microglia from a ramified phenotype to an ameboid morphology indicative of the heightened activation state seen with advanced age (Kawai et al., 2021). Interestingly, despite showing preferential expression in the striatum, no functional significance could be detected in this, or any other, region of the brain in young KO mice. However, the authors found that morphological features of microglia activation and differential gene expression in the cortex were significantly increased in aged KO mice. While this study highlights a role for Hv1 in age-related microglia activation and chronic neuroinflammation, it is important to point out that the KO mice at all ages showed no severe neurological impairment. It remains to be seen whether these age-related changes are adaptive, if Hv1 activity itself is increased in the same region-dependent manner, and which environmental factors are responsible for promoting its expression.

Inflammation subsequent to microglia activation has been demonstrated to be a key driver of age-related cognitive deficits (Udeochu et al., 2016). Due to its high expression in microglia, it is not unreasonable to assume Hv1 could play a detrimental role in neurological decline. However, presently there is no data to support this notion. A study assessing neuroinflammation after postoperative surgery found that Hv1 protein expression was significantly increased in the hippocampus of 18 months old WT mice, but the functional importance of this change with relation to cognition remains to be seen (Zhang et al., 2020). One possible consequence of increased Hv1 activity includes higher production of ROS and oxidative stress damage. Recent work has demonstrated a concomitant increase in NOX2 and ROS levels within the aging hippocampus (Fan et al., 2019). Indeed, recent evidence suggests that Hv1 may promote transcription of oxidative stress genes (e.g., Nrf2, Sod2, and Gpx1) in an age-dependent manner (Kawai et al., 2017). Utilizing global KO mice of various ages, the authors demonstrated that functional Hv1 is increasingly more important during early middle age (i.e., 6 months), when its loss-of-function appears to coincide with higher expression of oxidative stress genes. That deletion of a gene partially required for NOX2-mediated ROS production would result in increased oxidative stress seems paradoxical unless one is to consider the possibility that it removes a brake on, or is overcompensated by increased expression of, Hv1-independent drivers of ROS production. In the same study it was also reported that neuroprotection to experimental stroke was seen in old, but not young mice. While these results are surprising, it supports an adaptive role for Hv1 in age-related responses to brain injury. Consistent with notion, microarray profiling revealed higher expression of Hv1 and other oxidative stress genes in the ischemic hemisphere of old mice compared to young mice (Sieber et al., 2014). The immunological response to stroke is dramatically altered with age, with older mice showing significantly greater neutrophil infiltration and higher rates of hemorrhagic transformation (Ritzel et al., 2018). It is possible that the age-dependent protection seen in older KO mice is due to decreased transmigration and reactivity of neutrophils in the ischemic brain, rather than microglia-driven. Nevertheless, neuroprotection in young KO mice has been documented in models of traumatic CNS injury, hypoperfusion-induced white matter injury, and multiple sclerosis (Li et al., 2021; Ritzel et al., 2021). Moreover, our group (Ritzel et al., 2021) showed that protection persisted for weeks and months following TBI. These findings indicate there could be important interactions between age, Hv1, and the onset, duration, and type of injury.

It is worth reiterating that Hv1 expression is not exclusive to phagocytes of myeloid lineage, as some groups have reported expression in B and T lymphocytes (Fernandez et al., 2016). In B cells, Hv1 has been shown to regulate the strength of BCR signaling (Capasso et al., 2010). Despite the well characterized effects of aging on B cells and autoimmunity, few studies have examined the age-dependency of Hv1 function in adaptive immunity (Ma et al., 2019). One report indicates Hv1 KO mice develop an autoimmune disorder phenotype with advanced age (Sasaki et al., 2013). This was characterized by splenomegaly at 6 months of age, higher CD44 expression on T cells, and increased production and deposition of autoantibodies in the kidney coincident with nephritis. If confirmed, these findings suggest that Hv1 may play a more important role in the adaptive arm of the immune system than previously appreciated. However, these results should be interpreted with caution, as it has been suggested that these age-associated phenotypic features may be dependent on external and intrinsic factors such as housing conditions and C57Bl/6 substrains, respectively (Capasso, 2014).

One major caveat to these studies is the over interpretation of results generated using germline KO mice, which may have hidden developmental aberrations that affect the context of Hv1 activity, including the potential for other genes to compensate for this activity. For this reason, the advent of cell type-specific conditional gene deletion and temporal-controlled inducible gene deletion systems will prove indispensable for understanding how the aging process effects Hv1 activity, and by extension, the pathogenesis of age-related pathology. Furthermore, future studies using pharmacologic inhibitors to selectively target Hv1 should include aged animals to determine whether there is an enhanced therapeutic response. The established roles of ROS, ionic dysregulation, inflammation, and metabolism in aging and disease continue to provide sound rationale for establishing the underlying role of Hv1 in this process.



Hv1 in Ischemic Stroke

A detrimental role for Hv1 in stroke was first reported in 2012 (Wu et al., 2012). By utilizing Hv1 KO mice and both transient and permanent MCAO ischemic stroke models, Wu and colleagues showed that mice constitutively lacking Hv1 had reduced infarct volumes and more favorable neurological deficit scores at 24 h after stroke independent of reperfusion. This protection was due to a reduction in ROS attributable to the interaction between microglial Hv1 and NOX2. The authors demonstrated this by generating bone marrow chimeric mice that lacked either microglial or bone marrow-derived Hv1. These data supported the notion that brain resident microglial Hv1 are the primary mediators for NOX/ROS-induced brain damage 1d after MCAO. However, during the first week of injury, large numbers of the blood-borne leukocytes entered the brain which highly express Hv1 (Schilling et al., 2003; Gelderblom et al., 2009). Thus, the contribution of peripheral Hv1 cannot be excluded in the post-acute stages of stroke.

In a photothrombotic stroke model, Hv1 KO mice displayed smaller brain infarction and fewer motor coordination deficits compared to the WT group during the first three days after injury (Tian et al., 2016), in part by reducing the pro-inflammatory (M1)- and increasing the anti-inflammatory (M2)-type polarization of microglia and macrophages (Tian et al., 2016). Furthermore, Kawai et al. (2017) reported the neuroprotective effects of Hv1 deficiency on infarct volume in experimental stoke occur in an age-dependent manner. ROS production was noted to be slightly decreased in Hv1 KO mice at younger stages of development (1 day, 5 days, 3 weeks old), but drastically increased in older KO mice (6 months old) compared with age-matched WT mice. Neuroprotection was seen in older Hv1 KO mice, whereas no protection was evident in the younger KO mice (9 weeks old) (Kawai et al., 2017). These findings were confirmed in Hv1 mutant Dahl salt-sensitive rats in both transient and permanent MCAO models. Although proton currents were large in mouse microglia and virtually absent in rat microglia (Wu et al., 2012), Hv1 KO rats exhibited less edema and bleeding in the brain, indicative of attenuated cerebrovascular injury (Li et al., 2019). Taken together, these results suggest that ablation of Hv1 is a promising therapeutic target for the treatment of ischemia stroke. The therapeutic effects of Hv1 deficiency in various animal models is summarized in Table 1. Limitations of these studies reflect the fact that transgenic mice do not relate directly to a therapeutic approach.


TABLE 1. Therapeutic effect of Hv1 deficiency (Hv1 knockout) in various animal models.
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Hv1 in CNS Demyelination

Multiple sclerosis (MS) is a chronic CNS disease characterized by autoimmune attack of the myelin sheath by T lymphocytes, resulting in inflammation and demyelination. In a cuprizone-induced mouse model of MS, Liu et al. (2015) showed that mice lacking Hv1 are partially protected from demyelination and motor deficits compared to WT mice. This effect was associated with reduced ROS production, attenuated microglial activation, increased oligodendrocyte progenitor cell proliferation, and increased numbers of mature oligodendrocytes, reaffirming the role of the Hv1 proton channel in controlling NOX-dependent ROS production in the pathogenesis of MS (Liu et al., 2015). Using an established two-point model of demyelination by injecting lysophosphatidylcholine (LPC) into the corpus callosum, a recent study identified that LPC-mediated myelin damage was reduced in Hv1 KO mice, evidenced by reduced ROS generation and autophagic activation in microglia (Chen et al., 2020). The link between Hv1 and autophagic function in microglia requires further investigation.

Oligodendrocyte progenitor cells (OPC) are believed to be the most fragile cells in hypoxia-ischemia-induced demyelination (Yu et al., 2018). To investigate the contribution of Hv1 to OPC damage, Yu et al. (2018) employed an in vitro model of co-culture with microglia. The authors found that, following oxygen-glucose deprivation, OPCs co-cultured with Hv1 KO microglia had attenuated apoptosis and greater proliferation and differentiation than those co-cultured with WT microglia. This protection was associated with decreased phosphorylation and activation of extracellular signal-regulated kinase (ERK) 1/2 and p38 mitogen-activated protein kinase (MAPK), and attenuated production of ROS and pro-inflammatory cytokines in microglia (Yu et al., 2018).

In a hypoperfusion model of white matter injury created by bilateral common carotid artery stenosis, genetic ablation of Hv1 attenuated the disruption of white matter integrity and improved working memory by enhancing OPC proliferation and differentiation into mature oligodendrocytes (Yu et al., 2020). Microglia-OPC co-cultures suggested that PI3K/Akt signaling was involved in Hv1 deficiency-induced anti-inflammatory-type microglial polarization and concomitant OPC differentiation. Thus, these results suggest that Hv1-NOX-ROS signaling contributes to the pathological changes in CNS demyelination.



Hv1 in Traumatic Brain Injury and Spinal Cord Injury

Although it is well known that Hv1 regulates intracellular pH, and aids in compensation for NOX-dependent generation of ROS, a direct connection between acidosis, ROS, and inflammation has not been established until recently. Work from our group has demonstrated that Hv1 is a key driver of tissue acidosis, oxidative stress, and neuroinflammation in models of traumatic brain injury and spinal cord injury (Li et al., 2021; Ritzel et al., 2021; see Figure 2).


[image: image]

FIGURE 2. Schematic of Hv1 as a key driver of tissue acidosis, oxidative stress, and neuroinflammation in traumatic central nervous system (CNS) injury. (A) Traumatic brain injury (TBI) and spinal cord injury (SCI) lead to Hv1-driven microglia activation which causes tissue acidosis, oxidative stress, and an increase in proinflammatory cytokine levels. Consequently, there is an increase in neuronal loss, functional deficits, and poor long-term recovery. (B) Hv1 deficiency (KO) limits microglia activation and thereby rectifies trauma-induced reductions in environmental pH, abolishes ROS production, ameliorates neuroinflammation, and as a result, slows the progressive worsening of neuronal injury and functional deficits following SCI/TBI.


Tissue acidosis in the CNS is a common occurrence in ischemic stroke and the brain/spinal cord trauma and a strong predictor of acute clinical function and long-term outcome (Marmarou, 1992; Marmarou et al., 1993; Clausen et al., 2005). The underlying mechanisms of pathological acidosis in CNS injury are not well understood, however, growing evidence suggests a positive association with inflammation. In a well-characterized CCI mouse model of experimental TBI, we investigated the cellular and molecular mechanisms of brain acidosis (Ritzel et al., 2021). We demonstrated that TBI causes intracellular and extracellular acidosis that persist for weeks after injury. Microglia proliferation and production of ROS were increased during the first week. When microglia were depleted by the colony stimulating factor 1 receptor (CSF1R) inhibitor, PLX5622, TBI-induced extracellular acidosis, oxidative stress, and inflammation were markedly decreased during the acute stages of injury. These data suggest that TBI-activated microglia participate in the regulation of pathological brain acidosis through a proton extrusion mechanism, indicating a direct connection between acidosis and inflammation. Moreover, we believe this may be a chronic process that contributes to chronic brain inflammation and progressive neurodegeneration. Using Hv1 KO mice, we demonstrated attenuated ROS production and increased intracellular acidosis in both microglia and brain-infiltrating myeloid cells during the acute period after TBI. Importantly, Hv1 KO mice exhibited lasting neuroprotection and improved functional recovery months after injury, suggesting therapeutic strategies to alleviate acidosis could have possible benefits even in the chronic stages of injury. Our data provide new cellular and molecular insights into the relationship between inflammation, acidosis, and head injury (Ritzel et al., 2021).

Using a contusion model of SCI in adult female mice, we demonstrated that depletion of Hv1 significantly attenuated tissue acidosis, NOX2 expression, ROS production, proinflammatory cytokine production, microglia proliferation, leukocyte infiltration, and phagocytic oxidative burst at 3 days post-injury (Li et al., 2021). Tissue pH levels were markedly lower in the first week after SCI. Tissue acidosis was most evident at the injury site, but also extended into proximal regions of the cervical and lumbar cord. Tissue ROS levels and expression of Hv1 were also significantly increased during the first week of injury. In the long term, Hv1 KO mice exhibited significantly improved locomotor function and reduced histopathology. Meanwhile, other groups have reported similar results as well as Hv1’s role in attenuating reactive astrogliosis, and reducing oligodendrocyte apoptosis in SCI models (Li et al., 2020a; Murugan et al., 2020). Overall, these data suggest an important role for Hv1 in regulating extracellular acidosis, NOX2-mediated ROS production, and functional outcome following SCI (Li et al., 2021). Thus, the Hv1 proton channel represents a potential target that may lead to novel therapeutic strategies for TBI and SCI.

However, injured brain and spinal cord are invaded by blood-borne leukocytes expressing high levels of Hv1 and NOX. To further investigate whether peripheral Hv1 contributes to tissue damage after CNS trauma, bone marrow chimeric mice will be needed to examine respective contribution of Hv1 in microglia and peripheral immune cells to neuroinflammation as well as to functional outcomes.



STATUS OF DRUG DISCOVERY


Hv1 as a Novel Drug Target

Since Hv1 is involved in the regulation of NOX2, it offers a potential advantage as a drug target over NOX2, as NOX2 deficiency completely abolishes ROS production that is beneficial and necessary for supporting the function and viability of cells under non-injury conditions. In contrast, it is postulated that Hv1 deficiency may keep at least 30% of ROS, enough to supply vital cellular functions and maintenance (Seredenina et al., 2015). As an acid extruder that is independent of NOX2, Hv1 is indicated in the treatment of not only CNS injury but also cancer, obesity, diabetes, and allergy (Bare et al., 2020; Kawai et al., 2020; Pang et al., 2020). In addition to the development of Hv1 inhibitors, Hv1 activators might also be of interest for certain types of pathologies such as male infertility and possibly autoimmune disease (Seredenina et al., 2015).



Proton Channel Blockers

Zn2+ and other polyvalent cations have been used for many years as proton current inhibitors. These compete with H+ for binding to the external surface, which changes the membrane potential perceived by the channel. However, this inhibition is non-specific, as Zn2+ ions are implicated in many other physiological processes. Thus, the usefulness of Zn2+ as an Hv1 channel blocker is limited. Hanatoxin, a toxin from the venom of the tarantula Grammostola spatulate, is another non-specific blocker of Hv1. This molecule binds to the paddle motif, which is highly conserved among different voltage-gated ion channels (Seredenina et al., 2015).

Some guanidine derivatives have been shown to have the ability to inhibit Hv1 activity. One of these compounds, 2-guanidinobenzimidazole (2GBI) binds the channel’s voltage-sensitive domain only in the open conformation. The binding site is within the proton permeation pathway and faces the cytoplasm (Hong et al., 2013). However, 2GBI is too polar to permeate the cytoplasmic membrane, and thus prevents it from being considered a potential Hv1 inhibitor. A modified version of 2GBI (CIGBI) that makes it more permeable to the cell membrane was later identified to bind Hv1 more efficiently, making a step forward to the development of pharmacological treatments for diseases caused by Hv1 hyperactivity (Hong et al., 2014). Nonetheless, the relative low potency and uncertainty about specificity against Hv1 remains a problem (Pupo and Gonzalez Leon, 2014).

Several proton current inhibitors, such as 4-aminopyridine, amantadine, amiloride, D600, nicardipine, imipramine, DM, chlorpromazine, clozapine, haloperidol, and rimantadine have potentially indirect effects on Hv1 function, presumably by increasing intracellular pH (Shin et al., 2015). In particular, epigallocatechin-3-gallate might interfere with Hv1 channel activity by modifying the lipid bilayer structure (Seredenina et al., 2015; Fernandez et al., 2016). Additionally, a toxic peptide C6 was identified as a high potential Hv1 blocker with specificity and high affinity (Kd = 1 nM) (Tang et al., 2020). Two C6 peptides bind to each dimeric channel on the S3–S4 loop of the VSD, shifting human Hv1 activation to more positive voltages, slowing opening and speeding closure, which consequently diminishes the membrane depolarization (Zhao et al., 2018). The scorpion toxin anti-tumor analgesic peptide (AGAP/W38F) is another novel selective Hv1 channel antagonist. Its binding pocket on the Hv1 channel partly overlaps that of Zn2+ with even less pH dependence. Therefore, AGAP/W38F could be a useful probe for exploring the structure–function relationship of the Hv1 channel and may have strong therapeutic potential (Tang et al., 2020).



Mechanisms and Regulation of Hv1 Channel Activation

Currently, no drug-like molecules are known to activate Hv1. Unsaturated long chain fatty acids such as arachidonic acid (AA) are known to modulate the activities of various ion channels, including Hv1 (Kawanabe and Okamura, 2016). Application of AA, for example, rapidly induced a robust increase in the amplitude of the proton current through Hv1. The application of phospholipase A2 (PLA2), which generates AA from cell membrane phospholipids, stimulated Hv1 activity to a similar extent as the direct application of 20 μM AA, suggesting that endogenous AA may regulate Hv1 channel activity (Kawanabe and Okamura, 2016).



CONCLUSION AND PERSPECTIVES

Ever since the identification of the gene in 2006, there has been growing interest in the Hv1 proton channel and its role in immunity, CNS injury, metabolic disease and cancer. Yet many questions remain unanswered. Though it is widely accepted that Hv1 interacts with NOX2 to regulate the production of ROS, it is not clear which one is upstream. In acute CNS injury, Hv1 deficiency diminishes ROS production, reduces expression of inflammatory cytokines, and ameliorates extracellular acidosis. However, whether this is primarily caused by the residential microglia or infiltrating myeloid cells is still not clear. In the future, the development of cell-specific Hv1 KO mice will be necessary to address the respective contributions of each phagocyte population to the pathogenesis of acidotic and oxidative stress damage following CNS injury.

Structural exploration could not only help with the understanding of the molecular mechanisms of channel activation and proton permeation (Chamberlin et al., 2015; Li et al., 2015; De La Rosa et al., 2018), but also facilitate the discovery of drugs targeting Hv1 (Lee et al., 2018; Jardin et al., 2020). These drug candidates, in turn, will help further our understanding of Hv1 function in health and disease.
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Visual information is conveyed from the eye to the brain through the axons of retinal ganglion cells (RGCs) that course through the optic nerve and synapse onto neurons in multiple subcortical visual relay areas. RGCs cannot regenerate their axons once they are damaged, similar to most mature neurons in the central nervous system (CNS), and soon undergo cell death. These phenomena of neurodegeneration and regenerative failure are widely viewed as being determined by cell-intrinsic mechanisms within RGCs or to be influenced by the extracellular environment, including glial or inflammatory cells. However, a new concept is emerging that the death or survival of RGCs and their ability to regenerate axons are also influenced by the complex circuitry of the retina and that the activation of a multicellular signaling cascade involving changes in inhibitory interneurons – the amacrine cells (AC) – contributes to the fate of RGCs. Here, we review our current understanding of the role that interneurons play in cell survival and axon regeneration after optic nerve injury.
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INTRODUCTION: FACTORS DETERMINING RETINAL GANGLION CELL SURVIVAL AND AXON REGENERATION

A major question in neuroscience is why some neurons in the mature CNS die soon after axonal injury and why almost no neurons are able to regenerate their axons within the CNS even if the cells survive. In a widely studied model of CNS injury and cell death, optic nerve crush (ONC) results in a rapid, transient Ca2+ influx into damaged axons from the extracellular space (Knoferle et al., 2010; Vargas et al., 2015; Ribas et al., 2017), followed by early cytoskeletal disruption (Zhai et al., 2003; Beirowski et al., 2010) and autophagy-mediated disintegration of the axons (Komatsu et al., 2007; Beirowski et al., 2010; Knoferle et al., 2010), which results in continuous degeneration of axons distal to the injury site (McKeon et al., 1995; Beirowski et al., 2010; Knoferle et al., 2010; Anderson et al., 2016). Ca2+ influx along with injury signals propagating retrogradely from the axonal stump activate a MAP kinase signaling cascade involving dual-leucine kinase (DLK), leucine-zipper kinase (LZK), and their downstream effectors that culminates in RGC death (Kikuchi et al., 2000; Knoferle et al., 2010; Fernandes et al., 2012; Katome et al., 2013; Watkins et al., 2013; Welsbie et al., 2013; Vargas et al., 2015; Yang et al., 2015; Ribas et al., 2017); at the same time, activation of SARM1 culminates in axon degeneration (Gerdts et al., 2016). Certain types of RGCs, specifically intrinsically photosensitive RGCs and alpha-RGCs, are relatively resilient, although in the absence of treatment, most RGCs will eventually die (Park et al., 2008; Duan et al., 2015; Norsworthy et al., 2017; Tran et al., 2019).

While strategies to counteract the pathways leading to cell death can improve RGC survival, the effects are often transitory, or allow long-term survival in a compromised state, or even suppress regeneration (Janssen et al., 2013; Katome et al., 2013; Watkins et al., 2013; Welsbie et al., 2013; Ribas et al., 2017). For example, RGC death following ONC can be suppressed by deletion of the pro-apoptotic regulator bcl2-associated X protein BAX, but this does not improve axon regeneration (Donahue et al., 2020). Inhibition of DLK and LZK has a robust effect on RGC survival but drastically suppresses RGC axon regeneration (Watkins et al., 2013). Deletion of phosphatase and tensin homologue (PTEN) or upregulation of another mTOR enhancer, osteopontin, induces high but transient protection of RGCs and axon regeneration, and most RGCs go on to die after several weeks (Park et al., 2008; Duan et al., 2015; Li et al., 2017a). Although axon regrowth after injury obviously depends on cell survival, the two processes are distinct, and surviving RGCs do not regenerate axons by default (Chierzi et al., 1999; Goldberg and Barres, 2000; Goldberg et al., 2002a). However, in an exciting recent discovery, Patel et al. showed that inhibition of germinal cell kinase IV (GCK-IV) promotes RGC survival without suppressing axon regeneration (Patel et al., 2020).

The low intrinsic capacity of mature neurons to regenerate axons within the CNS is caused in part by developmentally regulated expression of factors that prevent excessive cell growth and sprouting (He and Jin, 2016; Benowitz et al., 2017; Yin et al., 2019). Manipulation of intrinsic growth pathways, such as activating the PI3K/Akt/mTOR pathway by deleting its endogenous repressor PTEN and others induces significant axonal regeneration in injured RGCs (He and Jin, 2016; Benowitz et al., 2017; Yin et al., 2019), as does manipulating developmentally regulated transcription factors that suppress neurons’ growth program (Moore et al., 2009, 2011; Apara et al., 2017; Norsworthy et al., 2017; Galvao et al., 2018; Cheng et al., 2020).

At the same time, many studies demonstrate the importance of the environment surrounding injured axons in suppressing or promoting regeneration. Modulation of extrinsic suppressors of growth such as myelin-associated inhibitors, components of extracellular matrix, microglia, or attenuation of pericyte-derived fibrosis, leads to modest improvements of axon regeneration (Benowitz et al., 2017; Yin et al., 2019). On the other hand, some extrinsic factors can promote regeneration. The latter include resident glia and inflammatory cells, macrophages and neutrophils, that can produce a variety of growth factors and chemokines that promote regeneration and RGC survival, including oncomodulin, SDF-1, and, in response to CNTF gene therapy, CCL5 (Benowitz et al., 2017; Yin et al., 2019; Xie et al., 2021). Combinatorial treatment strategies that overcome cell-extrinsic or cell-intrinsic suppressors of growth while simultaneously activating neurons’ intrinsic growth state result in impressive levels of regeneration (Fischer et al., 2004a,b; Kurimoto et al., 2010; Sun et al., 2011; de Lima et al., 2012; Dickendesher et al., 2012; Wang et al., 2012; Zhang et al., 2019). Other important factors present in the environment of RGCs derive from other neurons and glia, and include (1) the navigational cues provided by cells along the trajectory of developing axons and in visual target areas (e.g., netrins, semaphorins, Ephrins, Wnts, Slits) (Pfeiffenberger et al., 2005; Feldheim and O’Leary, 2010; Varadarajan and Huberman, 2018); (2) cues from neighbor cells that change RGCs’ program of gene expression (Livesey and Cepko, 2001; Goldberg et al., 2002b); (3) regeneration of RGC axons through a peripheral nerve graft (So and Aguayo, 1985; Vidal-Sanz et al., 1987; Aguayo et al., 1991). However, the significance of retinal interneurons and retinal circuitry after RGC axonal injury has received relatively little attention.

A factor that is now coming to light is the instructive role that amacrine cells (AC), the inhibitory interneurons of the retina, play in regulating RGC survival and axon regeneration. ACs either form direct, mostly (but not exclusively) inhibitory synapses (or gap junctions) onto RGC or modulate excitatory inputs from bipolar cells (BC) and inhibitory inputs from other ACs (Kolb and Famiglietti, 1974; Kim et al., 2015). Growing evidence indicates that signaling in this complex circuitry changes upon injury to RGC axons and, in turn, influences RGCs’ ability to survive and regrow their axons. In this review we focus on the emerging role of retinal circuitry, and amacrine cells in particular, in RGC survival and axon regeneration after optic nerve injury.



AMACRINE CELL ACTIVITY AND RGC GROWTH STATE

The earliest evidence of a circuit-level influence on RGC axon outgrowth came from studies carried out in primary retinal cell cultures. Purified neonatal rat RGCs show an irreversible reduction in axon outgrowth when co-cultured with purified ACs but not when co-cultured with BCs (Goldberg et al., 2002b), suggesting that signals from ACs instruct RGCs to decrease their intrinsic growth ability. This effect was seen using isolated AC membranes, pointing to a contact-mediated suppression of RGCs’ growth capacity (Goldberg et al., 2002b; Goldberg, 2004). The loss of RGCs’ ability to elongate axons coincides temporally with a period of enhanced dendritic growth, suggesting that RGCs can be either in a primarily axonal or dendritic growth state, and that their intrinsic growth state is switched developmentally by a signal arising from ACs (Goldberg et al., 2002b; Goldberg, 2004). In vivo, the decline in RGCs’ growth state is associated with numerous changes in these cells’ program of gene expression, including an upregulation of the growth suppressive Kruppel-like transcription factors Klf-4 and Klf-9, and down-regulation of the growth-promoting transcription factors Klf-6 and Klf-7 (Moore et al., 2009, 2011; Apara and Goldberg, 2014). The developmentally regulated suppressor of axonal growth, PTEN, also shows increased expression during this transition (Sakagami et al., 2012). In turn, mTOR decreases in expression during development and is downregulated even more after axonal injury, thereby diminishing RGCs’ regenerative capacity (Park et al., 2008; Belin et al., 2015). The JAK2/STAT3 pathway can promote regeneration when activated by certain cytokines, e.g., CNTF, LIF, or IL6, although in the adult CNS, this signaling is negatively regulated by SOCS3 (Smith et al., 2009). In mature mice, recombinant CNTF has little effect on RGCs whereas CNTF gene therapy promotes considerable optic nerve regeneration through an indirect mechanism that involves activation of innate immune cells and glia and expression of chemokine CCL5 (Xie et al., 2021). Other developmentally and injury-regulated intrinsic factors continue to be discovered (He and Jin, 2016), although a direct link between these changes and RGC-amacrine cell contact has not yet been investigated.

The growth state of RGCs can be altered by their level of physiological activity, and ACs play an important role in this regard (Goldberg et al., 2002a; Goldberg, 2012; Li et al., 2016; Zhang et al., 2019). In culture, a weak, physiological level of current applied to purified rat primary RGCs, or membrane depolarization by elevated extracellular potassium, improves BDNF-induced axon outgrowth (Goldberg et al., 2002b). In vivo, diminished physiological activity in RGCs diminishes these cells’ capacity to regenerate axons and this decline can be partially reversed by expressing melanopsin in RGCs and exposing to light (inducing activation of cell-intrinsic growth pathway mTOR) (Li et al., 2016), by expressing a depolarizing receptor and applying its ligand, or by increasing RGC neural activity with patterned visual stimulation (Lim et al., 2016).

RGC activity is reduced by the hyperpolarizing inhibitory drive from ACs, suggesting that such inhibition could suppress regeneration in vivo; and conversely, activation of RGCs by bipolar cells or via silencing of ACs could be permissive for regeneration. More generally, circuit-level activity levels of the retina can alter the activity state of RGCs and thus influence axon regeneration in the optic nerve. Zhang et al. (2019) showed that optic nerve injury increases the activity of ACs (Zhang et al., 2019), which in turn puts a brake on regeneration by inhibiting RGC activity and reducing these cells’ responsiveness to growth factors (Zhang et al., 2019) (Figure 1). When hyperactive ACs were silenced, as confirmed by diminished levels of the immediate-early gene c-fos in these cells, RGCs showed increased physiological activity and improved responsiveness to insulin-like growth factor IGF1 (Zhang et al., 2019). This improved responsiveness was mediated by increased expression of the IGF1 receptor on RGCs’ primary cilia, which serve as the growth factor-sensing antennae of these cells (Guemez-Gamboa et al., 2014), leading to increased RGC survival and axon regeneration. In this study, AC activity was suppressed by either overexpressing the potassium channel Kir2.1 or by overexpressing an RNA-binding insulin-sensitizing protein Lin28 specifically in ACs and horizontal cells. Importantly, whereas IGF1 overexpression or blocking inhibition by either silencing ACs or suppressing neurotransmission with a cocktail of GABA and glycine receptor antagonists induced a moderate level of regeneration by itself, the combination of AC silencing plus IGF1 overexpression had a strongly synergistic effect via increased RGC activity and IGF1 signaling competence (Zhang et al., 2019). Interestingly, Lin28 overexpression in both RGCs and ACs or only in RGCs induced comparable levels of RGC axon regeneration suggesting that Lin28 also has cell-autonomous effects (Wang et al., 2018; Zhang et al., 2019). Further work will be required to understand how Lin28 expression in ACs is linked to AC activity and how axonal injury in RGCs leads to changes in presynaptic retinal circuitry and AC hyperactivation.
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FIGURE 1. Lin28 expression in inhibitory neurons promotes RGC survival and IGF1-induced axonal regeneration. (A,B) Schematic (A) and example (B) confocal image stack showing expression of AAV2-FLEX-Lin28 in the intact Vgat-Cre transgenic retina where Lin28 expression is restricted to amacrine and horizontal cells. (C) Representative confocal image stacks of CTB labeled RGC axons 2 weeks after optic nerve crush with amacrine cell restricted expression of Lin28. Asterisks indicate crush site. (D) Quantification of the extent of RGC axon regeneration in treatment groups restricted to amacrine cells. Asterisk colors indicate the group that the p value was significant against. (E) Quantification of RGC survival relative to RGC density observed in intact retinas in treatment groups restricted to amacrine cells. n = 5 mice per group. Scale bar, 50 μm in (B), and 200 μm in (C). *, **, ***p < 0.05, 0.01, 0.001, respectively. Reprinted from Zhang et al. (2019) with permission.


Although RGCs can respond to some growth factors without elevating their physiological activity, such as SDF-1 (Yin et al., 2018) and CCL5 (Xie et al., 2021), their ability to respond to the growth factors BDNF and IGF1 is dependent upon enhanced physiological activity (Goldberg et al., 2002a; Duan et al., 2015; Zhang et al., 2019). Activation of RGCs leads to their depolarization and Ca2+ influx which elevates intracellular cAMP levels (Meyer-Franke et al., 1998) and mediates enhanced mTOR signaling and phosphorylation of its downstream effector S6 kinase (Park et al., 2008; Duan et al., 2015; Zhang et al., 2019). Ca2+ influx upon depolarization of RGCs can also trigger rapid post-translational modifications, e.g. phosphorylation of pre-existing transcription factors such as CREB, SRF/FLK, and MEF2, which in turn drive activity-dependent transcription of immediate-early genes followed by late response genes (Yap and Greenberg, 2018). The activity-regulated genes control the expression of numerous effectors of cell survival and regeneration, including growth factors and receptors to growth factors (Yap and Greenberg, 2018). Conversely, excessive inhibition of RGCs by hyperactive ACs would be expected to result in reduced Ca2+ influx into RGCs, diminished Ca2+-mediated, activity-dependent transcription, and suppression of RGCs’ intrinsic growth state. However, despite the increased inhibitory drive onto RGCs due to elevated amacrine cell activity after optic nerve damage, elevation of RGCs’ intrinsic growth state (PTEN deletion, SOCS3 deletion combined with CNTF, manipulation of transcription factors) can nevertheless increase axon regeneration, as we discussed above.



AMACRINE CELLS AND ZINC SIGNALING IN THE RETINA

In addition to diminishing RGCs’ activity state, do ACs produce other signals that suppress RGC survival and regenerative ability? Our lab recently reported that one such signal may be mobile zinc (Zn2+) (Li et al., 2017a; Trakhtenberg et al., 2018). Elevation of mobile Zn2+ in AC terminals within the inner plexiform layer (IPL) of the retina, as demonstrated by selenite autometallography (AMG), is one of the earliest changes seen in mouse retina after optic nerve injury (Li et al., 2017a) (Figure 2).


[image: image]

FIGURE 2. Zn2+ accumulation in the retina and its role in axon regeneration after optic nerve crush (NC). (A) Zinc accumulates in the inner plexiform layer (IPL) of the retina shortly after NC in wild-type mice (slc30a3+/+) but not in mice lacking the zinc transporter ZnT3 (slc30a3–/–): images and quantitation of AMG staining in the IPL (n = 6 retinas per group) of wild-type and slc30a3−/− littermates. Note elevation of AMG signal on day 1 following NC in wild-type mice and decline to near normal level by day 3 (Scale bar, 25 μm; ∗∗P < 0.01, ∗∗∗P < 0.001). (B) Tetanus toxin (TeNT) blocks vesicular release of Zn2+, causing continued Zn2+ build-up in the IPL: images and quantification of AMG staining in the IPL after NC with and without intraocular injection of TeNT (20 nM). Note elevation of AMG staining in the IPL of normal, uninjured mice and in wild-type mice, at 3 days after NC, a time point at which AMG staining in the IPL would normally dissipate. Deletion of the gene encoding ZnT3 eliminates Zn2+ accumulation in the IPL (Scale bar, 50 μm; ∗∗∗P < 0.001). Adapted from Li et al. (2017a) with permission.


Normally, zinc is covalently bound to proteins, including many transcription factors and enzymes, enabling their folding and thus their functionality (McCall et al., 2000; Kochanczyk et al., 2015). Some neurons, including particular cells in the hippocampus, cerebral cortex, and spinal cord, sequester Zn2+ in synaptic vesicles and co-release it with classical neurotransmitters (Nakashima and Dyck, 2009; Sensi et al., 2009, 2011; Pan et al., 2011; Kimura and Kambe, 2016). Intracellular levels of mobile Zn2+ can vary depending on many factors, including oxidative stress and liberation of Zn2+ from oxidized proteins (Aravindakumar et al., 1999; Sensi et al., 1999; Spahl et al., 2003; Aras and Aizenman, 2011), redistribution of Zn2+ between intracellular pools (Sekler et al., 2007; Maret, 2017; Ji et al., 2020), and transcriptional and posttranscriptional regulation of Zn2+-regulating proteins (Saydam et al., 2002; Jackson et al., 2008). It is important to maintain Zn2+ concentrations within a narrow range in different intracellular compartments to maintain proper Zn2+ availability to numerous Zn2+-binding proteins while at the same time preventing mismetallation and Zn2+ toxicity (Aras and Aizenman, 2011). For this purpose, a complex homeostatic machinery comprised of metal buffering proteins – metallothioneins and zinc transporters (ZnTs and ZIPs) has evolved (Hidalgo et al., 2001; Cousins et al., 2006; McAllister and Dyck, 2017).

Metallothioneins, glutathione and other metal-containing peptides and proteins can liberate Zn2+ and copper ions (Cu+ or Cu2+) when subjected to oxidative stress (Maret, 1995). For example, reactive oxygen species and peroxynitrite can oxidize residues on the metal-binding sites of metal-binding proteins and release the cations (Sensi et al., 1999; Hidalgo et al., 2001; Spahl et al., 2003; Zhang et al., 2004; Aras and Aizenman, 2011). Cu+ and Cu2+, as redox-active ions, can directly displace Zn2+ from metallothioneins or engage in oxidative reactions, ultimately leading to more Zn2+ release (Krȩżel and Maret, 2017). The apparent elevation of mobile Zn2+ in AC terminals that synapse onto RGCs that occurs soon after optic nerve injury points to AC and Zn2+ dysregulation as a potential major factor of abnormal retinal circuit homeostasis after injury (Li et al., 2017a) (Figure 2).


Role of Nitric Oxide and Presumptive Role of Glutamate and Bipolar Cells in Retinal Zn2+ Homeostasis

Little is known about the mechanisms underlying the increase in AMG signal in the retina following the injury of RGC axons. A preliminary report used a novel fluorescent nitric oxide (NO) sensor, Cu2FL2E (Pluth et al., 2011), to provide evidence that the production of NO is rapidly and persistently upregulated in the retina after optic nerve injury, and that NO generation is upstream of the accumulation of AMG signal in the retinal IPL (Li et al., 2017b). One possibility is that reactive nitrogen species produced after injury, e.g., peroxynitrite, can liberate Zn2+ from metallothioneins (Zhang et al., 2004; Nakamura et al., 2015; Wolhuter et al., 2018). Alternatively, NO can contribute to an increase of intracellular Zn2+ via a cGMP/PKG-dependent release of Zn2+ from internal stores (Jang et al., 2007).

NO is synthetized by nitric oxide synthetase, one isoform of which, NOS1, is expressed exclusively in a subset of ACs (Yamamoto et al., 1993; Oh et al., 1998). Production of NO in ACs after optic nerve injury points to the existence of an as yet unidentified retrograde signal linking RGC axon injury and NOS1 activation. NOS1 activation can be triggered by Ca2+ entering ACs upon activation of voltage-gated calcium channels or through NMDA or AMPA receptors (Christopherson et al., 1999). These latter receptors can be activated by glutamate that is either synaptically released by BCs or elevated due to a reversal of glutamate transporters, e.g., GLT-1, EAAC1, GLAST, that are expressed on retinal neurons or glia, including astrocytes and Mueller cells. Glutamate transporters normally take up extracellular glutamate but can reverse the direction of transport and release glutamate upon changes in Na+ and K+ gradients or membrane potential (Szatkowski et al., 1990; Danbolt, 2001; Grewer et al., 2008; Armbruster et al., 2016; Rimmele et al., 2017). Our preliminary studies show that BC-specific knockout of GLT-1 may prevent mobile Zn2+ accumulation in AC terminals after ONC, as does inhibition of NMDA receptors (Hanovice et al., 2019). Taken together, these results suggest that reversal of the glutamate transporter GLT-1 in BCs, activation of NMDA receptors, and NO elevation may act upstream of Zn2+ liberation and accumulation in AC terminals after optic nerve injury (Hanovice et al., 2019).



Effect of Presynaptic Zinc on Retinal Ganglion Cells

In line with previous studies showing that Zn2+ levels in the brain (visualized by AMG) are abolished in mice lacking the zinc transporter protein ZnT3, the accumulation of Zn2+ in AC terminals following ONC is similarly absent in ZnT3 knock-out mice (Li et al., 2017a) (Figure 2A). Because ZnT3 enables Zn2+ to be sequestered in synaptic vesicles (Palmiter et al., 1996), this finding implies that the Zn2+ that is mobilized in ACs after ONC is stored in synaptic vesicles (Palmiter et al., 1996; Li et al., 2017a). In conformity with this idea, the Zn2+ that accumulates in the retinal IPL after ONC normally dissipates by 48 hour after ONC (Li et al., 2017a) but continues to accumulate if exocytosis is inhibited using Clostridium tetani neurotoxin (TeNT) (Li et al., 2017a; Sergeeva et al., 2019) (Figure 2B). Blockade of synaptic release from AC terminals with TeNT promotes RGC survival and optic nerve regeneration (Li et al., 2017a; Sergeeva et al., 2019). These data suggest that Zn2+ packaged into synaptic vesicles and released from AC terminals, or the neurotransmitter used by these neurons, or both, may negatively affect RGC survival and block axon regeneration.

It should be noted, however, that because the chelators used in the aforementioned studies are not entirely specific to Zn2+, it remains possible that other cations, e.g., Cu+ or Cu2+, could also be involved. Copper is stored in synaptic vesicles and released upon depolarization (Kardos et al., 1989). Moreover, the method used to detect Zn2+, e.g., AMG, although generally regarded as being specific to Zn2+ (Danscher and Stoltenberg, 2005), may also provide ambiguous results, as selenite may potentially form complexes with other divalent cations, suggesting that vesicular Cu+/Cu2+ may potentially contribute to AMG staining. On the other hand, the observation that the AMG signal in the retinal IPL is abolished in mice lacking ZnT3 supports the hypothesis that the AMG signal reflects Zn2+ per se, provided that ZnT3 does not transport other divalent cations, such as copper. At this stage, we also do not know whether other metals act downstream or upstream of Zn2+ release and accumulation.

Synaptic release of Zn2+ from ACs could affect RGC signaling via numerous pathways. Synaptic Zn2+ can modulate the activity of NMDA, GABA and glycine receptors, thereby modulating cell excitation and inhibition (Suwa et al., 2001; Kaneda et al., 2005; Sensi et al., 2011; Vergnano et al., 2014). Zn2+ modulates glycine receptors in a biphasic manner, potentiating inhibition at low micromolar concentrations while suppressing glycinergic currents at high concentrations (Kaneda et al., 2005). Potentiation of glycine receptors on RGCs would be expected to decrease RGC activity which, as noted above, would diminish RGC survival and axon regeneration (Goldberg et al., 2002a; Goldberg, 2012; Zhang et al., 2019). In addition, Zn2+ interacting with the Zn2+-sensing receptor ZnR/GPR39 could regulate the transport of Na+, K+, Cl– (Chorin et al., 2011; Saadi et al., 2012) and trigger Gαq-dependent signaling and subsequent release of Ca2+ from endoplasmic reticulum stores, thereby modulating ERK/MAPK and PI3K/Akt/mTOR signaling, both of which are important for cell survival and growth (Azriel-Tamir et al., 2004; Hershfinkel, 2018). Potentially, intracellular Zn2+ elevation can induce cell death by upregulating proapoptotic factors (Jiang et al., 2001; Zhang et al., 2004, 2006, 2007; Cohen et al., 2012), mitochondrial impairment (Sensi et al., 1999; Baud et al., 2004; Ji et al., 2020), synthesis of reactive oxygen species (Wang et al., 2004; Bishop et al., 2007), activation of MAPK/p38 signaling and activation of voltage-gated K+ channels, leading to K+ efflux (McLaughlin et al., 2001; Bossy-Wetzel et al., 2004; Zhang and Rosenberg, 2004; Zhang et al., 2004, 2006, 2007; McCord and Aizenman, 2013).

Chelation of Zn2+ after ONC can potentially inhibit histone deacetylases (HDACs), enzymes that deacetylate histone proteins, thereby rendering chromatin more accessible for transcription. The deacetylating activity of HDACs depends on the binding of Zn2+ in the HDAC active site pocket (Pelzel et al., 2010; Li et al., 2019). Prevention of histone deacetylation by inhibition of HDAC activity caused by removal of Zn2+ from HDACs can potentially facilitate transcription of activity-dependent genes and ultimately add to the effects of RGC activation. Along these lines, inhibition of HDAC activity alone has been shown to protect RGCs after injury (Gaub et al., 2011; Zhang et al., 2012; Chindasub et al., 2013; Janssen et al., 2013; Schmitt et al., 2014).

An additive effect on RGC survival by metal chelators was observed in combinatorial treatment with deletion of PTEN, producing survival of RGCs that was substantially greater at 12 weeks post ONC compared to PTEN deletion itself (Li et al., 2017a). Knockdown of another intrinsic suppressor of axonal growth, Klf-9, also demonstrated enhanced RGC survival when combined with chelation (Trakhtenberg et al., 2018).



WHY DO AMACRINE CELLS BECOME HYPERACTIVE? A HYPOTHESIS

It is largely unknown how or why ACs become hyperactive after optic nerve injury (Zhang et al., 2019). Activation of NMDA or AMPA receptors on ACs by glutamate released from BCs leads to AC depolarization, increased firing, and increased release of glycine and GABA onto RGCs, as well as onto BCs and other ACs (Kolb and Famiglietti, 1974). Activation of GABA or glycine receptors on ACs by GABA or glycine released from other ACs causes these cells to become hyperpolarized to a level closer to the reversal potential for Cl–, which in these cells is normally more negative than the membrane potential, reducing action potential firing, with a net effect of decreasing inhibitory tone projecting onto RGCs. However, under some circumstances, for example, early in development, the reversal potential for chloride may be depolarized with respect to the membrane potential due to the electrochemical gradient driven by high intracellular Cl–. Such switch in GABA function is mediated by changes in expression or localization of Cl– transporters: the neuron-specific K+- Cl– cotransporter KCC2 and the Na+ - K+- Cl– cotransporter NKCC1 expressed in immature neurons (Kaila et al., 2014). Consequently, the activation state of ACs depends not only on the sum of excitatory and inhibitory inputs onto these cells at any moment, but also on the Cl– gradient that determines the polarity of the GABAergic and glycinergic drive onto these cells. Alteration of the Cl– gradient may be important in retinal network dysfunction and has been investigated in several studies (Hoffpauir et al., 2006; Krishnan and Gleason, 2015).

Cl– gradient alteration induced by decreased KCC2 function or expression is an important cause of disinhibition in cells and circuits, and has been shown to participate in several neurological disorders including epilepsy (Moore et al., 2017; Liu et al., 2019), spasticity after spinal cord injury (Boulenguez et al., 2010; Chen et al., 2018), autism and Rett syndrome (Tang et al., 2016) and chronic pain (Coull et al., 2003; Hasbargen et al., 2010), all of which are characterized by a failure of inhibition and neural hyperactivation (Nabekura et al., 2002; Kaila et al., 2014). KCC2 cotransport utilizes a K+ gradient to extrude Cl– (Payne et al., 2003; Kaila et al., 2014), therefore the Cl– transporter activity may decrease with high extracellular K+ following ischemia, injury, Na+/K+ ATP dysfunction and reduced production of ATP due to mitochondrial compromise (Kleber, 1984; Hughes and Cidlowski, 1999; Kaila et al., 2014; Doyon et al., 2016). KCC2 is highly expressed in the retina (Vardi et al., 2000; Vu et al., 2000). With increased extracellular K+ after K+ efflux from injured RGCs (Yu et al., 1997; Diem et al., 2001; Zhong et al., 2013) or activated microglia (Fordyce et al., 2005) KCC2-dependent Cl– extrusion in ACs may be diminished.

KCC2, like many intracellular proteins, can be regulated by phosphorylation, trafficking and proteolytic cleavage (Kaila et al., 2014; Doyon et al., 2016; Kahle and Delpire, 2016). Extracellular modifiers of KCC2 expression and function include BDNF/TrkB, serotonin/5HT2A, glutamate/NMDA, the Zn2+ - sensing receptor GPR39, and noradrenaline signaling (Wake et al., 2007; Hershfinkel et al., 2009; Bos et al., 2013; Watanabe and Fukuda, 2015; Tang et al., 2019). In addition, KCC2 activity can be suppressed by both NO and intracellular zinc (Yassin et al., 2014) shown to be elevated in ACs after injury (Li et al., 2017a,b).

KCC2 independent-, NO-mediated elevation of intracellular Cl– could be another potential mechanism of AC disinhibition after optic nerve injury. In chick ACs in vitro, NO transiently reverses GABA- and glycine-gated currents, converting inhibition of ACs into excitation, thereby increasing the firing of these cells and thus enhanced inhibitory drive on their synaptic partners (e.g., RGCs). This NO-induced shift in ECl– is likely due to release of Cl– from intracellular stores (Hoffpauir et al., 2006; Krishnan and Gleason, 2015; Krishnan et al., 2017; Maddox and Gleason, 2017; Maddox et al., 2018). In addition, NO may drive synaptic glutamate release from BCs without membrane depolarization via a TRPC Ca2+ influx-mediated pathway, as shown in the chick retina (Maddox et al., 2018), further depolarizing ACs.

In summary, dysregulation of Cl– gradients in the inner retina may be a part of the early pathological process following optic nerve or RGC injury. Reciprocally connected ACs and BCs, in the face of Cl– gradient collapse, can form circuits with positive feedback loops that may rapidly lead to hyperactivation of ACs and thus increased inhibition of their synaptic targets (Marc and Liu, 2000; Marc et al., 2014; Doyon et al., 2015, 2016). Whether the complex retinal circuitry is particularly susceptible to persistent disinhibition of ACs after injury remains to be studied.



CONCLUSION: FROM RETINAL GANGLION CELLS TO RETINAL CIRCUITS

Silencing ACs or introducing chelators into the eye to suppress Zn2+ accumulation in amacrine cell terminals are additive with the effects of manipulating RGC-intrinsic factors (PTEN deletion, Klf-9 suppression, upregulation of osteopontin) on RGC survival and regeneration (Li et al., 2017a; Trakhtenberg et al., 2018; Zhang et al., 2019). These findings suggest that dysfunction of the retinal network, and particularly interneuron (AC) dysfunction, is part of the pathological process following optic nerve injury, and that the capacity of RGCs to survive and regenerate may depend in part on the activity of the other retinal neurons with which they are connected.

Although the non-cell-autonomous regulation of neuronal survival and pathological functioning by other neurons is just starting to be recognized as being important after optic nerve injury, neuronal circuits have been implicated in various pathological processes and cell death in other neurodegenerative diseases (Palop et al., 2006; Simon et al., 2016). In amyotrophic lateral sclerosis, hyperexcitability and death of motoneurons have been attributed to a non-cell autonomous response to a defect in premotor interneurons (Wainger et al., 2014; Held et al., 2019). In Parkinson’s disease, alterations of basal ganglia circuitry have been shown to precede loss of substantia nigra neurons (McGregor and Nelson, 2019), as was shown for striatal spiny neurons in Huntington’s disease (Creus-Muncunill and Ehrlich, 2019). In Alzheimer’s disease, early circuitry dysfunction may be induced by amyloid beta-mediated suppression of glutamate reuptake and a consequent vicious cycle of neuronal hyperactivation and cell death (Zott et al., 2018, 2019). In autism and Alzheimer’s disease, dysfunction of interneurons has been implicated (Palop et al., 2006; Palop and Mucke, 2016; Martinez-Losa et al., 2018). Disruption of excitatory and inhibitory circuits and excitatory-inhibitory imbalance also seem important in the pathogenesis of Rett syndrome and autism (Nelson and Valakh, 2015; Patrizi et al., 2020). Here we assemble evidence that optic nerve injury induces changes in retinal circuitry that is initiated by an as-yet unidentified signal from injured RGCs to retinal interneurons that alters the function of amacrine cells, in turn influencing the survival and regenerative capacity of injured RGCs.

Despite considerable progress in the areas of RGC protection and optic nerve regeneration, there is still a long way to go before we achieve satisfactory levels of functional recovery. One factor that is now coming to be appreciated is the crosstalk between cell-intrinsic and cell-extrinsic factors, particularly the role of neural circuits and the activity of neurons that form synapses with the affected cells. A greater understanding of the role of circuit activity might substantially augment the outcome achieved by manipulating RGCs’ intrinsic growth potential and cell-extrinsic factors.
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Neutrophils are short-lived cells of the innate immune system and the first line of defense at the site of an infection and tissue injury. Pattern recognition receptors on neutrophils recognize pathogen-associated molecular patterns or danger-associated molecular patterns, which recruit them to the destined site. Neutrophils are professional phagocytes with efficient granular constituents that aid in the neutralization of pathogens. In addition to phagocytosis and degranulation, neutrophils are proficient in creating neutrophil extracellular traps (NETs) that immobilize pathogens to prevent their spread. Because of the cytotoxicity of the associated granular proteins within NETs, the microbes can be directly killed once immobilized by the NETs. The role of neutrophils in infection is well studied; however, there is less emphasis placed on the role of neutrophils in tissue injury, such as traumatic spinal cord injury. Upon the initial mechanical injury, the innate immune system is activated in response to the molecules produced by the resident cells of the injured spinal cord initiating the inflammatory cascade. This review provides an overview of the essential role of neutrophils and explores the contribution of neutrophils to the pathologic changes in the injured spinal cord.
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INTRODUCTION

Innate immunity is the first line of defense against foreign agents and self-tissue injury (Buchmann, 2014; Hato and Dagher, 2015). The innate response is much faster than adaptive immunity and can be initiated immediately or within a few hours (Hato and Dagher, 2015). The innate immune response results in inflammation to control the infection or injury and signal the recruitment of relevant immune cells, which aid in clearing the pathogens and cell debris while promoting tissue healing and recovery (Newton and Dixit, 2012; Cui et al., 2014; Spiering, 2015). The components of the innate immune system that aid in its function are granulocytes, monocytes, natural killer cells, and the complement system (Spiering, 2015). Neutrophils, also known as polymorphonuclear leukocytes, are the key players of the innate immune system and the first immune cells to arrive at the site of infection and injury (Kobayashi and DeLeo, 2009; Rosales et al., 2017; Kovtun et al., 2018). In humans, neutrophils are produced at a rate of 1 × 1011 cells per day and are the most abundant granulocytes, comprising 60–70% of all blood leukocytes and have a short life span of fewer than 24 h in the bloodstream (Hong et al., 2012; Mayadas et al., 2014; McCracken and Allen, 2014; Sheshachalam et al., 2014). In mice, neutrophils are the most common granulocytes and are produced at a rate of 1 × 107 cell per day, comprising 20–30% of all blood leukocytes (O’Connell et al., 2015; Ng et al., 2019). Mature circulating neutrophils are destined for apoptosis and clearance by macrophages (Mϕ) in the liver, spleen, and bone marrow to maintain homeostasis (Savill et al., 1989; Fox et al., 2010; Hong et al., 2012; Greenlee-Wacker, 2016). This review describes the involvement of neutrophils in different pathological states with a focus on spinal cord injury (SCI).

SCI is a traumatic and detrimental condition that can result in temporary or permanent paralysis in injured patients (Kumar et al., 2018). An estimated 700,000 new SCI cases arise per year worldwide, resulting in a global incidence of 10 cases per 100,000 people (Jin et al., 2019). The vast majority of SCI cases are traumatic and caused by accidents in traffic, sports, falls, and violence (Alizadeh et al., 2019). The major phases of injury response after SCI can be categorized into the primary phase and secondary phase of injury (Ahuja et al., 2017; Alizadeh et al., 2019). Immediately after an SCI, the resulting initial mechanical damage, commonly referred to as primary injury, is characterized by a mechanical force acting on the spinal cord, resulting in immediate hemorrhage, cell death, vascular damage, ischemia, tissue disruption, edema, and the physical disruption of neurons at the site of injury (Oyinbo, 2011; Singh et al., 2012). The primary phase initiates a series of molecular changes at the tissue and cellular levels contributing to the secondary injury cascade, resulting in further permanent damage and neurological dysfunction. Secondary injury can be further divided into the acute, the subacute, and the chronic subphases (Badhiwala et al., 2018).


Inflammatory Response: A Call for Neutrophils

The first cells to be recruited to the injury site are neutrophils (Figure 1; Popovich and Jones, 2003; Oyinbo, 2011; Kubota et al., 2012; Wang et al., 2015; Guo et al., 2016). To respond to a pathogenic invasion or tissue damage, pattern recognition receptors (PRRs) on neutrophils recognize pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) (Suresh and Mosser, 2013; Amarante-Mendes et al., 2018). The PRRs activate downstream signaling pathways such as the mitogen-activated protein kinase and nuclear factor κB (NF-κB) pathways responsible for upregulating proinflammatory cytokines and chemokines (Chen and Nunez, 2010; Kigerl et al., 2014; Venereau et al., 2015; Pouwels et al., 2017; Kaur et al., 2019). PAMPs, DAMPs, and their respective receptors on neutrophils are summarized in Table 1 (Parroche et al., 2007; Mogensen, 2009; Chen and Nunez, 2010; Kumar et al., 2011; Venereau et al., 2015; Roh and Sohn, 2018; Wang, 2018).
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FIGURE 1. Immunohistochemical analysis showing neutrophils (red) in the injury site at 24 h after SCI in CX3CR1GFP/+ mice where CX3CR1 is a marker for microglia, and Gr-1 is a marker for neutrophils. The injury lesion is circled with dotted lines. Although neutrophils can be detected as early as 3 h postinjury and peak 12 h postinjury, they remain elevated up to 24 h postinjury and decrease in concentration 3 days post-SCI. Adapted from Wang et al. (2015).



TABLE 1. Examples of PAMPs and DAMPs and their respective receptors on neutrophils.
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Tissue damage in SCI is first detected by resident cells in the spinal cord, such as glial cells and microvascular cells, resulting in proinflammatory chemokine expression that attracts neutrophils to the injured area (Anwar et al., 2016; Alizadeh et al., 2019). The most common proinflammatory cytokines and chemokines that facilitate neutrophil recruitment include interleukin 1α (IL-1α), IL-β, IL-8, tumor necrosis factor (TNF), granulocyte colony-stimulating factor, CCL3, CXCL1, CXCL2, and CXCL5 (Kobayashi et al., 2018; Pelisch et al., 2020). IL-1β is a crucial initial proinflammatory cytokine produced after injury. Within an hour after contusion SCI in mice, astrocytes and microglia release IL-1β, which peaks in expression 12 h postinjury, correlating with the peak of infiltrated neutrophils to the injured area (Pineau and Lacroix, 2007; Saiwai et al., 2010; Kubota et al., 2012). IL-1β binds IL-1R on the cells, activating the production of proinflammatory cytokines through the NF-κB pathway (Zhang and Fuller, 2000; Albrecht et al., 2007). Astrocytes produce two important neutrophil chemoattractants, CXCL1 and CXCL2 (Pineau et al., 2010). Deletion of IL-1R in mice showed a significant reduction in infiltration of neutrophils to the injured spinal cord (Pineau et al., 2010). Administration of IL-1 receptor antagonist (IL-1RA) inhibits IL-1 signaling and suppresses neutrophil infiltration in the injured spinal cord (Yates et al., 2021). SCI mice treated with colony-stimulating factor 1 receptor antagonist PLX5622 have significantly reduced neutrophil infiltration in the injured spinal cord (Li et al., 2020). Additionally, deletion of MyD88, an adapter molecule of IL-1R and an intermediate protein in the activation of the NF-κB pathway, showed low expression of CXCL2 and no expression of CXCL1, resulting in low recruitment of neutrophils in mouse SCI (Gasse et al., 2007; Pineau et al., 2010). IKK-β is a regulatory unit of the NF-κB pathway. When bound to NF-κB molecules, it keeps this pathway inactive as it prevents NF-κB molecules from translocating into the nucleus (Karin, 1999; Rothwarf and Karin, 1999; Hacker and Karin, 2006). Similarly to the deletion of Myd88, myeloid cell–specific IKK-β–deficient mice showed decreased CXCL1 expression in the injured spinal cord and less neutrophil recruitment, strengthening the importance of these chemoattractants for the neutrophil infiltration via the NF-κB pathway (Kang et al., 2011). Moreover, neutrophil infiltration into the injured spinal cord is also attributed to the tight regulation of the receptor for the complement activation product 3a, C3aR1. In C3aR1 knockout (KO) mice, CXCL1 level increases 2 h post-SCI and remains elevated after the injury, suggesting that C3aR1 negatively regulates neutrophil mobilization by acting as the antagonist for neutrophil chemotactic signals (Brennan et al., 2019).




MAJOR FUNCTIONS OF NEUTROPHILS IN THE INJURED SPINAL CORD

The role of neutrophils at the injured spinal cord is not well understood. As mentioned earlier, upon SCI, there is physical damage to the tissue, which generates cell debris (Oyinbo, 2011; Singh et al., 2012). What is the exact role of neutrophils in response to the present debris in the injured area is yet to be elucidated. However, there are three major mechanisms by which the neutrophils generally respond to an inflammation and/or infection: degranulation, phagocytosis, and formation of neutrophil extracellular traps (NETs) (Rosales, 2020).


Degranulation

Very little is known about the role of degranulation in the pathophysiology of SCI, but a valuable lesson can be learned from its general role in other diseases. Degranulation of neutrophils is when granules directly translocate and fuse with the plasma membrane and release their contents into the extracellular space (Lacy, 2006). Upon an extracellular stimulus, secretory vesicles are mobilized and regulate circulating neutrophil transformation to an activated state (Table 2) where they then secrete their granular contents into the extracellular space (Borregaard et al., 1990; Ramadass and Catz, 2016). The purpose of degranulation into the extracellular space is to kill the extracellular enemy (Yaseen et al., 2017). Degranulation is stimulated upon ligand binding, such as IL-8, to its G-protein–coupled receptor CXCR1/2 (Barlic et al., 2000). Translocation of the granules to the neutrophil plasma membrane depends on the actin remodeling and microtubule assembly (Burgoyne and Morgan, 2003). Additionally, it requires increase in intracellular Ca2+ concentration and hydrolysis of ATP and GTP (Lacy, 2006). Fusion of granules with the plasma membrane deposits granular component cytochrome b558 onto the plasma membrane and stimulates assembly of nicotinamide adenine dinucleotide phosphate (NADPH) and reactive oxygen species (ROS) production (McLeish et al., 2013). Rab-GTPase family regulates secretion of granular contents in a time-dependent and granule-specific manner (Ramadass and Catz, 2016). Neutrophils’ primary granules contain a spectrum of serine proteases listed in Table 3, which effectively kill the pathogen (Teng et al., 2017). Although these granular contents are potent weapons to kill pathogens, they are also toxic to the tissue (Kruger et al., 2015). As infiltrated neutrophils are accumulated in the demyelinating lesion core (Figure 1), where the area for new blood vessel formation occurs, further studies are needed to know the functional consequences of neutrophil degranulation in the pathogenesis of SCI, such as destruction of myelin sheath and breakdown of the blood–spinal cord barrier (BSCB).


TABLE 2. Common cytokines and chemokines expressed constitutively or upon activation of neutrophils.
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TABLE 3. Neutrophilic granules and function—primary, secondary, and tertiary.
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Phagocytosis of Cell Debris

Phagocytosis is a cellular process for engulfing and eliminating self or nonself particles. Particles opsonized with immunoglobulins (Ig), IgG or IgM, and complement factors are phagocytosed more effectively via Fcγ receptors and complement receptors (CRs) on neutrophils, respectively (Flannagan et al., 2009; Yu et al., 2016; Kobayashi et al., 2018). Stages of phagocytosis start with the formation of the phagosome and then continue with the maturation of the phagosome and finally with the phagolysosome formation (Flannagan et al., 2009).

Myelin is an extension of oligodendrocytes’ plasma membrane in the central nervous system (CNS) (Bunge, 1968; Hildebrand et al., 1993; Simons and Nave, 2015). This extended plasma membrane wraps around axons to create compact myelin sheaths (Demerens et al., 1996; Williamson and Lyons, 2018; Stadelmann et al., 2019). Myelin sheaths enable fast salutatory conduction of action potentials, acting as electrical insulators and allowing for impulse propagation along the axon diameter (Ford et al., 2015; Hughes and Appel, 2016; Williamson and Lyons, 2018). Myelin contains approximately 70% lipids and 30% proteins (Roots et al., 1991; Jackman et al., 2009; Fledrich et al., 2018). Proteolipid protein and myelin basic protein together make up 80% of the myelin protein by weight (Price et al., 1997; Wrathall et al., 1998; Arvanitis et al., 2002). Other important myelin proteins include myelin-associated glycoprotein, NogoA family proteins, oligodendrocyte myelin glycoprotein, and chondroitin sulfate proteoglycans, which are important for neuron regeneration and recovery after SCI (Baldwin and Giger, 2015).

Myelin debris, which is generated from the breakdown of myelin sheaths immediately after SCI, persists in the injury site and contributes to regeneration failure because it contains molecules that strongly inhibit axon regeneration and remyelination (Chen et al., 2000; Filbin, 2003; Kotter et al., 2006; Syed et al., 2016). Moreover, myelin debris is actively involved in inflammatory responses during SCI progression (Jeon et al., 2008; Sun et al., 2010; Wang et al., 2015). Therefore, clearance of myelin debris from the injury site is critical for axon regeneration, remyelination, and inflammation resolution. Infiltrating bone marrow–derived Mϕ (BMDMϕ) and resident microglia are the two major professional phagocytes for myelin debris clearance. Complement-3 receptor (CR3), Mac-2 (Glactin-3), CD36, scavenger receptor AI/II (SRAI/II), and triggering receptor expressed on myeloid cells 2 (TREM2) have been proposed as receptors for myelin debris phagocytosis by Mϕ and microglia (Kuhlmann et al., 2002; Napoli and Neumann, 2010; Sun et al., 2010; Zhou et al., 2014; Wang et al., 2015; Kopper and Gensel, 2018). The semiprofessional phagocytes, such as astrocytes and endothelial cells, can engulf myelin debris as well (Zhou et al., 2019; Konishi et al., 2020; Wang et al., 2020). We recently demonstrated that newly formed microvessels and lining microvascular endothelial cells in the injured spinal cord can engulf IgG-opsonized myelin debris (Zhou et al., 2019).

The role of neutrophils with respect to phagocytosing myelin debris post-SCI is not clear; however, engulfment of myelin debris by neutrophils has been studied in Wallerian degeneration (WD), a degeneration associated with the breakdown of the myelin sheath (Qin et al., 2012; Lindborg et al., 2017). In a mouse model of WD, deletion of neutrophils resulted in a significant lack of myelin debris clearance (Lindborg et al., 2017). Despite the results that neutrophils facilitate compensatory mechanism of clearance of myelin debris in a collaboration with clearance activity of Schwann cells in peripheral nervous system, there is no direct evidence showing that neutrophils are responsible for clearance of myelin debris, and the receptors utilized by neutrophils for myelin debris uptake are as of yet unknown (Lindborg et al., 2017). As a consequence, there are gaps in our knowledge that prevents us from understanding the full functional capacity of neutrophils in SCI in addition to their contribution to secondary tissue damage and recovery post-injury.



Neutrophil Extracellular Traps

In 2004, it was discovered that neutrophils release extracellular fibers that contained granular proteins and chromatin that trap bacteria (Brinkmann et al., 2004). Most commonly, NETs have been described as a response mechanism to kill extracellular pathogens (Brinkmann et al., 2004; Beiter et al., 2006; Ramos-Kichik et al., 2009; Papayannopoulos et al., 2010; Pilsczek et al., 2010; Juneau et al., 2011; Kaplan and Radic, 2012; Manda et al., 2014; Rosales et al., 2016). It is dependent on the size of the microbe and whether the microbe was able to avoid phagocytosis (Estua-Acosta et al., 2019). The release of NETs is also deadly to the neutrophils themselves and is thus classified as a type of cell death called NETosis, or suicidal NETs (Steinberg and Grinstein, 2007; Papayannopoulos, 2018). NETosis is stimulated by binding molecules to the receptors on the neutrophils such as Toll-like receptors (TLRs), FcRs, and CRs (Brinkmann et al., 2004; Munks et al., 2010; Garcia-Romo et al., 2011; Kaplan and Radic, 2012). Neutrophils about to undergo NETosis display distinctive morphological features that differ from their natural appearance (Fuchs et al., 2007; Vorobjeva and Pinegin, 2014; Scieszka et al., 2020).

Molecules that can stimulate NETs, referred to as sterile stimuli, include cytokines, DNA/RNA and histones, crystals, autoantibodies, and immune complexes (Keshari et al., 2012; Schorn et al., 2012; Behnen et al., 2014; Yalavarthi et al., 2015; Shrestha et al., 2019). NETs are initiated as NADPH is activated following the binding of proinflammatory cytokines, such as TNF-α and TLR-binding molecules (El-Benna et al., 2008; Stoiber et al., 2015). NADPH forms ROS, which can easily be converted to radicals spontaneously or via superoxide dismutase (Bedard and Krause, 2007; Stoiber et al., 2015). An increase in ROS stimulates the release of elastase from the membrane complex of azurophilic granules into the cytosol, activating their proteolytic activity and translocating them into the nucleus, where they aid in chromatin decondensation. Before their translocation into the nucleus, active elastase in the cytosol binds actin and degrades it. This contributes to the plasma membrane and nuclear membrane permeability and the release of NETs into the extracellular space (Metzler et al., 2014; Thiam et al., 2020). NETs are eventually degraded by DNase 1 and cleared by Mϕ (Gupta and Kaplan, 2016). The most important contents of the NETs include but are not limited to (1) granular components: elastase, lactoferrin, azurocidin, cathepsin G, myeloperoxidase (MPO), defensins, and lysozyme; (2) nuclear components: histones H2A, H2B, H3, H4, and myeloid nuclear differentiation agents; (3) cytoplasmic components: S100 calcium-binding proteins A8, A9, and A12; (4) cytoskeletal components: actin, myosin, plastin, and cytokeratin; (5) catalase peroxisome; and (6) glycolytic enzymes enolase and transketolase (Kaplan and Radic, 2012; Vorobjeva and Pinegin, 2014; Estua-Acosta et al., 2019).

There are no current NET formation reports in the injured spinal cord; however, it has been reported that infiltrated neutrophils in CNS release NETs, which may contribute to the blood–brain barrier damage and neural injury in some CNS disorders such as neurodegeneration, multiple sclerosis, traumatic brain injury (TBI), and ischemic stroke (Tillack et al., 2013; Perez-de-Puig et al., 2015; Laridan et al., 2017; Pietronigro et al., 2017; Valles et al., 2017; Ducroux et al., 2018; Farkas et al., 2019; Novotny et al., 2020; Vaibhav et al., 2020). Vaibhav et al. (2020) reported recently that NET formation worsens TBI outcomes, which is regulated by TLR4 and downstream kinase peptidylarginine deiminase 4 (PAD4). Importantly, therapeutically targeting NETs by administration of recombinant human DNase-I degrades NETs and improves neurological outcomes (Vaibhav et al., 2020). As little is known about the mechanisms of NET formation and how it interacts with other CNS resident cells in SCI, it is critical to determine to what degree this neutrophilic defense process partakes in progression of secondary injury in SCI. The research on the clear mechanistic view of NET formation could lead to identifying new targets for therapeutic interventions to treat not only SCI but also other CNS disorders.



Potentially Detrimental Roles of Infiltrating Neutrophils in SCI

In SCI, neutrophilic MPO activity can be measured within 3 h of the SCI and lasts up to 3 days postinjury. Within 1 day post-SCI, abundant neutrophils can be detected at the injury lesion (Figure 1; Wang et al., 2015). As neutrophils have not been extensively studied in SCI, not much information is available on this topic; however, there are reports regarding the general recruitment of neutrophils to an area of peripheral injury. Infiltration of neutrophils to the injury site has mainly been described as a negative event due to exposure of the injured area to the neutrophilic tissue-damaging factors. Of the four different granules in the neutrophils (Table 3), the most toxic are azurophilic, which cause tissue damage (Lacy, 2006; Nguyen et al., 2007; Kumar and Sharma, 2010). Neutrophils also secrete ROS and proteases such as metalloproteinases (MMPs), contributing to secondary tissue damage (Trivedi et al., 2006). For example, MMP9 facilitates neutrophil penetration of white and gray matter in the injured spinal cord (Fleming et al., 2006). During the first 3 days after injury, there is an increase in MMP9 and NADPH marker gp91phox, in the necrotic and apoptotic areas. Both MMP9 and NADPH contribute to the inflammatory response and secondary injury as they generate byproducts such as hydrochlorous acid (HOCl), which cause tissue damage in the surrounding area (Fleming et al., 2006).

A constituent of azurophilic granules of neutrophils is the enzyme elastase, which can create a lot of damage to the surrounding tissues (Doring, 1994; Borregaard and Cowland, 1997; Lominadze et al., 2005). Additionally, elastase can induce cell damage and dysfunction, degrade extracellular matrix proteins, and cause cell death by interfering with normal cellular pathways. Elastase is released into the surrounding tissue after neutrophils degranulate or neutrophils release NETs, resulting in inflammation (Kumar et al., 2018). In chronic inflammation, elastase is present outside neutrophils in high concentrations as elastase inhibitor, α1-proteinase inhibitor, can be easily inactivated by the proteolytic and oxidative attack, but the details of this mechanism remain unknown. In the case of SCI, in response to proinflammatory cytokines, elastase disrupts the neurovascular unit by inducing endothelial cell apoptosis and degrading endothelial cell junction proteins (Kumar et al., 2018). Inhibition of elastase by the administration of sivelestat, an inhibitor of human neutrophil elastase, after an SCI, resulted in the rescue of angiopoietin-1, a vascular growth factor responsible for anti-inflammatory effects and reduction of vessel permeability (Kumar et al., 2018).

MPO is another enzyme of the neutrophils’ azurophilic granules (Borregaard and Cowland, 1997; Lominadze et al., 2005; Kato, 2016). Following the degranulation of neutrophils, MPO is responsible for the generation of various acids, depending on the ions present in the environment, such as HOCl, to kill bacteria (Kato, 2016). MPO has been referred to as the local mediator of tissue damage and inducer of the inflammatory response (Aratani, 2018). It has been reported that MPO worsens secondary injury (Kubota et al., 2012). MPO-KO mice had less HOCl in the injured area, more intact myelin in the core of the injury, and an overall decrease in the production of proinflammatory cytokines such as IL-6, IL-1β, and TNF-α, all of which are contributors to secondary injury of SCI (Hausmann, 2003; Kubota et al., 2012). Locomotor function of MPO-KO mice was significantly better than that of wild-type (WT) mice, indicating an overall increase in functional recovery of MPO-KO injured mice (Kubota et al., 2012). We previously demonstrated that Mϕ that have taken up myelin debris have decreased phagocytic capacity for apoptotic neutrophils (Wang et al., 2015). Nonengulfed apoptotic neutrophils undergo secondary necrosis and release MPO and elastase, which might be involved in inflammation and secondary injury after SCI (Smith, 1999; Wang et al., 2015).

Leukotriene B4 (LB4) is a proinflammatory moderator that induces recruitment of neutrophils through LTB4 receptor 1 (BLT1) on the neutrophils (Crooks and Stockley, 1998). LB4 is produced from arachidonic acid and activated in the lesion area of SCI (Xu et al., 1990). It has been shown that LB4 is involved in the tissue damage caused by neutrophils (Crooks and Stockley, 1998). Neutrophil infiltration in BLT1-KO mice was significantly less than that in WT mice (Saiwai et al., 2010). Coculture of neural cells with neutrophils isolated from the lesion area showed a significant increase in neural cell death compared to neural cells cocultured with circulating neutrophils suggesting that the toxicity present in the lesion area is possibly because of infiltrated neutrophils (Saiwai et al., 2010).

In the earlier section, we discuss neutrophils’ ability to form NETs in response to inflammation and/or infection. Because of the nature of the components that make up the NETs, there is a great potential for tissue damage in this neutrophilic response (Villanueva et al., 2011; Saffarzadeh et al., 2012; Carmona-Rivera et al., 2015; Sorensen and Borregaard, 2016; Brinkmann, 2018). As infiltrated neutrophils are accumulated in lesion core (Figure 1), where the demyelinating area for new blood vessel formation is located, it is likely that NET formation and NETosis may be involved in the pathogenesis of SCI such as destruction of myelin sheath and BSCB breakdown if NETs were to be detected in SCI.



Potentially Beneficial Roles of Infiltrating Neutrophils in SCI

Although recruitment of neutrophils is thought of as damaging for the injured tissue, there is also a positive aspect of that recruitment. As first responders to the injured site, they can initiate clearance of debris and produce proinflammatory signals that recruit other immune cells such as Mϕ to eliminate leftover debris and contribute to tissue healing (Trivedi et al., 2006). Defective neutrophil recruitment to the injury site, mediated by the absence in the expression of esophageal cancer–related gene 4 (ECRG4) causing suppression of CD44, shows impaired wound healing process (Dorschner et al., 2020). A study reported that depletion of Ly6G/Gr-1 neutrophils in SCI mice resulted in the abolition of neutrophil infiltration into the injured spinal cord, lack of appropriate proinflammatory response, and impairment of injury recovery (Stirling et al., 2009).

Neutrophils are a heterogeneous cell population essential for immune defense versatile in their defense mechanisms. Heterogeneity of neutrophils is defined by the maturity of the cells, activation state, and discrete subsets such as low-density neutrophils, immunomodulatory neutrophils, and neutrophils expressing surface maker CD177 (Grieshaber-Bouyer and Nigrovic, 2019; Ng et al., 2019). A recent study reports a new subset of neutrophils with axon regenerative properties (Sas et al., 2020). This subset is characterized as CD14+Ly6Glo granulocytes resembling immature neutrophils. In SCI, this new subset promoted axonal regrowth, passing beyond the injury site and exhibiting neuroprotective and proregenerative functions (Sas et al., 2020). Therefore, heterogeneity of neutrophils offers new therapeutic opportunities.

The secretory leukocyte protease inhibitor (SLPI) is a serine protease inhibitor and a member of the innate immune system with an anti-inflammatory role (Doumas et al., 2005). It protects the tissue from damage by forming protease–antiprotease complexes (Ying et al., 1994). SLPI is expressed by neutrophils and is an important factor in SCI recovery and the improvement of locomotor activity by pausing further degradation of tissue matrix and thereby preventing further secondary damage (Ghasemlou et al., 2010). Recombinant SLPI treatment in SCI mice showed a reduced lesion size in the epicenter of the injury and reduced myelin loss, indicating a lesser degree of secondary injury (Ghasemlou et al., 2010). Overexpression of SLPI inhibited proinflammatory signals and significantly improved locomotor activity (Ghasemlou et al., 2010; Svensson et al., 2017).




CONCLUSION

Although we started to understand the events in secondary injury better, we have yet to uncover the early contributors of secondary injury and why secondary injury has such irreversible consequences. Neutrophils are the first immune cells to infiltrate the injured spinal cord (Popovich and Jones, 2003; Oyinbo, 2011; Kubota et al., 2012; Guo et al., 2016). The role of neutrophils in innate immunity has been well studied, their response to the pathogenic invasion is well characterized, and their infiltration into the injured tissue has been thoroughly reported. Nevertheless, their role in SCI and their contribution to the secondary injury cascade in SCI are not well understood. The roles of neutrophils in SCI may be context-dependent. We understand that neutrophils are important in propagation of the inflammatory response and recruitment of other immune cells, such as BMDMϕ to the injured area for clearance of damaged cells and cellular debris (Prame Kumar et al., 2018). However, it remains unclear what are the other cellular functions of neutrophils in the injured area. Understanding the role of neutrophils at the different stages of SCI could lead to major advances in determining the timeline of the irreversible and detrimental changes following an SCI and allow us to pinpoint the best therapeutic target.
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Despite advancements in the radiotherapeutic management of brain malignancies, resultant sequelae include persistent cognitive dysfunction in the majority of survivors. Defining the precise causes of normal tissue toxicity has proven challenging, but the use of preclinical rodent models has suggested that reductions in neurogenesis and microvascular integrity, impaired synaptic plasticity, increased inflammation, and alterations in neuronal structure are contributory if not causal. As such, strategies to reverse these persistent radiotherapy-induced neurological disorders represent an unmet medical need. AM251, a cannabinoid receptor 1 reverse agonist known to facilitate adult neurogenesis and synaptic plasticity, may help to ameliorate radiation-induced CNS impairments. To test this hypothesis, three treatment paradigms were used to evaluate the efficacy of AM251 to ameliorate radiation-induced learning and memory deficits along with disruptions in mood at 4 and 12 weeks postirradiation. Results demonstrated that acute (four weekly injections) and chronic (16 weekly injections) AM251 treatments (1 mg/kg) effectively alleviated cognitive and mood dysfunction in cranially irradiated mice. The beneficial effects of AM251 were exemplified by improved hippocampal- and cortical-dependent memory function on the novel object recognition and object in place tasks, while similar benefits on mood were shown by reductions in depressive- and anxiety-like behaviors on the forced swim test and elevated plus maze. The foregoing neurocognitive benefits were associated with significant increases in newly born (doublecortin+) neurons (1.7-fold), hippocampal neurogenesis (BrdU+/NeuN+mature neurons, 2.5-fold), and reduced expression of the inflammatory mediator HMGB (1.2-fold) in the hippocampus of irradiated mice. Collectively, these findings indicate that AM251 ameliorates the effects of clinically relevant cranial irradiation where overall neurological benefits in memory and mood coincided with increased hippocampal cell proliferation, neurogenesis, and reduced expression of proinflammatory markers.

Keywords: cranial irradiation, mood and memory deficits, AM251, neurogenesis, HMGB1


INTRODUCTION

Every year, more than 150,000 cancer patients in the United States receive radiotherapy for primary and metastatic brain tumors (Owonikoko et al., 2014; Makale et al., 2017). While advances in radiotherapy have greatly improved the treatment of cancer, cognitive disabilities persist in 80% of those surviving their treatments (Giovagnoli and Boiardi, 1994). Resultant neurocognitive complications involve a spectrum of associated toxicities, exhibiting highly variable time courses that include multiple cognitive domains. Deficits in learning, memory, processing speed, attention, and executive function (Roman and Sperduto, 1995; Makale et al., 2017) can manifest from months to years after irradiation at variable rates of progression and severity. While the precise molecular pathways involved in radiation-induced normal tissue toxicities remain to be elucidated, altered hippocampal neurogenesis, elevated oxidative stress, and neuroinflammation most certainly play a role (Monje and Palmer, 2003; Monje et al., 2007; Greene-Schloesser et al., 2012, 2013; Oh et al., 2013).

Oxidative and inflammatory cascades known to persist long-after irradiation (Tofilon and Fike, 2000; Greene-Schloesser et al., 2012, 2013) and the neurogenic regions harboring neural stem and progenitor cells have been shown to be exquisitely sensitive to irradiation in preclinical models (Monje et al., 2002; Mizumatsu et al., 2003). In efforts to provide some relief from the unintended neurocognitive complications arising from cranial radiotherapy, treatment plans incorporating hippocampal avoidance have become more commonplace. While such strategies have been shown to be beneficial (Gondi et al., 2014; Brown et al., 2020), a significant fraction of resultant radiation-induced deficits persist, leaving this as a largely unmet medical need. Given the paucity of effective treatment strategies for the long-term preservation of neurological health in brain cancer survivors, efforts to identify efficacious treatments able to ameliorate or prevent radiation-induced CNS toxicities remain a topical area of research.

Significant past data has pointed to the potential promise of manipulating the cannabinoid system for resolving a variety of neurological complications, albeit to date, not for the resolution of radiation-induced brain injury. Pathways involving the cannabinoid receptor 1 (CB1) mediate diverse physiologies and have long been considered potential therapeutic targets. A large body of evidence in both animal and human studies suggests that CB1 antagonism is highly effective for the treatment of obesity, metabolic disorders, and drug addiction (Gueye et al., 2016). However, the first-in-class CB1 antagonist/inverse agonist, rimonabant, though demonstrating effectiveness for obesity treatment and smoking cessation, displayed certain adverse psychiatric side effects, including anxiety and depression, resulting in its eventual withdrawal from the European market (Christensen et al., 2007; Sam et al., 2011). Interestingly, second-generation CB1 blockers now provide safer alternatives to previous and highly brain-penetrant agents for the treatment of metabolic disorders, including diabetes, obesity, and weight loss with better psychiatric tolerability (Gueye et al., 2016). Behavioral studies have also indicated the promise of AM4113 for the treatment of opioid, nicotine, marijuana, and alcohol abuse (Sink et al., 2008; Cluny et al., 2011). Furthermore, cannabidiol, a non-psychoactive component of cannabis, and selective CB1 agonist has been approved recently by the FDA for the treatment of pediatric epilepsy (Silvestro et al., 2019) and is and under clinical trials for the treatment of anxiety disorders (Silvestro et al., 2019).

Particularly relevant to the current investigation were findings showing that stimulation of CB could enhance adult neurogenesis (Hill et al., 2010). Related studies have found that the synthetic (CB1) inverse agonists AM251 and SR141716A could enhance hippocampal neurogenesis and survival of mature neurons (Hill et al., 2010; Wolf et al., 2010; Hutch and Hegg, 2016). Other work corroborates these findings by providing evidence for the neuroprotective effects of AM251 against both neurotoxic chemical insults as well as in various models of neuronal damage and neurodegenerative diseases (Shearman et al., 2003; Chen et al., 2004; Bialuk and Winnicka, 2011). The beneficial effects of AM251 have also been demonstrated in other preclinical rodent models of brain injury, where treatments were shown to ameliorate deficits observed in mood-related behaviors and memory (Bialuk and Winnicka, 2011; Balla et al., 2018). The foregoing prompted the current investigations aimed at determining whether modulating cannabinoid signaling through the use of AM251 would prove beneficial in the irradiated brain. To our knowledge, this is the first study to investigate the potential neuroprotective effects of AM251 against radiation-induced brain injury over acute and protracted postirradiation time points, after carefully selected administration regimens. Here, we report our findings detailing the neurocognitive, proneurogenic and anti-inflammatory benefits of three distinct AM251 administration regimens following cranial irradiation in mice.



MATERIALS AND METHODS


Animals and Irradiation

All animal procedures described in this study were in accordance with NIH guidelines and approved by the University of California Irvine Institutional Animal Care and Use Committee. Wild-type male mice (C57BL/6J) 6 months of age approximate the age at which humans are at higher risk of developing glioblastoma multiforme (GBM, median age 64 years). Therefore, the older aged animal model provides a more faithful representation of the normal brain responses expected from patient cohorts afflicted with GBM and that might stand to benefit from cranial irradiation and AM251 treatment. Mice were group housed in ventilated cages maintained under standard housing conditions (20 ± 1°C; 70 ± 10% humidity; 12:12 h light-dark schedule) and provided ad libitum access to food (Envigo Teklad 2020x, Indianapolis, IN, United States) and water. Unique cohorts used for the 4-, 12-, and 13-week study were divided into four experimental groups (n = 8–12 mice per group): unirradiated receiving 1% ethanol as vehicle (0 Gy + Veh), unirradiated receiving CB1 inverse agonist AM251 (0 Gy + AM251), head-only irradiation receiving 1% ethanol (9 Gy + Veh), and head-only irradiation receiving AM251 (9 Gy + AM251). For cranial irradiation, mice were anesthetized (5% induction and 2% maintenance isoflurane, vol/vol), placed ventrally on the treatment table (XRAD 320 irradiator) for head-only irradiation delivered at a dose rate of 1.0 Gy/min (Parihar and Limoli, 2013; Acharya et al., 2016).



AM251 Treatments

The various treatment paradigms implemented in this study are shown in Figure 1. For the short-term treatment arm (Figure 1A), each cohort received their first intraperitoneal (i.p.) injection of AM251 (1 mg/kg dissolved in 1% of ethyl alcohol, Sigma-Aldrich, St. Louis, MO, United States) at 30 min postirradiation and then once daily for 3 days, while mice in control groups received an equal amount of 1% of ethyl alcohol, i.p. The dose of AM251 was based on previous findings showing improvements in cognition and neurogenesis (Shearman et al., 2003; Bialuk and Winnicka, 2011). Injections of the drug were given to alternative sides of the peritoneal cavity to minimize irritation. Animals exhibited no indications of dermal or peritoneal irritation or weight loss. Following irradiation, animals in all groups were tested for changes in mood and cognition using a variety of behavioral platforms in the following sequence: novel object recognition test (NOR, for examining object recognition memory), object-in-place (OiP, for investigating spatial learning and memory), elevated plus maze test (EPM, for assessing anxiety-like behavior), and forced swim test (FST, for assessing depressive-like behavior). For the longer-term treatment arm, injections of AM251 proceeded as described above, where four i.p. injections were given every 4 weeks over a period of 12 weeks (total 16 i.p. injections in 12 weeks period; Figure 1B). Similar to short-term treatments, mice in the long-term treatment received the first injection of AM251 at 30-min postirradiation and then once daily for 3 days. Mice were given three more rounds of this regimen spaced by 4-week interval. 2 days after the last injection of AM251 (13 weeks after irradiation), animals in all groups (12/group) were tested for neurocognitive changes as before. For the delayed treatment arm, mice received four daily i.p. injections of AM251 12 weeks after irradiation (Figure 1C). Two days after the last injection of AM251, animals in each group (12/group) were tested for alterations in neurocognitive function as before.
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FIGURE 1. Timeline of AM251 treatments and analyses. (A) Short-term, (B) long-term, and (C) delayed AM251 treatment paradigms used in this study.




Behavioral Testing and Follow-Up Analyses

All behavioral testing was conducted at the times indicated in Figure 1 and always transpired after irradiation. For treatment paradigm #1 (acute AM251, four injections), behavioral testing started at week 4 or week 12 for the short- and long-term arms, respectively. For treatment paradigm #2 (chronic AM251, 16 injections), behavioral testing started at week 13 postirradiation. For treatment paradigm #3 (acute AM251, four injections—the reversal arm), behavioral testing started at week 13 postirradiation. Detailed methods and procedures regarding behavioral testing and all follow-up procedures used for immunohistochemistry and the stereological quantification of neurons are provided in the Supplementary Material.



Statistical Analyses

All data were analyzed, and figures created with, GraphPad Prism v6.0 (GraphPad Software; La Jolla, CA, United States). All the behavioral and immunohistochemistry were analyzed using two-way ANOVA considering radiation and drug treatment (AM251) as an independent variable. When significant interaction effects were found, Bonferroni post hoc analyses were performed to elucidate the differences between groups within conditions. Given overall effect of drug treatment (AM251) in the absence of interactions between irradiation and AM251, unpaired two-tailed Student’s t-tests were performed for sham (0 Gy) and irradiated (9 Gy) cohorts separately. To evaluate the preferences for novelty, a three-way ANOVA following Sidak post hoc analyses was carried out using time spent exploring novel/familiar object × irradiation and AM251 treatment. Data are presented as the mean ± standard error of the mean (SEM). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; and ****P < 0.0001. Statistical significance was assigned at P ≤ 0.05.



RESULTS


Treatment With AM251 Reverses Radiation-Induced Cognitive Dysfunction


NOR and OiP Task

A two-way ANOVA analyses on total time exploring both the objects revealed no significant interaction between irradiation and AM251 (4 weeks: F1, 44 = 0.04, P = 0.83; 12 weeks: F1, 28 = 0.89, P = 0.35; 13 weeks long-term: F1, 44 = 2.10, P = 0.15; and 13 weeks delayed: F1, 44 = 0.01, P = 0.92) as well no main effect of irradiation (4 weeks: F1, 44 = 0.01, P = 0.91; 12 weeks: F1, 28 = 1.60, P = 0.21; 13 weeks long-term: F1, 44 = 0.40; P = 0.50; and 13 weeks delayed: F1, 44 = 0.34, P = 0.56), and AM251 effect (F1, 44 = 1.01, P = 0.32; 12 weeks: F1, 28 = 0.32, P = 0.57; 13 weeks long-term: F1, 44 = 1.01, P = 0.32; 13 weeks delayed, Figures 2A1,B1,C1,D1). This indicated that exposure to irradiation and/or AM251 did not affect inherent exploration during NOR task.
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FIGURE 2. AM251 treatment reverses radiation-induced cognitive dysfunction. NOR: Total exploration time did not differ between all treatment groups (A1–D1). At 4 weeks postirradiation, the preference for novelty was reduced significantly in irradiated mice, an effect that was ameliorated by short-term AM251 treatment (A2), evidenced further by follow-up analysis of the DI (A3). However, this same short-term AM251 treatment was unable to maintain efficacy 12 weeks following irradiation (B2). While radiation-induced decrements persisted, the benefits of AM251 waned over this extended interval (B3). Nonetheless, long-term AM251 treatments were found to maintain neurocognitive benefits (C2), where radiation-induced decrements in the DI measured 13 weeks afterward were ameliorated significantly by AM251 (C3). Delayed AM251 treatment was not effective in resolving radiation-induced cognitive deficits 13 weeks postirradiation (D1–D3). OiP: Similarly, irradiation and/or AM251 treatment had no effect on total exploration time in the OiP task (E1–H1). At 6 weeks following irradiation, the preference for novelty was reduced significantly in irradiated mice, which was ameliorated by short-term AM251 treatment (E2), as indicated further by subsequent analysis of the DI (E3). When this same short-term AM251 treatment was assessed 12 weeks later, radiation-induced deficits persisted while AM251 failed to show efficacy (F2–F3). Long-term AM251 treatments were again found to restore neurocognitive benefits 13 weeks following irradiation (G2), where radiation-induced deficits in the DI found 13 weeks later were ameliorated significantly by AM251 (G3). Delayed AM251 treatment was not found to be effective in improving behavioral performance on the OiP task 13 weeks after irradiation (H1–H3). Data presented as means ± SEM, N = 8–12. P-values for total exploration time (A1–D1) and DI (E1–H1) were derived from two-way ANOVA followed by Bonferroni correction for multiple comparisons. While three-way ANOVA following Sidak post hoc analyses was carried out using time spent exploring novel/familiar object × irradiation (A2–D2;E2–H2). **P < 0.01; ***P < 0.001; and ****P < 0.0001.


A three-way ANOVA analyses on the time spent exploring familiar and novel objects at 4 weeks irradiation showed a triple interaction between novelty preference, irradiation, and AM251 (F1, 88 = 61.20, P < 0.0001), and significant interaction between both novelty preference and irradiation [F(1, 88) = 191.0, P < 0.0001], and novelty preference and AM251 treatment (F1, 88 = 55.81, P < 0.0001). Furthermore, Sidak post hoc analysis revealed that both unirradiated groups (0 Gy ± AM251) displayed a clear preference for novelty which is evident by the greater percentage of time spent exploring the novel object (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + AM251; Figure 2A2). While irradiated mice that received vehicle had no preference for novelty (P = 0.99, Figure 2A2), these data support the previous findings by us and others where cranial irradiation significantly impaired object recognition memory (Acharya et al., 2016; Tang et al., 2017). However, irradiated mice treated with AM251 did not exhibit such impairments and retained the capability to distinguish the novel object (P < 0.0001; Figure 2A2). For DI, two-way ANOVA revealed a significant interaction between irradiation and AM251 (F1, 44 = 30.60, P < 0.0001) and as well as significant radiation (F1, 44 = 95.54, P < 0.0001) and AM251 effect (F1, 44 = 27.91, P < 0.0001; Figure 2A3). The post hoc analysis showed irradiated mice treated with AM251 showed intact memory and displayed higher DI when compared with vehicle-treated irradiated group (9 Gy + Veh vs. 9 Gy + AM251, P < 0.0001, Figure 2A3). However, the beneficial effects of acute AM251 treatment waned and were not observed at 12 weeks postirradiation (Figures 2B1–B3). While acute AM251 treatments provided no benefits at 12 weeks postexposure, irradiation still caused significant and persistent reductions in the preference for novelty. A three-way ANOVA analysis on the time spent with novel and familiar objects showed no significant triple interaction between novelty preference, irradiation, and AM251 treatment (F1, 56 = 1.20, P = 0.28) but showed a significance between novelty and irradiation (F1, 56 = 63.86, P < 0.0001). Furthermore, Sidak post hoc analysis revealed that both unirradiated groups displayed a clear preference for novelty while irradiated mice showed no such preference (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + Veh, P = 0.50 for 9 Gy + Veh, P = 0.59 for 9 Gy + AM251; Figure 2B2). Two-way ANOVA analysis on DI (12 weeks) revealed no significant interaction between irradiation and AM251 (F1, 28 = 0.60, P = 0.44) and no main effect of AM251 treatment (F1, 28 = 0.34, P = 0.56) but did show a significant radiation effect (F1, 28 = 31.92, P < 0.0001; Figure 2B3).

Since the foregoing short-term treatment regimen forestalled the development of radiation-induced cognitive deficits at 4 but not 12 weeks postirradiation, we next sought to establish whether additional AM251 treatments could maintain the beneficial outcomes at more protracted postexposure time points. Data from these investigations indicated that more chronic treatment regimens resulted in longer-term benefits. A three-way ANOVA for time spent with novel and familiar object showed a triple interaction between novelty preference, irradiation, and AM251 (F1, 88 = 12.54, P = 0.0006) and significant interaction between both novelty preference and irradiation (F1, 88 = 32.93, P < 0.0001), and novelty preference and AM251 (F1, 88 = 6.54, P = 0.01). Sidak post hoc analysis revealed that both unirradiated groups (0 Gy ± AM251) displayed a clear preference for novelty while the irradiated mice (9 Gy + Veh) showed no such preference (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + AM251, P = 0.78 for 9 Gy + Veh; Figure 2C2). Moreover, the irradiated mice treated with AM251 did not exhibit such impairments and retained the capability to distinguish the novel object (P = 0.0001, Figure 2C2). For the DI, two-way ANOVA revealed a significant interaction between irradiation and AM251 treatment (F1, 44 = 7.42, P = 0.009) and as well as a significant irradiation (F1, 44 = 20.02, P = 0.0001) and AM251 effect (F1, 44 = 4.571, P = 0.04). Post hoc analysis revealed that long-term treatment with AM251 was efficacious at the resolution of memory function at the protracted postirradiation time of 12 weeks (9 Gy + Veh vs. 9 Gy + AM251, P = 0.008, Figure 2C3). In our final treatment arm, data indicated that delayed AM251 treatment 13 weeks postirradiation was not able to resolve radiation-induced cognitive deficits (Figures 2D2–D3). A three-way analysis on the time spent with and novel and familiar objects showed no significant triple interaction between the novelty preference, irradiation, and AM251 treatment (F1, 88 = 1.02, P = 0.30) but showed a significance between novelty and irradiation (F1, 88 = 56.22, P < 0.0001). Sidak post hoc analysis revealed that both unirradiated groups displayed a clear preference for novelty while irradiated mice showed no preference for novelty (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + Veh, P = 0.96, 9 Gy + Veh, P = 1.30 for 9 Gy + AM251; Figure 2D2). For the DI, two-way ANOVA revealed no significant interaction between irradiation and AM251 (F1, 44 = 0.51, P = 0.48) as well as no significant AM251 effect (F1, 44 = 0.15, P = 0.70) but did show a significant irradiation effect (F1, 44 = 28.12, P < 0.0001; Figure 2D3).

Following the NOR task, mice were habituated and tested on the OiP task, also known to be reliant on intact hippocampal and perirhinal cortex-dependent brain function. Two-way ANOVA analyses on total time exploring both the objects revealed no significant interaction between irradiation and AM251 (4 weeks: F1, 44 = 0.007, P = 0.93; 12 weeks: F1, 28 = 0.29, P = 0.60; 13 weeks long-term: F1, 44 = 0.0002, P = 1.0; and 13 weeks delayed: F1, 44 = 1.10, P = 0.30), as well as no main effect of irradiation (4 weeks: F1, 44 = 0.09, P = 0.76; 12 weeks: F1, 28 = 42.27, P = 0.14; 13 weeks long-term: F1, 44 = 0.03, P = 0.87; and 13 weeks delayed: F1, 44 = 3.32, P = 0.07), and AM251 effect (4 weeks: F1, 44 = 0.10, P = 0.75; 12 weeks: F1, 28 = 0.06, P = 0.81; 13 weeks long-term: F1, 44 = 0.30, P = 0.58; and 13 weeks delayed; F1, 44 = 0.45, P = 0.50; Figures 2E1,F1,G1,H1). This indicates that exposure to irradiation and/or AM251 did not impair inherent exploration during the OiP task.

A three-way ANOVA analyses on time spent exploring familiar and novel object locations showed a triple interaction between novelty preference, irradiation, and AM251 (F1, 88 = 12.54, P = 0.0006), and significant interaction between novelty preference and irradiation (F1, 88 = 32.93, P < 0.0001), and novelty preference and AM251 treatment (F1, 88 = 6.54, P = 0.01). Sidak post hoc analysis revealed that both unirradiated groups (0 Gy ± AM251) displayed a clear preference for objects that were moved to the novel location, evident by the greater percentage of time spent exploring new object locations, while irradiated vehicle-treated mice displayed no such preference. Importantly, irradiated mice treated with AM251 did not exhibit such impairments and retained the capability to distinguish to novelty (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + Veh, P = 0.79 for 9 Gy + Veh, P = 0.0001 for 9 Gy + AM25; Figure 2E2). For the DI, a two-way ANOVA revealed a significant radiation effect (F1, 44 = 65.96, P < 0.0001), AM251 effect (F1, 44 = 10.83, P = 0.002), and significant radiation × AM251 interaction (F1, 44 = 11.86, P = 0.001). Post hoc analysis revealed that AM251 significantly reduced the radiation-induced deficits, evident by the higher DI when compared with vehicle-treated irradiated mice (P < 0.0001, Figure 2E3). As found with the NOR task, short-term AM251 treatment waned, and did not prevent radiation-induced deficits in OIP at the extended 12-week postirradiation time (Figures 2F1–F3). A three-way ANOVA analysis on the time spent with the novel or familiar object locations showed no significant interaction between novelty preference, irradiation, and AM251 (F1, 56 = 0.56, P = 0.45), and no significant interaction between novelty and AM251 (F1, 56 = 0.11, P = 0.74) but did show a significant effect between novelty and irradiation (F1, 56 = 84.55, P < 0.0001). Cognitive deficits were nonetheless still apparent in the irradiated groups (9 Gy ± AM251) 12 weeks later, evidenced by the reduced preference for novelty (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + Veh, P = 0.97 for 9 Gy + Veh, P = 0.37 for 9 Gy + AM251, three-way ANOVA followed by Sidak post hoc analyses; Figure 2F2). Furthermore, two-way ANOVA analysis of the DI for the 12-week time revealed no significant interaction between irradiation and AM251 (F1, 28 = 0.28, P = 0.60) as well as no main effect of AM251 (F1, 28 = 0.05, P = 0.81) but did show a significant effect of the irradiation (F1, 28 = 42.27, P < 0.0001; Figure 2F3). Again, we found that the acute, short-term AM251 regimen prevented radiation-induced OiP memory deficits at early time points (4 weeks) but not at the later 13-week postirradiation time. Furthermore, three-way ANOVA analyses for time spent with objects at the novel and familiar locations showed a significant triple interaction between novelty preference, irradiation, and AM251 treatment (F1, 88 = 14.98, P = 0.0002), and significant interaction between novelty preference and irradiation (F1, 88 = 41.66, P < 0.0001), and novelty preference and AM251 treatment (F1, 88 = 12.45, P = 0.0007). Sidak post hoc analysis revealed that both unirradiated groups (0 Gy ± AM251) displayed a clear preference for objects that were moved to the novel location, evident by the greater percentage of time spent exploring the new object locations, while irradiated vehicle-treated mice showed no such preference.

As found before, irradiated mice subjected to long-term AM251 treatment did not exhibit such impairments and showed high preference to new object locations (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + Veh, P = 0.77 for 9 Gy + Veh, and P = 0.0001 for 9 Gy + AM251; Figure 2G2). For the DI, a two-way ANOVA revealed a significant interaction between irradiation and AM251 treatment (F1, 44 = 7.49, P = 0.009) as well as a significant irradiation (F1, 44 = 20.82, P < 0.0001) and AM251 effect (F1, 44 = 6.22, P = 0.02). Post hoc analysis revealed that AM251 resolved significantly the radiation-induced deficits in object recognition memory, evidenced by the higher DI when compared with vehicle-treated irradiated mice (P < 0.004; Figure 2G3). As found with NOR, delayed AM251 treatment at 13 weeks postirradiation was not found effective at ameliorating radiation-induced cognitive deficits on the OiP task. A three-way ANOVA analysis on the time spent with familiar or novel object locations showed no significant interaction between novelty preference, irradiation, and AM251 (F1, 86 = 0.003, P = 0.96), and no significant interaction between novelty and AM251 (F1, 86 = 0.28, P = 0.59) but did show a significant interaction between novelty and irradiation (F1, 86 = 45.68, P < 0.0001). Post hoc analysis revealed that AM251 was again unable to resolve radiation-induced deficits at 13 weeks postirradiation (P < 0.0001 for 0 Gy + Veh, P = 0.0001 for 0 Gy + Veh, P = 0.43 for 9 Gy + Veh, P = 0.82 for 9 Gy + AM251, Figure 2H2). Furthermore, two-way of DI for the delayed AM251 treatment at 13 weeks revealed no significant interaction between irradiation and AM251 (F1, 44 = 0.009, P = 0.92) as well as no main effect of AM251 (F1, 44 = 0.109, P = 0.74) but did show a significant effect of the irradiation (F1, 44 = 24.37, P < 0.0001; Figure 2H3). Post hoc analyses revealed that radiation-induced cognitive deficits persisted at 13 weeks postirradiation (P = 0.0081), and that AM251 was unable to resolve those impairments (P > 0.99, Figure 2H3).



AM251 Reduces Anxiety and Depressive-Like Behavior in Irradiated Mice

Next, we applied the EPM test, a standard for measuring anxiety in mouse models. For the short-term AM251 treatment arm, two-way ANOVA analysis on the percentage of open-arm entries revealed a significant interaction between irradiation and AM251 (F1, 44 = 8.05, P = 0.007) as well as a significant radiation effect (F1, 44 = 7.06, P = 0.01) but no AM251 effect (F1, 44 = 2.81, P = 0.10; Figure 3A1). Furthermore, comparison of the total time spent in the open arm revealed a significant main effect of irradiation (F1, 44 = 7.22, P = 0.01) and AM251 (F1, 44 = 4.35, P = 0.04) as well as a significant interaction of irradiation and AM251 (F1, 44 = 4.58, P = 0.04; Figure 3A2). Post hoc analyses revealed that irradiated mice treated with AM251 spent a significantly longer time (P = 0.03) in the open arms when compared with vehicle−treated irradiated mice (Figure 3A2). However, acute, short-term treatment with AM251 did not reduce radiation-induced anxiety-like behavior at 12 weeks following irradiation (Figure 3B). Two-way ANOVA analysis on the percentage of entries to open arm revealed no significant interaction between irradiation and AM251 (F1, 28 = 1, 77, P = 0.19) as well as a no AM251 effect (F1, 28 = 1.10, P = 0.30) but did show a significant radiation effect (F1, 28 = 16.76, P = 0.003; Figure 3B1). Further comparison of the total time spent in the open arm revealed no significant interaction between irradiation and AM251 (F1, 28 = 1.03, P = 0.31) and no main effect of AM251 (F1, 28 = 0.34, P = 0.56) but did show a significant radiation effect (F1, 28 = 29.21, P = 0.0001; Figure 3B2). To gage the impact of the chronic, longer-term AM251 treatment on the EPM, additional cohorts were tested 13 weeks following irradiation. Two-way ANOVA analysis on the percentage of entries to the open arms revealed a significant interaction between irradiation and AM251 (F1, 44 = 4.13, P = 0.04) as well as a significant radiation effect (F1, 44 = 7.47, P = 0.009) but no AM251 effect (F1, 44 = 2.16, P = 0.14; Figure 3C1). Furthermore, comparison of the total time spent in open arm revealed a significant main effect of irradiation (F1, 44 = 7.22, P = 0.01) and AM251 (F1, 44 = 4.35, P = 0.04) as well as a significant interaction of irradiation and AM251 (F1, 44 = 4.58, P = 0.04; Figure 3C2). Post hoc analyses showed that irradiated mice treated with AM251 spent a significantly longer time (P = 0.03) in the open arm when compared with vehicle−treated irradiated mice (Figure 3C2). Additional studies aimed at evaluating the impact of the delayed AM251 treatment at 13 weeks postirradiation showed this approach to be ineffective at resolving radiation-induced anxiety-like behavior. Two-way ANOVA analysis on the percentage of entries to the open arms revealed no significant interaction between irradiation and AM251 (F1, 44 = 3.12, P = 0.08) and no significant effect of AM251 (F1, 44 = 0.87, P = 0.35) but did show a significant irradiation effect (F1, 44 = 10.34, P = 0.002; Figure 3D1). Further comparison of the total time spent in the open arm revealed no significant interaction between irradiation and AM251 (F1, 44 = 0.63, P = 0.43), no main effect of AM251 (F1, 44 = 0.00005, P = 0.99), but did show a significant effect of irradiation (F1, 44 = 17.89, P = 0.0001; Figure 3D2).
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FIGURE 3. AM251 ameliorates anxiety and depressive-like behavior in irradiated mice. EPM: Short-term AM251 treatment reduced anxiety-like-behavior in mice 6 weeks following irradiation evidenced by the significant increased time spent in open arms (A1,A2). However, benefits derived from this same short-term treatment did not persist 12 weeks after irradiation (B1,B2). At similar protracted postirradiation times, long-term AM251 treatments were found to significantly reduce anxiety-like behavior (C1,C2). Delayed AM251 treatment was not effective at resolving radiation-induced anxiety-like behavior 13 weeks after irradiation (D1,D2). FST: Short-term AM251 treatment reduced significantly depressive-like behavior in irradiated mice at 6 weeks after irradiation (E1) but not at 12 weeks postirradiation (F1). Long-term treatments with AM251 improved were found to reduce depressive-like behavior 13 weeks following irradiation (G1) but not when a single treatment was delayed (H1). Data presented as means ± SEM, N = 8–12. P-values derived from two-way ANOVA followed by Bonferroni correction for multiple comparisons. *P < 0.05; **P < 0.01; and ***P < 0.001.


Analyses of immobility (or floating) time on the FST were used as a measure of depressive-like behavior for each of the cohorts (Figures 3E–H). For the acute, short-term treatment arm, two-way ANOVA analysis of the time spent floating revealed a significant interaction between AM251 and irradiation (F1, 44 = 5.15, P = 0.03) and a significant irradiation (F1, 44 = 12.24, P = 0.001) and AM251 effect (F1, 44 = 16.05, P = 0.0002). Post hoc analysis revealed that for irradiated mice treated with AM251, the duration of immobility was significantly less (P < 0.0004; Figure 3E1). This reduction in AM251-mediated depressive-like behavior was not apparent in irradiated mice 12 weeks later (Figure 3F1). Two-way ANOVA analysis on time spent floating at this protracted time revealed no significant interaction between AM251 and irradiation (F1, 28 = 0.10, P = 0.74) and no main effect of AM251 (F1,28 = 0.15, P = 0.69) but did show a significant irradiation effect (F1, 28 = 13.97, P = 0.0008). For the chronic, longer-term AM251 treatment arm, data found this approach to be effective in reversing depressive-like behavior at 13 weeks postirradiation (Figure 3G1). Two-way ANOVA analysis on the time spent in floating revealed a significant interaction between AM251 and irradiation (F1, 44 = 12.05, P = 0.001) and a significant main effect of irradiation (F1, 44 = 9.73, P = 0.003) and AM251 (F1, 44 = 7.76, P = 0.008). Nonetheless, each irradiated cohort exhibited depressive-like behavior at 13 weeks postirradiation in AM251 reverses depressive-like-behavior in irradiated mice (P = 0.0002 for 0 Gy + Veh vs. 9 Gy + Veh; P = 0.0004 for 9 Gy + Veh vs. 9 Gy + AM251; Figure 3G1). As in all our previous behavioral tasks, delayed AM251 treatment was not found effective at resolving depressive-like behavior 13 weeks following irradiation. Two-way ANOVA analysis revealed no significant interaction between irradiation and AM251 (F1, 44 = 0.53, P = 0.47), no AM251 effect (F1, 44 = 1.11, P = 0.30), but did show a significant effect of irradiation (F1, 44 = 25.79, P < 0.0001; Figure 3H1).



AM251 Treatment Preserves the Number of Newly Born DCX Positive Neurons and Promotes Cell Proliferation and Survival in the Hippocampus of Irradiated Mice

To assess the impact of acute (Figures 4A,C) or chronic (Figures 4B,D) AM251 treatments on DCX + neurons, brightfield staining was conducted at 6 or 19 weeks after cranial irradiation. Images show qualitatively how the yields varied across the treatment groups (Figures 4A1–A4,B1–B4). Data quantified from these cohorts showed that radiation-induced reductions in DCX + neurons was ameliorated significantly by short- (Figure 4A5) and long-term (Figure 4B5) AM251 treatments. At 6 weeks postirradiation, two-way ANOVA analysis on the number of DCX + neurons revealed a significant effect of irradiation (F1, 20 = 31.30, P < 0.0001) and AM251 (F1, 20 = 12.97, P = 0.002), as well as a significant interaction between irradiation and AM251 (F1, 20 = 4.58, P = 0.04). Post hoc analysis further confirmed that DCX + neurons in the SGZ-GCL were significantly reduced in irradiated mice when compared with unirradiated controls (P < 0.0001), and that treatment with AM251 prevented the radiation-induced reduction in the number of DCX + neurons (P = 0.004; Figure 4A5). Similarly, two-way ANOVA analysis at latter 19 weeks postirradiation time revealed a significant interaction between irradiation and AM251 (F1, 20 = 5.23, P = 0.03) as well as significant effect of irradiation (F1, 20 = 81.86, P = 0.0001) and AM251 (F1, 20 = 24.87, P = 0.0001). Post hoc analysis confirmed that irradiation reduced significantly the number of DCX + cell in SGZ-GCL (P < 0.0001), and that long-term treatment with AM251 significantly prevented this drop in the number of DCX + neurons (P = 0.004; Figure 4B5). Data indicates that both short- and long-term AM251 treatments afforded significant protection to immature neurons (∼1.7-fold increase) in the irradiated hippocampus.
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FIGURE 4. AM251 preserves the number of immature neurons and cell proliferation in the irradiated hippocampus of mice. DCX: Representative images showing density of immature neurons (DCX + cells, brown staining) in the SGZ-GCL of the hippocampus (pink, nuclear staining) at 6 (A1–A4) and 19 weeks (B1–B4) following irradiation. At 6- and 19-weeks postirradiation, significant radiation-induced reductions in the number DCX + immature neurons were found, an effect that was ameliorated significantly by short- (A5) and long-term (B5) AM251 treatments, respectively. BrdU: Representative confocal images showing BrdU + cells (darkly staining) in the SGZ-GCL of the hippocampus at 6 (C1–C4) and 15 weeks (D1–D4) following irradiation. At 6 and 19 weeks postirradiation, significant radiation-induced reductions in the number of BrdU + cells were found which was prevented by short- (C5) and long-term (D5) AM251 treatments, respectively. Data presented as means ± SEM, N = 6. P-values derived from two-way ANOVA followed by Bonferroni correction for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.


Related imaging obtained 6 and 19 weeks postirradiation revealed similar qualitative patterns in the yields of BrdU + cells across the treatment groups (Figures 4C1–C4,D1–D4). Two-way ANOVA analysis on the number of BrdU + cells 6 weeks following irradiation revealed a significant interaction between irradiation and AM251 (F1, 20 = 5.95, P = 0.02) as well as significant main effect of irradiation (F1, 20 = 23.99, P = 0.0001) and AM251 (F1, 20 = 14.09, P = 0.001). Post hoc analysis confirmed that the yield of BrdU + cells in the SGZ-GCL was reduced significantly in irradiated mice when compared with unirradiated controls (P = 0.0003), and that treatment with AM251 prevented this effect (P = 0.002; Figure 4C5). Two-way ANOVA analysis at the longer time point (19 weeks) revealed a significant irradiation (F1, 20 = 8.82, P = 0.008) and AM251 effect (F1, 20 = 4.46, P = 0.04) and a significant AM251 and radiation interaction (F1, 20 = 5.01, P = 0.04). Post hoc analysis showed a significant reduction in the number of BrdU + cells in the SGZ-GCL of irradiated mice (P = 0.008), an effect that long-term treatment with AM251 was again able to prevent (P = 0.03; Figure 4D5). These results corroborated the foregoing data and showed that after either short- or long-term AM251 treatment, a 2- and 1.5-fold increase in cell proliferation was found in the irradiated hippocampus, respectively.



AM251 Treatment Protects Neurogenesis and Prevents the Loss of Mature Neurons in the GCL of the Irradiated Hippocampus

To determine the impact of chronic AM251 treatments on neurogenesis, the number of BrdU + cells that coexpressed NeuN was scored 19 weeks postirradiation from representative immunohistochemical images obtained across each treatment group (Figures 5A1–A4). Two-way ANOVA run on the absolute number of mature neurons (BrdU + /NeuN + cells) revealed a significant interaction between irradiation and AM251 (F1, 12 = 4.84, P = 0.04), as well as significant main effect of irradiation (F1, 16 = 7.10, P = 0.0004) and AM251 (F1, 12 = 21.80, P = 0.0005). Post hoc analysis showed a significant reduction in the absolute number of mature neurons in the SGZ-GCL of irradiated mice (P = 0.002), and that long-term treatment of AM251 enhanced neurogenesis significantly (2.5-fold) when compared with irradiated cohorts treated with vehicle (P = 0.002; Figure 5A5). Data corroborates prior results and shows that long-term AM251 treatment protects neurogenesis after irradiation.
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FIGURE 5. AM251 protects hippocampal neurogenesis and preserves the number of mature neuron (NeuN +) in the irradiated hippocampus of mice: Neurogenesis: Representative confocal images showing BrdU + cells (red staining) with NeuN (green staining) coexpression (A1–A4). At 19 weeks postirradiation, significant radiation-induced reductions in the number BrdU + /NeuN + neurons were observed, an effect that was ameliorated by long-term AM251 treatments (A5). Stereology: Brightfield images show the distribution of NeuN + neurons (black staining) in the GCL (B1–B4) and CA1 (C1–C4) subfields of the hippocampus among treatment groups. Quantification at 19 weeks postirradiation demonstrated a significant loss of NeuN + cells in the GCL of irradiated animals, an effect that was ameliorated in mice that received long-term AM251 treatments (B5). The number of NeuN + cells in the CA1 was not found to differ significantly among the various treatment groups (C5). Data are expressed as the mean ± SEM, N = 4. P-values for BrdU + /NeuN derived from two-way ANOVA followed by Bonferroni correction for multiple comparisons. Whereas, t-test was used to analyzed mature neurons in the GCL (B5). **P < 0.001; ***P < 0.001.


To further assess the impact of chronic AM251 treatments on more mature neuronal populations, NeuN-immunostaining was conducted 19 weeks following irradiation, which revealed normal hippocampal cytoarchitecture across the treatment groups (Figures 5B1–B4, GCL; Figures 5C1–C4,CA1). The partial loss of neurons in the GCL of animals exposed to irradiation and this drop in NeuN + cell was prevented in AM251 treatment. Two-way ANOVA analysis revealed a significant effect of radiation (F1, 12 = 59.72, P = 0.0001) and AM251 (F1, 12 = 26.92, P = 0.002) but no significant interaction between irradiation and AM251 (F1, 12 = 2.58, P = 0.13). As the interaction between irradiation and AM251 did not reach significance, post hoc analyses were not performed. However, independent t-tests revealed a significant loss of mature neurons in the GCL of irradiated mice and that long-term treatment with AM251 prevented this loss (P = 0.0002 for 0 Gy + Veh vs. 9 Gy + Veh, P = 0.003 for 9 Gy + Veh vs. 9 Gy + AM251) and (P = 0.003, Figure 5B5). Similar analyses conducted on the number of NeuN + cells in the CA1 between the cohorts revealed no significant effect of radiation (F1, 12 = 3.15, P < 0.10) or AM251 (F1, 20 = 0.63, P = 0.44) and no significant interaction between irradiation and AM251 (F1, 12 = 0.63, P = 0.44; Figure 5C5).



AM251 Suppresses the Expression of HMGB1 in the Hippocampus of Irradiated Mice

To ascertain whether chronic AM251 treatments might modulate proinflammatory signaling, immunostained tissues were analyzed for HMGB1 expression 19 weeks following irradiation. Images obtained across the cohorts revealed that while AM251 had little impact on HMGB1 levels in unirradiated controls, expression of this proinflammatory mediator following irradiation could be suppressed by long-term AM251 treatment (Figures 6A–D). Two-way ANOVA analysis revealed a significant effect of radiation (F1, 12 = 32.02, P = 0.0001) and AM251 (F1, 12 = 7.02, P = 0.02), as well as a significant interaction between irradiation and AM251 (F1, 12 = 7.17, P = 0.02). Post hoc analyses revealed enhanced expression of HMGB1 in irradiated mice (P = 0.0004) which was significantly reduced by AM251 (P = 0.016, Figure 6E). These data suggest that one of the potential underlying benefits of extended AM251 treatment involves the capability to suppress a key initiator of neuroinflammation.
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FIGURE 6. AM251 treatment reduces the expression of HMGB1 in irradiated mice. Representative confocal images of HMGB1 + cells (green staining) in the dentate hilus (DH) of the hippocampus (blue nuclear staining, (A–D). Quantification at 19 weeks postirradiation demonstrated a significant increase in the number of HMGB1 + cells in irradiated animals, which was attenuated in mice that received long-term AM251 treatments (E). Data are expressed as the mean ± SEM, N = 4. P-values derived from two-way ANOVA followed by Bonferroni correction for multiple comparisons. *P < 0.05; ***P < 0.001.




DISCUSSION

This study provides novel evidence that AM251 provides wide-ranging benefits to the irradiated CNS. Improvements in behavioral indices of mood, learning and memory, enhanced neurogenesis, and reductions in chronic inflammation highlight the potential promise of AM251 treatment in cranially irradiated mice. Data derived from the NOR and OiP tasks indicated that irradiation disrupts hippocampal, medial prefrontal cortex, and perirhinal cortex circuitry, which impacts spatial and associative recognition memory function (Rola et al., 2004; Acharya et al., 2009; Parihar et al., 2014). In contrast to those animals receiving irradiation only, the performance of animals receiving irradiation and AM251 was indistinguishable from vehicle controls, where both controls and AM251-treated cohorts showed a significant preference for exploring the novel location and/or object following short- (4 weeks) and long-term (12 weeks) treatment regimes. These same treatment paradigms were similarly found to elicit significant improvements on the EPM and FST task, able to ameliorate radiation-induced deficits in anxiety and depression-like behaviors, respectively, when assessed 4–12 weeks later.

Overall, irradiated cohorts routinely showed learning and memory deficits in the NOR and OIP and mood disruptions in the EPM and FST tasks, which coincided with reductions in cell proliferation and cell survival in the hippocampal dentate gyrus. Most of these adverse effects could be restored to control levels when AM251 was administered following specific postirradiation treatments. The neurological benefits afforded by select AM251 treatment paradigms were found to be temporally coincidental with significant increases in hippocampal proliferation, newly born neuron production, neurogenesis, sparing of mature GCL neurons, and reduced expression of HMGB1 in irradiated mice.

The foregoing findings were, however, dependent on the specifics of each AM251 treatment paradigm. Acute benefits derived from four daily AM251 injections directly after irradiation observed at 4 weeks, did not persist when assessed 12 weeks after irradiation. These data point the progressive and relatively irreversible adverse effects of cranial irradiation on neurocognitive function, where metabolic turnover of the AM251 ligand eventually diminished the beneficial blockade on endocannabinoid signaling, releasing the brain to succumb to prior radiation injury. These results prompted follow-up studies, investigating the possibility of whether four monthly injections (4/day) could maintain the beneficial effects of AM251 at more protracted postirradiation intervals. Data derived from all behavioral tasks conclusively showed that such an approach was indeed beneficial when assessed 12 weeks postexposure, indicating that repeated AM251 treatments were sufficient to suppress persistent damage-induced signaling in the irradiated brain. Furthermore, to directly assess the reversibility of radiation-induced brain injury as well as the efficacy of other treatment approaches, AM251 was administered just prior to behavioral assessment conducted 12 weeks postexposure. Data showed consistently that such delayed treatments were ineffective at providing any benefits. These results suggest a limited therapeutic window following cranial irradiation, and that interventions initiated past this timeframe (12 weeks in this instance) are either unable to circumvent pre-existing damage to neural circuitry mediating behavior, or that the AM251 dosing regimen was suboptimal to provide measurable efficacy. Noteworthy also is that many of the prior studies addressing the impact of AM251 on anxiogenic behavior (Rodgers et al., 2005; Sink et al., 2010) were performed acutely, where anxiogenic behavior was tested soon after administration of AM251, distinctly different circumstances than those investigated in the present study. Here, the effects of AM251 appear to preferentially rescue “pathologic” as opposed to “control conditions” which in our case represents the irradiated vs. normal brain.

To the best of our knowledge, this has been the first study investigating the role of AM251 in resolving radiation-induced neurological complications. To evaluate the potential causes of these beneficial effects, we quantified the impact of AM251 on a variety of physiological factors affecting hippocampal function. Past results from us and others have conclusively determined that irradiation leads to a marked drop in newly born neurons (Nacher et al., 2001; Monje et al., 2007; Acharya et al., 2009; Parihar et al., 2014). Here, we found that improvements in neurocognitive function mediated by AM251 were associated with an increased yield of DCX + neurons (∼1.7-fold) and BrdU + (∼1.8-fold) cells in the irradiated hippocampus. Consistent with these trends, we found that irradiated mice subjected to various AM251 treatments exhibited significant improvements in neurogenesis (2.5-fold), again coincident with enhanced behavioral performance. Importantly, the benefits of AM251 treatments were not limited to the relatively minor proportion of newly added hippocampal cells, but rather, extended to the greater proportion of pre-existing mature hippocampal neurons. In the present study, we investigated the protective effects of AM251 on select cognitive, cellular, and molecular endpoints impacted by cranial irradiation. Furthermore, we determined that AM251 prevented the loss of mature neurons in GCL but not in the CA1 subregion of the hippocampus. The enhanced radiation-induced reductions in the number of GCL cells vs. the CA1 may be the result of diminished cell proliferation in the GCL, as opposed to more direct effects of radiation on mature neurons in either region (NeuN+). The presence of rapidly dividing cells in the GCL, which are known to be particularly vulnerable to radiation-induced depletion, distinguishes this region from the postmitotic population of cells in the CA1. Furthermore, our data confirms that radiation-induced depletion of newly born cells in the GCL persists 19 weeks and likely accounts for the overall reduction in the net number of GCL cells reported. Collectively, data supports the neuroprotective properties of AM251 and corroborates previous studies finding that AM251 enhances hippocampal neurogenesis (Hill et al., 2010) and the survival of mature neurons in various models of neuronal damage and neurodegenerative diseases (Bialuk and Winnicka, 2011; Hutch and Hegg, 2016). Interestingly, AM251 was not found to alter cognition or hippocampal turnover in unirradiated mice, despite prior reports demonstrating that AM251 might differentially regulate cell proliferation and survival, particularly type-2b (late progenitor cells) vs. type-3 (immature neurons; Hill et al., 2010; Wolf et al., 2010; Hutch and Hegg, 2016).

Notwithstanding the proneurogenic effects of AM251, its capability to dampen proinflammatory signaling is likely to play a beneficial role in the irradiated brain. This is not surprising, as the link between reduced inflammation and improved neurogenesis has been established (Monje et al., 2003; Kohman and Rhodes, 2013; Liao et al., 2013). In this regard, accumulating evidence from a broad range of studies supports the role of HMGB1 in promoting the expression of proinflammatory cytokines (Paudel et al., 2018; Tao et al., 2019) and that inhibition of HMGB1 can protect the brain against acute and chronic oxidative stress by modulating the activity of proinflammatory signaling pathways (Kim et al., 2012). In our present study, reduced expression of HMGB1 points to the anti-inflammatory effects of AM251 and are consistent with earlier findings showing that AM251 can reduce proinflammatory cytokines in rat plasma and brain tissue (Mehrpouya-Bahrami et al., 2017; Miranda et al., 2019; Ruz-Maldonado et al., 2020). Thus, the capability of AM251 to inhibit HMGB1 expression suggests that a certain fraction of the neurological benefits obtained after cranial irradiation is derived by suppressing the HMGB1/TLR4 neuroinflammatory axis.



CONCLUSION

Our results add to a growing body of evidence suggesting that the adverse impact of cranial irradiation on multiple neurocognitive indices results in part, through the inhibition of neurogenesis and a persistent neuroinflammation (Monje and Palmer, 2003; Monje et al., 2007; Greene-Schloesser et al., 2012, 2013; Acharya et al., 2016; Hinkle et al., 2019). The capability of AM251 to improve both neurogenesis and reduce inflammation points to its mechanism of action in resolving radiation-induced cognitive dysfunction. Noteworthy also from these studies was the elucidation of optimal AM251 administration regimens, where short-term benefits waned after 4 weeks, requiring multiple treatments to maintain efficacy over a 12-week timeframe. These data not only pointed to the persistence of radiation-induced perturbations to the CNS but also found them relatively irreversible, as delayed treatment with AM251 past an apparent therapeutic window (i.e., 12 weeks) failed to provide any measurable efficacy in forestalling radiation-induced neurological complications. On the basis of these results, we speculate that the judicious use of AM251 or more recently developed analogs possessing less side effects and/or slower turnover rates may one day provide clinicians with a powerful interventional strategy for curtailing the unwanted normal tissue toxicities associated with the radiotherapeutic management of brain malignancies.
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Human cerebral organoid (CO) is a three-dimensional (3D) cell culture system that recapitulates the developing human brain. While CO has proved an invaluable tool for studying neurological disorders in a more clinically relevant matter, there have still been several shortcomings including CO variability and reproducibility as well as lack of or underrepresentation of certain cell types typically found in the brain. As the technology to generate COs has continued to improve, more efficient and streamlined protocols have addressed some of these issues. Here we present a novel scalable and simplified system to generate microglia-containing CO (MCO). We characterize the cell types and dynamic development of MCOs and validate that these MCOs harbor microglia, astrocytes, neurons, and neural stem/progenitor cells, maturing in a manner that reflects human brain development. We introduce a novel technique for the generation of embryoid bodies (EBs) directly from induced pluripotent stem cells (iPSCs) that involves simplified steps of transitioning directly from 3D cultures as well as orbital shaking culture in a standard 6-well culture plate. This allows for the generation of MCOs with an easy-to-use system that is affordable and accessible by any general lab.

Keywords: cerebral organoids, microglia-containing cerebral organoids, induced pluripotent stem cells, neural induction, human brain development


INTRODUCTION

The brain is a complex organ consisting of intricate neural networks with extensive functions. Understanding the cellular and molecular mechanisms underlying neurodevelopmental disorders and neurological/neuropsychiatric diseases has been complicated by the limited availability of clinical tissues and animal models to fully reflect the human brain. In the last decade, advances in stem cell technology have led to the use of human-induced pluripotent stem cells (iPSCs) to generate three-dimensional (3D) models termed cerebral organoids (COs; Lancaster et al., 2013). Within COs, cells self-organize into 3D tissues and differentiate into multiple cell types, recapitulating many features of human neurodevelopment (Amiri et al., 2018; Velasco et al., 2019). Because human iPSCs can be readily generated from any cell type using advanced reprogramming techniques, COs have been extensively utilized to help uncover pathogenic mechanisms and guide drug discovery in a number of neurological diseases and disorders. These applications include neurodevelopmental disorders such as autism spectrum disorders and related disorders (Mariani et al., 2015; Chailangkarn et al., 2016; Birey et al., 2017; Wang et al., 2017; Mellios et al., 2018; Gouder et al., 2019; Sun et al., 2019), neuropsychiatric disorders such as schizophrenia (Srikanth et al., 2015; Stachowiak et al., 2017; Ye et al., 2017; De Vrij et al., 2019; Kathuria et al., 2020), structural and migration disorders such as microencephaly and lissencephaly (Lancaster et al., 2013; Bershteyn et al., 2017; Iefremova et al., 2017; Li et al., 2017a,b; Fiddes et al., 2018; Karzbrun et al., 2018; Zhang et al., 2019), and even neurotropic viral infections such as Zika Virus (Cugola et al., 2016; Dang et al., 2016; Qian et al., 2016; Gabriel et al., 2017; Li et al., 2017b; Watanabe et al., 2017) and SARS-CoV-2 (Jacob et al., 2020; Pellegrini et al., 2020a; Ramani et al., 2020; Yang et al., 2020; Zhang et al., 2020).

Since the inception of COs, there have been rapid and significant advancements in organoid culture technology, increasing their accessibility and reproducibility. Original protocols for COs require the use of expensive and bulky equipment and a large volume of reagents, as spinning culture is necessary for enhanced nutrient availability (Lancaster et al., 2013; Lancaster and Knoblich, 2014); newer protocols have utilized innovative methods such as 3D-printed spinning bioreactors (Qian et al., 2016, 2018), allowing for increased efficiency and larger-scale production of COs. Many studies have incorporated the directed differentiation to generate various brain region-specific COs, including the midbrain (Jo et al., 2016; Qian et al., 2016, 2018; Monzel et al., 2017; Jacob et al., 2020), hippocampus (Sakaguchi et al., 2015; Jacob et al., 2020), choroid plexus (Sakaguchi et al., 2015; Jacob et al., 2020; Pellegrini et al., 2020a,b), thalamus (Xiang et al., 2019, 2020), ganglionic eminence (Bagley et al., 2017; Birey et al., 2017; Watanabe et al., 2017; Xiang et al., 2017, 2018), hypothalamus/pituitary (Suga et al., 2011; Ogawa et al., 2018; Qian et al., 2018; Kasai et al., 2020; Matsumoto et al., 2020), and cerebellum (Muguruma et al., 2015; Holmes and Heine, 2017; Watson et al., 2018). Further innovations include the fusion of region-specific COs to generate “brain assembloids,” which are particularly useful for studying interneuron migration and neuronal projections between organoid structures (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017, 2018, 2019; Sloan et al., 2018; Wörsdörfer et al., 2019).

In order to most accurately reflect neurodevelopment, it is important that all cell types within the developing human brain are proportionally represented as closely as possible. However, one of the current limitations for the original CO protocols is not all these cell types are readily generated, particularly for cell types of non-ectodermal origin. Since microglia derives from mesoderm while neural stem cells (NSCs)/neural progenitor cells (NPCs) derive from neuroepiderm, early studies had to culture iPSC-derived microglia and NSCs/NPCs separately first and then co-culture them (Schwartz et al., 2015; Muffat et al., 2016, 2018; Abud et al., 2017; Douvaras et al., 2017; Haenseler et al., 2017; Garcia-Reitboeck et al., 2018; Song et al., 2019; Wörsdörfer et al., 2019). Most recent studies documented that non-inhibition of bone morphogenetic protein signaling during CO culture allowed the generation of mesoderm-derived progenitor cells within COs (Quadrato et al., 2017; Ormel et al., 2018). Of interest, one study modified neural induction condition by reducing heparin concentration, rendering the innate generation of mesodermal cells, which readily differentiated into microglial cells within the CO, named MCO (Ormel et al., 2018).

Following this approach for inclusion of innate microglia that plays an essential role in brain development, neural innate immunity, neuroinflammation, and neurotropic viral infection, we developed a novel scalable and simplified protocol for the generation of MCO from human iPSCs. Most CO protocols require complicated systems involving manual selection of iPSC colonies and growing in aggregates in droplet suspension (Amiri et al., 2018; Ormel et al., 2018; Velasco et al., 2019). Our protocol utilizes a novel method for direct transition from iPSC aggregate 3D culture to embryoid bodies (EBs), which has not been previously reported. Furthermore, our system uses six-well plates on an orbital shaker for constant shaking culture, which are easily accessible materials for most labs. This also significantly reduces the amount of culture media needed for COs, further reducing cost. Here we validated the MCO model with an easy-to-use scalable protocol.



MATERIALS AND METHODS


Generation and Expansion of Human Induced Pluripotent Stem Cells

Human primary fibroblasts from apparently healthy individuals were purchased from the Coriell Institute for Medical Research [GM00942 and GM00969]. These fibroblasts were used to generate human-induced pluripotent stem cells (hiPSCs) at the University of Pennsylvania’s iPSC Core using CytoTune 1.0 Sendai Virus reprogramming factors (Thermofisher Scientific) according to the manufacturer’s directions. After iPSC lines were established, they were transferred to and maintained in feeder-free conditions using mTeSR-Plus serum-free media (Stem Cell Technologies) on 6-well plates coated with 1:100 Matrigel hESC-qualified matrix (Corning), according to the manufacturer protocols. Cells were passaged when 70–90% confluent (around 3–5 days) using ReLeSR enzyme-free passaging reagent (Stem Cell Technologies). Cells were checked for karyotypic abnormalities every five passages using the iPSC Genetic Analysis Kit (Stem Cell Technologies), following manufacturer protocols. All iPSCs used for organoid generation were between passages 12 and 25. All cells and organoids were maintained in an incubator at 37°C and 5% CO2.



Suspension 3D Culture of iPSCs

To generate 3D spheres, iPSCs were dissociated as clusters from Matrigel-coated plates using ReLeSR (Stem Cell Technologies) and resuspended in mTeSR-3D seed medium (Stem Cell Technologies) containing 10 μM Y-27632 ROCK inhibitor (Stem Cell Technologies). The dissociated iPSC clusters were then seeded on low-attachment 6-well plates and maintained on an orbital shaker (Benchmark Scientific, BT4001), shaking constantly at 65–70 rpm. The iPSCs aggregated to form 3D spheres in suspension culture and mTeSR 3D feed medium was added every day.



Generation of Embryoid Bodies Directly From 3D Culture via Neural Induction for Microglia-Containing Cerebral Organoids (MCOs)

When 3D spheres were around 300–400 μm in diameter (around 4–5 days), they were collected in a 15-ml conical tube. The old medium was aspirated off and replaced with EB medium (Lancaster and Knoblich, 2014; Bagley et al., 2017), which consists of DMEM/F-12 (Corning), 20% KnockOut Serum Replacement (KOSR; Gibco), 3% hESC-quality FBS (Gibco), 1 mM GlutaMAX (Gibco), 0.1 mM minimal essential medium non-essential amino acids (MEM-NEAA; Gibco), 1% penicillin/streptomycin (Corning), and 0.1 mM 2-mercaptoethanol (Pierce). The iPSC 3D spheres in EB medium were cultured in low-attachment 6-well plates, at a density of 50–100 spheres per well to generate EB (considered day 0 of organoid culture) directly from 3D spheres. After 2 days (day 2), [image: image] of the EB medium was refreshed. After 4 days of EB culture (Day 4), [image: image] of the medium was changed every other day using neural induction medium (NIM; Ormel et al., 2018), which consists of DMEM/F-12, 1% N2 supplement (Gibco), 1 mM GlutaMAX, 0.1 mM MEM-NEAA, 1% penicillin/streptomycin, and 0.1 μg/ml heparin (Stem Cell Technologies), 10- to 100-fold lower than original CO culture protocols (Lancaster and Knoblich, 2014; Krefft et al., 2018; Yakoub and Sadek, 2018; Zhang et al., 2019), which is the critical step for the induction of innate microglia generation (Ormel et al., 2018).



Matrigel Embedding and Organoid Maturation

On day 12, organoids were embedded in growth-factor reduced Matrigel (Corning), as described previously with modification (Qian et al., 2018). Briefly, organoids were collected to 15 ml conical tube and resuspended in 1 ml of cerebral organoid differentiation medium (CODM; Lancaster and Knoblich, 2014), which consists of a 1:1 ratio of DMEM/F-12 and Neurobasal medium (Gibco), 1% penicillin/streptomycin, 1% B27 supplement without vitamin A (Gibco), 0.5% N2 supplement, 2.5 μg/ml insulin, 0.05 mM MEM-NEAA, and 0.05 mM 2-mercaptoethanol. Using cut pipette tips, organoids in microcentrifuge tubes (~20–30 per tube) were resuspended with Matrigel (2:3) and spread onto low-attachment 6-well plates. Once solidified at 37°C for 30 min, 2 ml CODM was added to each well, and plates were kept in the incubator in non-spinning culture. On day 16, organoids were mechanically dissociated from the Matrigel and resuspended in CODM with vitamin A (CODMA), which is prepared the same way as CODM, but uses 1% B27 supplement with vitamin A (Gibco). Organoids were maintained in spinning culture, and media was changed every 3–4 days until experimental endpoints.



Multilabeled Fluorescent Immunocytochemistry and Confocal Image Analysis

Organoids were fixed overnight using 4% paraformaldehyde (PFA). After fixation, organoids were incubated in 30% sucrose then embedded and frozen in optimal cutting tissue (OCT) medium. Frozen tissues were sectioned using cryostat at 10 μm thickness. Sections were permeabilized with 0.5% TritonX-100/1× phosphate-buffered saline (PBS) for 30 min, blocked with 10% donkey serum for 1 h, and incubated with primary antibodies (Table 1) in 0.1% TritonX-100/1× PBS overnight at 4°C. The next day, slides were washed with 1× PBS and incubated with the corresponding Alexa Fluor AffiniPure secondary antibodies (Jackson Immuno Research Labs; donkey anti-goat, anti-rabbit, anti-mouse, or anti-chicken IgG (H + L) 488, 594, or 680) at a 1:400 dilution for 1 h at room temperature, using Hoechst 33258 (1:5,000) as a nuclear counterstain. Slides were then coverslipped using Fluoroshield histology mounting medium (Sigma-Aldrich). Fluorescent confocal images were acquired and analyzed using the Leica SP8 confocal system.

TABLE 1. Primary antibodies used for immunohistochemistry.
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Flow Cytometry

Each MCO was dissociated to a single-cell suspension using Accutase (Corning), passed through a 70 μm nylon cell strainer (Corning) to remove large clumps, and washed with 1× PBS. Cells were centrifuged (500× g for 5 min) and resuspended in 500 μl cell staining buffer (BioLegend cat. no. 420201). Cells were incubated with the primary antibodies anti-CD11b-FITC (Biolegend cat. no. 301329) and anti-P2RY12-PE (Biolegend cat. no. 392103) in the dark for 30 min at room temperature. FITC mouse IgG1-κ (BD Biosciences cat. no. 551954) and PE mouse IgG2a-κ (BD Biosciences cat. no. 555574) were used as isotype controls. Following staining, cells were washed with cell staining buffer, centrifuged, and fixed with 4% paraformaldehyde in PBS. Analysis was performed using Cytek Aurora Flow cytometer.



Statistical Analysis

Statistical analysis was performed using Prism GraphPad 9.1. Significance at P < 0.05 was determined between two groups of different time or markers using a two-tailed student’s t-test.




RESULTS


Characterization of iPSCs Derived From Human Fibroblasts by Footprint-Free Sendai Virus Technology

To generate iPSCs, human fibroblasts from apparently healthy individuals were sent to the University of Pennsylvania iPSC Core for reprogramming using Sendai virus technology (Figure 1A) in MEF-feeder culture (Figure 1B). We then transitioned the iPSCs to feeder-free conditions by passaging 3–5 times using mTeSR-Plus medium and maintaining it as a monolayer culture (Figure 1C). The iPSC identity was confirmed using immunocytochemical staining for pluripotency markers, including OCT4, SOX2, and TRA-1–81 (Figure 1D). The iPSC lines were regularly screened for karyotypic abnormalities (Figure 1E) as quality control and maintained in feeder-free conditions for iPSC line expansion.
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FIGURE 1. Generation and characterization of human-induced pluripotent stem cells (iPSCs). (A) Timeline of Sendai Virus reprogramming from human fibroblasts. (B,C) Phase-contrast imaging of iPSC colonies in feeder-dependent culture (B) and feeder-free culture (C). (D) Confirmation of iPSC identity using pluripotency markers, OCT4, SOX2, and TRA-1–81, using DAPI to stain nuclei. (E) Karyotypic analysis of iPSCs confirming no genomic abnormalities.





Efficient Generation of MCOs Using Simple 3D Transition Protocol

Two critical steps were combined to generate MCO. For EB formation, we expanded 2D iPSCs into 3D spheres in suspension culture using mTeSR-3D medium in a 6-well plate under 65–70 rpm in an orbital shaker (Lancaster and Knoblich, 2014; Qian et al., 2018). When the 3D sphere size reached 300–400 μm, we initiated neural induction directly from 3D spheres while shaking by simply switching to neural induction media. To generate MCOs, we modified a recently published protocol (Figure 2A; Ormel et al., 2018) by reducing the heparin concentration to 0.1 μg/ml in the neural induction media from 1 to 10 μg/ml that is widely used for conventional CO culture (Lancaster and Knoblich, 2014; Qian et al., 2018). The dynamic morphological changes we observed during neural induction and MCO maturation (Figure 2B) follow similar patterns to that of typical CO development as widely described across various reports (Lancaster et al., 2013; Lancaster and Knoblich, 2014; Quadrato et al., 2017; Qian et al., 2018; Velasco et al., 2019). Briefly, during EB formation, MCOs begin as small, rounded spheres of generally uniform size. During neural induction, the EBs begin to form neuroepithelial tissue, characterized by a slightly translucent surface occasionally with some budding. The neuroepithelial tissue begins to elongate as radially organized structures. Embedding in Matrigel helps facilitate the growth and organization of neuroepithelial tissue as the MCOs form lobe-like structures. As MCOs continue to mature, they increase in size and maintain a spherical shape.
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FIGURE 2. Experimental timeline for generation of microglia-containing cerebral organoids (MCOs) and representative images for each stage of MCO formation and maturation. (A) Schematic diagram for MCO generation from iPSC 3D culture. The red arrows indicate two key steps (EB initiation and innate microglia induction). (B) Representative phase-contrast images of MCOs at various stages of growth and maturation.



The feature of the developing brain organoids was validated by determining the presence of neural cells within MCO using multilabeled immunostaining and confocal image analysis. Typical neuroepithelial tissues with self-organized rosette-like clusters of neural cells around ventricles were apparent in different CO/MCO regions (Figure 3). Within these clusters, populations of NSCs (co-expressing Nestin or SOX2 and GFAP) and NPCs (expressing Nestin or SOX2 but not GFAP) were evident (Figure 4). Various degrees of neural differentiation were identified by the presence of neuroblasts/immature neurons (DCX+ and TUJ1+; Figure 3), mature neuron (NeuN, Figure 5), astrocytes (GFAP, Figure 4), and others. A cluster (or aggregate) of dividing/proliferating NSCs/NPCs were identified by the presence of Ki67+ and PAX6+ immunoreactivity (Figure 5). These data suggest that our simplified protocol works well for the generation of CO or MCO with characteristic features of developing brain structures.
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FIGURE 3. Identification of neural stem/progenitor cells (Sox2), neuroblast (Dcx), immature neurons (Tuj1), and microglia-like cells (Iba1) in developing CO and MCOs detected by multilabeled immunofluorescent confocal imaging with indicated cellular markers. (A) CO at day 40. (B) MCOs at day 40 and (C) at day 60. Hoechst was used as a nuclear marker. Panels (A1–A2), (B1–B3), and (C1–C2) are the split channels for (A), (B), and (C), respectively. Panel (C2-1) is digital zoom-in of the inset in (C2).
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FIGURE 4. Characterization of cell types in mature MCOs. At day 100 post-EB formation, multiple cell types can be detected by multi-labeled immunofluorescent confocal image analysis with three colors (A) and four colors (B), including NSCs (Nestin +/GFAP+ or Sox2+/GFAP +, arrows), NPCs (Nestin+ or Sox2+ but GFAP−), astrocytes (GFAP+), and microglia-like cells (TMEM119+). Hoechst was used as a nuclear marker. NC, necrotic center. Panels (A1) and (B1) are the insets from corresponding (A) and (B). Panels (A2/A3) and (B2/B3) represent split single or double channels, respectively to (A1) and (B1).
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FIGURE 5. Expression of mature neurons and clusters of NPCs in MCOs. Neuronal markers are present in MCOs at days 60 and 80, as detected by multi-labeled immunofluorescent confocal analysis. (A) At day 60, populations of proliferating cells (Ki67+) and mature neurons (NeuN+) can be detected. Small clusters of postsynaptic excitatory receptors are detectable as well (mGluR5+). (B) At day 80, proliferating cells and mature neurons are still detectable, with mGluR5 expression appearing more pronounced and Ki67 expression appearing decreased, suggesting a trend towards neuronal differentiation vs. neural cell proliferation. (C) NPCs (PAX6+) are expressed in day 80 MCOs, as well as inhibitory GABAergic neurons (GAD67+) and postsynaptic proteins (PSD95+). Hoechst was used as a nuclear marker. NC, necrotic center. Panels (A1), (B1), and (C1) represent the digital zoom-in images from the corresponding insets.





Dynamic Development and Maturation of Microglia-Like Cells in MCOs

Only one report demonstrated the feasibility of innately developing microglia in MCO, using a spinning bioreactor culture system (Ormel et al., 2018). To validate this report, we included part of this protocol into our simplified CO culture protocol as described above. The presence of microglia-like cells was validated by immunofluorescent staining with microglia/macrophage marker IBA1 (Figure 3) as well as microglia-specific marker TMEM119 (Figure 4). These microglia-like cells began to be detectable around day 13–16, expanded dramatically at day 30–60, and matured to the characteristic ramified morphology at day 60–180 (Figures 3, 4, 6). They scattered throughout the MCO, mainly located around epithelial layers at an early stage (Figure 3) but migrated/scattered to other regions at late stages (Figures 4B, 6). Flow cytometry analysis with CD11b and P2RY12 surface markers further confirmed the existence of microglia in average of 7 ± 2% (Figure 7), consistent with the reported number of microglia (0.5–16.6%) in the human brain, which varies with the brain region and developmental stage (Lawson et al., 1992; Nikodemova et al., 2015; Bachiller et al., 2018).
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FIGURE 6. Presence of microglia in Day 160 MCOs determined by microglia-specific marker TMEM119 (A) and IBa1 (B). Neural stem/progenitor cells were labelled with anti-Sox2 (A) and anti-Nestin (B) antibodies. Hoechst was used as a nuclear marker. NC, necrotic center. Panels (A1) and (B1) are the split channels for corresponding (A) and (B).
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FIGURE 7. Flow cytometry analysis identified the presence of microglia in iPSC-derived MCOs. The MCOs cultured for 35 and 45 days were subjected to flow cytometry analysis with CD11b and P2RY12. Isotype controls of the corresponding antibodies were used to determine the baseline expression of microglia marker. (A) Representative side scatter (SSC) images of one MCO. (B) Diagram graph showing the average percentage of positive cells per MCO. Data represent mean ± SE of three MCOs per group. The **P < 0.01 indicates the significant difference from corresponding marker CD11b at day 35. The ns indicates no significance statistically as compared with corresponding day 35 in each marker.





Neuronal Maturation and Synaptic Network Formation in Mature MCOs

Neuronal differentiation and maturation occur instantly during the expansion and maturation of MCOs. Mature neurons with extensive synaptic networks were detectable with neuronal markers NeuN (Figure 5) and MAP2 (Figure 8) as well as the postsynaptic protein PSD95 (Figure 5C) and presynaptic axonal marker synaptophysin (Figure 8), suggesting some regions actively undergo neuronal differentiation and functional connection. Extensive expression of the glutamatergic/excitatory neuronal marker mGluR5 was detected in most regions of MCOs at day 60–80 (Figures 5A,B), while the GABAergic/inhibitory neuronal marker GAD67 was weakly expressed at this stage (Figure 5C). More detailed analysis shows evidence of synaptogenesis/neuritogenesis in mature MCOs. Neurons display robust expression of dendritic markers (MAP2) with dendritic arborization evident in some regions (Figure 8). The presynaptic axonal terminal marker (synaptophysin) was highly expressed (Figure 8), with some visible axonal-dendritic synaptic connections (white arrows). These data suggest that mature neurons present in MCOs actively form extensive neurites, enriched dendrite arborization, and functional synaptic network.
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FIGURE 8. Detection of synaptogenesis in MCOs. Multi-labeled immunofluorescent and confocal analysis shows evidence of neuritogenesis/ synaptogenesis and apoptosis in MCOs. (A,B) Enriched dendritic arborization with long process (MAP2+) and presynaptic axonal terminals (Synaptophysin+), axon-dendritic synapse connections (arrows) were clearly visualized in all tested sections of MCOs. (C) represents the overlay image from (A) and (B). Panel (C1) is digital zoom-in image of the inset in (C).






DISCUSSION

Organoids have been extensively utilized to study organ developmental events and model various human diseases. However, some challenges remain, including reproducibility, predictability, scalability, cost, technical complexity, anatomical accuracy, etc. Here we design a system that simplifies the process of MCO generation from human iPSCs in an easy-to-follow and affordable protocol that can be adapted by most standard labs. Additionally, our protocol incorporates microglia to more fully recapitulate the cell types present in the brain.

There have been a great number of advances in CO technology since they were first introduced. Originally, CO generation required expensive equipment, which made it inaccessible for many labs, as well as large volumes of reagents and culture media, since spinning culture is necessary for CO to receive nutrients. Since then, protocols have simplified this process by using novel ideas to generate organoids on a smaller scale, such as the miniature spin omega bioreactor (Qian et al., 2016; Romero-Morales et al., 2019). Our protocol simply uses an orbital shaker and six-well plates in standard incubators; something that is affordable and accessible for most labs. Initial organoid protocols were also fairly complicated, involving precise technical skills such as picking iPSC colonies, generating Matrigel droplets and EB formation (Lancaster and Knoblich, 2014; Qian et al., 2016, 2018; Sloan et al., 2017; Pasca, 2018; Sutcliffe and Lancaster, 2019). Simplifying these steps may help decrease variability and increase efficiency while reducing cost and labor. Our novel protocol allows us to go directly from 2D to 3D culture, and then from 3D directly to EB culture in a six-well plate. This novel proof of concept for 3D spheres derives from previously described swirler culture for hematopoietic organoids using a bulk-cell aggregation method (Schulz et al., 2012). Our protocol also takes advantage of the newly developed mTeSR-3D suspension culture medium that allows for the expansion and scaling-up of undifferentiated human iPSCs or ESCs. The combination of these components saves time and reagents by employing a daily feeding system to replenish nutrients rather than full media changes and generates evenly distributed 3D spheres that allows direct differentiation into EBs in the same six-well plate under orbital shaking. Additionally, we adapt Qian’s method (Qian et al., 2016, 2018) of embedding multiple organoids in Matrigel in 6-well plates, which are then dissociated 4 days later for shaking culture. After this point, organoids need minimal maintenance by changing media every 3–4 days and can be continuously cultured for at least 150 days tested currently in our lab, although over 590 days for CO maintenance have been reported (Sloan et al., 2017).

Another major shortcoming of original CO modeling is the lack of diverse cell types that fully recapitulate the brain. Many studies report evidence for the presence of neurons, NSC/NPCs, and glial cells to varying degrees. However, microglial cells and endothelial cells are largely absent in original CO systems. Several protocols have been developed to co-culture iPSC-derived microglia with CO or iPSC-derived neural cells (Dos Reis et al., 2020; Fritsche et al., 2020; Hasselmann and Blurton-Jones, 2020; Tanaka and Park, 2021). While these methods are effective at generating MCOs, they require separate culturing systems with multiple additional steps as well as optimization of cell number ratio. A recent report found that simply reducing the level of heparin in the culture media during neural induction from EB could derive mesodermal microglia into the original ectodermal CO using a cost-ineffective spinning bioreactor system (Ormel et al., 2018). We combined this novel method with our direct 3D-to-EB transition technique and successfully recapitulated the generation of MCO. While microglia have traditionally been studied in the context of immune response to pathogens in the brain, they are emerging as important players in a number of neurological pathways. Importantly, microglial progenitors enter the brain very early during embryonic development and colonize among developing NSCs/NPCs (Hammond et al., 2018; Thion et al., 2018). Therefore, these microglia and neural cells differentiate and mature in close proximity to each other during development, resulting in unique cross-talk and overlapping pathways. For example, microglia have been shown to regulate the number of NSCs/NPCs as well as play roles in postnatal presynaptic pruning and synaptogenesis (Cunningham et al., 2013; Miyamoto et al., 2016; Weinhard et al., 2018). However, some of these mechanisms have not fully been explored during early neurodevelopment, but MCOs may present a unique model to study these critical interactions, particularly in the context of elucidating mechanisms underlying neurodevelopmental disorders and neurodegenerative diseases. Furthermore, as microglia are known to play critical roles in inflammation and infection, MCOs provide an excellent model for neurotropic viral infections such as HIV and ZIKV (Muffat et al., 2018; Dos Reis et al., 2020; Qiao et al., 2020; Bodnar et al., 2021). While organoids have been used to study viral infections before (Cugola et al., 2016; Dang et al., 2016; Qian et al., 2016; Gabriel et al., 2017; Li et al., 2017b; Watanabe et al., 2017), these models did not include microglia, which are critical to the immune response.

One limit of this study is the small number of microglia cells in MCO (around 7%), although it may represent the physiological development process (Lawson et al., 1992; Nikodemova et al., 2015; Bachiller et al., 2018). Optimization of the heparin concentration or other regulators may improve the generation of microglia in MCO. Another strategy might be the co-culture of iPSC-derived microglia with the CO (Dos Reis et al., 2020; Rai et al., 2020), which may increase the number of microglia cells in CO, although the process does not mimic normal brain development. Another limit of our MCO model is that there are still several cell types missing, including endothelial cells/vasculature. While vasculature is an integral part of the brain, it was initially difficult to incorporate into the organoid culture, with earlier protocols requiring the use of compartmentalized microfluidic chips for the introduction of endothelial cell co-culture (Nashimoto et al., 2017; Grebenyuk and Ranga, 2019) or even grafting cerebral organoids in vivo in mouse brains, which vascularize over time and form functional circuits (Daviaud et al., 2018; Mansour et al., 2018). However recent publications have used novel ways to incorporate endothelial cells by co-culture with mesodermal cells (Wörsdörfer et al., 2019, 2020; Shi et al., 2020) or innate induction via inducible expression of ETV2 (Cakir et al., 2019). We anticipate that some of these methods can be incorporated into our MCO protocol for future experiments and the development of a more complete model of neurodevelopment. However, the vasculature in these organoid models is not fully mature as there is no blood flow, so doing so would require either in vivo grafting into a host (Mansour et al., 2018) or incorporation of a microfluidic system (Wörsdörfer et al., 2020). Finally, it is important to note that the MCOs produced are not region-specific and therefore representative of general cerebral cortex tissue, with morphology similar to that of traditional organoid protocols (Lancaster and Knoblich, 2014). It may be possible to incorporate the microglia-promoting components of our protocol with that of region-specific protocols for more advanced organoid models/brain assembloids (Qian et al., 2018; Sloan et al., 2018; Xiang et al., 2020), but would require further optimization due to differences in neural induction and patterning techniques.

In summary, we present a novel protocol that allows for the simplified generation of cerebral organoids that contain microglia (MCO). This protocol can be readily adapted by most standard labs and scaled as needed. Additionally, immunohistochemistry and confocal image analysis shows the expression of NSCs/NPCs/neurons as well as astrocytes and microglia at various time points, showing expected characteristics of organoids/developing brain making this a viable model to use for the investigation of human brain development and pathogenesis in various diseases. By simplifying the process of generating organoids, it makes this novel and exciting tool more accessible for labs, which will ultimately help further innovations in this field in a collaborative way to generate reproducible organoids.
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While spinal cord injuries (SCIs) result in a vast array of functional deficits, many of which are life threatening, the majority of SCIs are anatomically incomplete. Spared neural pathways contribute to functional and anatomical neuroplasticity that can occur spontaneously, or can be harnessed using rehabilitative, electrophysiological, or pharmacological strategies. With a focus on respiratory networks that are affected by cervical level SCI, the present review summarizes how non-invasive respiratory treatments can be used to harness this neuroplastic potential and enhance long-term recovery. Specific attention is given to “respiratory training” strategies currently used clinically (e.g., strength training) and those being developed through pre-clinical and early clinical testing [e.g., intermittent chemical stimulation via altering inhaled oxygen (hypoxia) or carbon dioxide stimulation]. Consideration is also given to the effect of training on non-respiratory (e.g., locomotor) networks. This review highlights advances in this area of pre-clinical and translational research, with insight into future directions for enhancing plasticity and improving functional outcomes after SCI.
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INTRODUCTION

Respiratory dysfunction is one of the leading causes of morbidity and mortality for individuals with spinal cord injury (SCI) (DeVivo et al., 1993; Winslow and Rozovsky, 2003; Garshick et al., 2005; Hoh et al., 2013). Damage to the neural networks controlling respiration frequently occurs following mid- or high-cervical injuries, which disrupt the phrenic motor circuit. The phrenic network is responsible for diaphragm innervation, which is often considered the primary muscle of respiration (Feldman, 1986; Lane, 2011; Hoh et al., 2013). Therefore, damage to this circuit results in diaphragm paresis or paralysis leading to respiratory deficits (Jackson and Groomes, 1994; Linn et al., 2000). In addition, injuries at this level will at least partially denervate intercostal and abdominal motor pools that are innervated by spinal motor neurons in the thoracic and lumbar spinal cord. The intercostal and abdominal respiratory circuits are also primary respiratory networks that are important for regular inspiratory and expiratory behaviors. Impaired respiratory muscle function can lead to decreased inspiration and vital capacity, potentially complete apnea, ventilator assistance (Jackson and Groomes, 1994; Linn et al., 2000; DiMarco, 2005; Onders et al., 2007), and secondary respiratory complications such as pneumonia (Dalal and DiMarco, 2014). While some spontaneous recovery – or functional plasticity – can occur after injury, it is limited (Vinit et al., 2006; Fuller et al., 2008; Lane et al., 2009), and significant deficits in breathing persist for months post-injury (Fuller et al., 2008; Vinit et al., 2008). There are many methods to assess the extent of these respiratory deficits. These include measures of ventilation, or “breathing behavior” (tidal volume, minute ventilation) and respiratory nerve or muscle activity (diaphragm EMG or phrenic nerve recording) (Lane et al., 2008a).

For the purpose of this review neuroplasticity is defined as the ability of the nervous system to change either anatomically and/or functionally, resulting in persistent alterations in sensorimotor function. These changes can be classified as either beneficial (adaptive plasticity) or detrimental (maladaptive plasticity). While plasticity has been extensively studied during development, learning, and memory, there is a rapidly growing interest in the neuroplastic potential of the injured or degenerating nervous system and how it can be therapeutically harnessed. One prominent example of neuroplasticity after spinal cord injury (SCI) has been documented in the respiratory system with spontaneous functional improvement. Here we summarize experimental as well as clinical evidence for spontaneous respiratory neuroplasticity, discuss methods used to harness this via intentional stimulation of respiratory circuits, and provide a summary of studies that propose mechanisms implicating neurotrophic factors as key players.



RESPIRATION AFTER SPINAL CORD INJURY

The neural networks mediating respiratory muscle function, comprising spinal interneurons and lower motoneurons, are distributed throughout the rostro-caudal neural axis. Motoneurons that innervate inspiratory, expiratory, and accessory respiratory muscles can be found throughout the cervical, thoracic, and lumbar spinal cord (Lane, 2011). The primary inspiratory muscles include the diaphragm, external intercostal and scalene muscles, while the primary muscles of expiration are the internal intercostals, rectus abdominals and obliques (Van Houtte et al., 2006; Terson de Paleville et al., 2011). The accessory respiratory muscles, which include the sternocleidomastoid, scalenes, and upper trapezius, are recruited when ventilatory demands are higher than normal (Terson de Paleville et al., 2011; Figure 1). Given the rostro-caudal distribution of these motor networks, injury at any level of the spinal cord can compromise respiratory function. For example, a high cervical SCI usually results in denervation and loss of coordination of all respiratory muscles, leading to quadriplegia and respiratory deficits. This leads to paradoxical movement of the chest walls (De Troyer et al., 1986; De Troyer and Estenne, 1990), decreased pulmonary volumes (Anke et al., 1993; Hopman et al., 1997; Tow et al., 2001) and ineffective cough (Brown et al., 2006; Terson de Paleville et al., 2011). Impaired clearance increases risk of secondary complications such as pneumonia (Brown et al., 2006). Even among those people living with SCI that recover voluntary control of breathing, underlying respiratory deficits persist that can manifest in less overt ways, such as sleep-disordered breathing and episodes of hypoxia.
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FIGURE 1. Primary muscles of respiration and their neural circuitry. Schematic diagram of human torso showing the location of the primary muscles of inspiration and expiration and the spinal levels that innervate them.


To treat these deficits respiratory training has been used to stimulate plasticity in networks spared post-SCI. Respiratory training encompasses rehabilitative, resistive, and activity-based training methods to improve and strengthen the neural respiratory circuitry and their corresponding muscles. Early use of respiratory training aimed to strengthen respiratory muscles, using techniques to target inspiratory and expiratory muscles (Figure 1).



RESPIRATORY NEUROPLASTICITY AFTER SPINAL CORD INJURY

Spontaneous respiratory neuroplasticity has been reported in both clinical (Hoh et al., 2013) and experimental studies (Mitchell and Johnson, 2003; Goshgarian, 2009; Lane et al., 2009; Nicaise et al., 2013; Warren and Alilain, 2014), serving as an excellent example of how the nervous system adapts to injury in order to maintain a vital, physiological function. While this spontaneous plasticity indicates the neuroplastic potential of the respiratory system, the amount of recovery attributable to this plasticity is limited, and long-term deficits in diaphragm activity persist. While neural plasticity can be used to describe changes in both neuronal and non-neuronal components, neuroplasticity (frequently referred to in this text) usually refers selectively to changes in the neuronal networks (see Box 1 for definitions).


BOX 1. Defining terminology. This box highlights definitions of terms used throughout this review.

Plasticity: Lasting anatomical and/or functional changes within neural networks or the behaviors they contribute to. These changes usually arise in response to some form of perturbation (e.g., traumatic injury or degenerative disease). Plasticity can also be stimulated or enhanced by increasing activity within these same neural networks (e.g., locomotor training, respiratory training).

Neural plasticity: Plasticity within central and peripheral neural networks. This has also been used to encompass the muscles they innervate (neuromuscular plasticity). While neuroplasticity has been used interchangeably with neural plasticity, it can perhaps be more appropriately used to selectively describe changes in the neuronal networks rather than changes in both neuronal and non-neuronal components (neural). Importantly, while plasticity is often thought of as being something that is beneficial, there is a growing appreciation for the fact that plasticity can be adaptive (resulting in beneficial consequences) or maladaptive (resulting in detrimental consequences). An example of the latter would be axonal sprouting and increased connectivity within networks that lead to increased pain or spasticity. For the most part, the plasticity discussed in the present review refers to beneficial types.

Anatomical neuroplasticity: Plasticity that typically refers to changes within neuronal connections which can arise via change in synaptic inputs in existing neuronal networks, increased dendritic growth to receive additional inputs, or axonal growth facilitating new neuronal connections. Notably, this neuroplastic axon growth typically arises from collateral sprouts in axonal pathways that were completely spared by injury, from collateral sprouts within injured pathways but proximal to the site of injury, and/or collateral sprouts from injured or non-injured primary afferents. Modest changes can arise spontaneously after injury or be enhanced by treatment.

Molecular neuroplasticity: Plasticity that encompasses an altered synthesis of cytokines, such as trophic factors, that can create a plasticity-promoting environment, attracting axons to the appropriate targets (or inappropriate targets in the case of maladaptive plasticity).

Functional neural plasticity: The restoration of activity in damaged pathways or increased activity in spared pathways to compensate for damage, which can occur after mild, moderate, and severe SCI (restorative vs. compensatory plasticity).

Restorative neural plasticity: Restoration of function in respiratory circuits (and muscles they control) that have been directly compromised/paralyzed by injury.

Compensatory neural plasticity: Altered activity within respiratory circuits (and the muscles they control) that are not directly compromised by injury.

Restorative behavioral neural plasticity: Restoration of the ability to perform ventilation in exactly the same manner as it was performed prior to injury.

Compensatory behavioral plasticity: Effective ventilation, but performed in a manner different from how it was performed prior to injury (e.g., rapid, shallow breathing).

Maladaptive neural plasticity: The amplitude or pattern of neural output may become dysfunctional (e.g., weakened or arhythmic), limiting recovery or contributing to deficit.

Maladaptive behavioral plasticity: Onset of inappropriate patterns of ventilation.

Activity based therapy (ABT): Non-invasive means of increasing motor activity with simultaneous sensory stimulation. In very simple terms this can be thought of as exercise or rehabilitation. Therapeutically, ABTs have been used in both a task specific basis (e.g., training for function within a specific network) or non-task specific basis (e.g., use of respiratory training to improve functional in non-respiratory networks).

Task-specific training: Increasing activity or exercise within specific networks to perform a specific task. For instance, training locomotor networks for rhythmic, patterned locomotion versus stance. Similarly, within the respiratory networks, training for breathing under certain conditions may train for activity within networks primarily known to be involved with that activity (e.g., hypoxia vs. hypercapnia). Data from task-specific training, however, needs to be very carefully interpreted as most forms of ABTs can still have off-target effects (e.g., effects on tasks not trained for).




Anatomical Neuroplasticity

Anatomical respiratory plasticity typically refers to changes within respiratory circuitry, especially neuronal connectivity, that can arise spontaneously after injury or be driven by treatment. Within the spinal cord, there is evidence of spontaneous plasticity involving axonal sprouting, rerouting (Vinit et al., 2005; Vinit and Kastner, 2009; Darlot et al., 2012), and the formation of new polysynaptic connections with phrenic motoneurons via cervical spinal interneurons (Lane et al., 2008b, 2009; Sandhu et al., 2009; Darlot et al., 2012).

One of the most commonly described models of pre-clinical SCI used to study respiratory plasticity has been a lateral Hemisection (Hx) at the second cervical (C2) spinal level. This injury model provides a historical example of respiratory plasticity: the crossed-phrenic phenomenon [CPP (Porter, 1895)]. Although this injury paralyzes the ipsilateral hemidiaphragm immediately, Porter demonstrated that transection of the contralateral phrenic nerve (paralyzing both hemidiaphragms) activated bulbospinal axons that crossed the spinal midline (decussated) below the C2 level to innervate the phrenic motor pool [reviewed in Goshgarian (2003)]. Several lines of research support this, demonstrating that CPP can be elicited soon after injury (O’Hara and Goshgarian, 1991; Goshgarian, 2003; Golder and Mitchell, 2005; Vinit et al., 2006), which suggests that this acute response does not require an anatomical change. Cross correlational analyses of phrenic nerve recordings supported this showing that post-injury function was mediated by bulbospinal pathways (Sandhu et al., 2009). However, these recordings also suggested a progressive recruitment of spinal interneurons into the injured phrenic network, which may be further contributing to functional plasticity. There is evidence of other supraspinal plasticity from sprouting monosynaptic respiratory bulbospinal projections (Vinit and Kastner, 2009; Ghali, 2017) and serotonergic centers (Bach and Mitchell, 1996; Ling et al., 2001; Zhou et al., 2001a; Hodges and Richerson, 2010; Hsu and Lee, 2015) onto phrenic circuitry.

While the focus of these anatomical studies has been on neural pathways within the spinal cord, respiratory plasticity occurs throughout the neural axis. Respiratory neuroplasticity extends throughout the CNS within the brain, brainstem, spinal cord, peripheral nervous system (Mantilla and Sieck, 2009; Nicaise et al., 2012b), spinal afferents (Iscoe and Polosa, 1976; Potts et al., 2005; Vinit et al., 2007; Nair et al., 2017), and muscle (Raineteau and Schwab, 2001; Oza and Giszter, 2014, 2015). Identifying and enhancing this anatomical plasticity is crucial to improving respiratory recovery after SCI. Another consideration is that not all plasticity is beneficial. Certainly, depending on the condition, anatomical changes can occur that worsen the potential for recovery. An important example of this in respiratory networks after human SCI is the progressive decline in respiratory muscle anatomy and function with assisted-ventilation (Powers et al., 2002, 2013; Levine et al., 2008; Smuder et al., 2016). To promote respiratory recovery post-SCI, treatments need to take these changes into account.



Molecular Neuroplasticity

Molecular neuroplasticity encompasses an altered synthesis of cytokines, such as trophic factors, that can create a plasticity-promoting environment, attracting axons to the appropriate targets. An example is an increase in brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) after injury or therapeutic intervention (Baker-Herman et al., 2004). Within the respiratory circuit, BDNF upregulation occurs within the phrenic motor neuron pool and is integral in enhancing anatomical plasticity (Baker-Herman et al., 2004; Sieck and Mantilla, 2009; Wilkerson and Mitchell, 2009; Mantilla et al., 2013, 2014; Gill et al., 2016; Hernandez-Torres et al., 2016; Martinez-Galvez et al., 2016) and promoting rhythmic diaphragm activity (Mantilla et al., 2013; Gransee et al., 2015).



Functional Neural Plasticity

Functional neural plasticity is the restoration of activity in damaged pathways or increased activity in spared pathways to compensate for damage, which can occur after mild, moderate, and severe SCI (Baussart et al., 2006; Golder et al., 2011; Lane et al., 2012; Nicaise et al., 2012a,b, 2013; Awad et al., 2013; Alvarez-Argote et al., 2016). It can also occur at either the neural or behavioral level, resulting in restorative or compensatory motor function (see Box 1).

An example of restorative plasticity within the neural network is the CPP following a C2Hx, and restorative function within the ipsilateral diaphragm. This plasticity is characterized by the activation of ordinarily latent, contralateral respiratory bulbospinal pathways that cross the spinal midline below the injury. This restoration in function occurs after inducing a respiratory stress such as asphyxia, hypoxia, hypercapnia or contralateral phrenicotomy (Porter, 1895; Lewis and Brookhart, 1951; Goshgarian, 2003; Golder and Mitchell, 2005). In contrast, neural compensation is an altered (e.g., elevated) activity within non-injured respiratory circuits and respective muscles. This form of adaptive functional compensates for deficits post injury. For example, an increase of activity within the contralateral phrenic circuit after a C2Hx or C3/4 contusion injury compensates for deficits within ipsilateral circuitry (Golder et al., 2001, 2003).

Behavioral restoration of function is the ability to breathe in the same way after an injury as pre-injury. This ventilation can be measured through plethysmography to record the flow and tidal volume of breathing. An example of this is that following a cervical contusion injury, there is a progressive recovery toward a more normal breathing behavior in post-injury weeks (Choi et al., 2005). In contrast, behavioral compensation manifests as an altered pattern of ventilation after injury. An example of this is rapid, shallow breathing seen after SCI (Choi et al., 2005; Fuller et al., 2009; Golder et al., 2011; Nicaise et al., 2013; Jensen et al., 2019). This phenomenon is also seen following injuries in humans (Ledsome and Sharp, 1981; Haas et al., 1985). This change in breathing behavior likely compensates for respiratory deficits.

The extent of functional neuroplasticity and motor recovery is closely tied to anatomical plasticity and changes within the circuit or the extent of the lesion. For example, with a more mild contusive injury, there will be a higher likelihood of recovery and limited functional deficit (Alvarez-Argote et al., 2016). Restorative functional plasticity relies on anatomical pathways to be connected, or in some cases, strengthen connections, form new connections, or establish novel pathways. Accordingly, this has been reported several weeks to months following injury. In contrast, compensatory plasticity typically occurs soon after injury and initially relies solely on existing anatomical substrates. With continued change in activity within those pathways, however, there can be progressive anatomical changes that further contribute to, or reinforce, compensatory functions.



METHODS TO ENHANCE PLASTICITY

Given the promise seen with neuroplasticity after SCI, there has been increased effort in the past decade to develop treatments capable of enhancing this plasticity and promoting respiratory recovery after injury. These treatments stimulate the nervous system either through neural interfacing (e.g., electrical stimulation) or through physical stimuli (e.g., locomotor training and respiratory rehabilitation) (Figure 2). Stimulation activates spared neural networks and can encourage the formation of new pathways, contributing to modest repair of damaged circuitry. These activation strategies can promote beneficial changes in anatomical and functional plasticity and contribute to improved outcomes after SCI. Important considerations for any of these methods will be timing and dose of the treatment, as well as, efforts to preserve adaptive plasticity and limit maladaptive plasticity.
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FIGURE 2. Stimulating activity to enhance plasticity. Schematic diagram of neural interfaces (left) and activity based (right) strategies to drive neural activity. Neural interfaces include strategies that can be applied to the periphery [e.g., functional electrical stimulation of diaphragm via diaphragm pacer, (A)]. Electrical stimulation can be applied to the spinal cord via epidural stimulation (B) and intraspinal stimulation (C) as well as non-invasively, supraspinally, via transcranial magnetic stimulation (D). Activity-based therapies use physical stimuli to result in increased respiratory drive and neural stimulation via strategies like resistance training (Ei) or intermittent hypoxia (Eii), and locomotor training, e.g., via treadmill (F). Modified from Hormigo et al. (2017), Zholudeva et al. (2018).


Rapid advances are being made in both neural interfacing and electrical stimulation strategies (e.g., intraspinal, epidural, transmagnetic, and functional electrical stimulation; Figure 2). Multidisciplinary collaborations between mechanical and electrical engineers, material scientists and neurobiologists, have led to the development of highly novel and translationally appropriate devices that are being tested in both pre-clinical and clinical studies. Scientists and clinical professionals widely agree, however, that non-invasive rehabilitative strategies will always represent an effective means of helping injured individuals regain some functional improvement. Rehabilitative strategies provide the physical stimulus to enhance plasticity and provide a less invasive alternative to electrical stimulation. One example of these rehabilitative strategies is activity-based training (ABTs).


Activity-Based Therapies

Activity-based therapies (ABTs) have extensively shown to promote neuroplasticity and improve function post-SCI in several sensory, motor, and neurological disorders (stroke, brain injury, and SCI) (Vinit et al., 2009; Dale-Nagle et al., 2010a; Hormigo et al., 2017). ABTs increase activity, often in a repeated, intermittent or “set”-like fashion, in mature neural pathways. Experimental and clinical studies have demonstrated that these ABT strategies can strengthen existing neuronal networks, stimulate synaptic and dendritic growth/plasticity, and increase baseline neuronal activity (facilitation/potentiation) (Harkema, 2001; Dunlop, 2008; Lynskey et al., 2008; Dale-Nagle et al., 2010a; Singh et al., 2011a,b; Houle and Cote, 2013; Martinez et al., 2013; Hormigo et al., 2017). These changes can also refine and prune synaptic connections and promote the recruitment of other neurons (e.g., spinal interneurons) into the neural network (Rank et al., 2015; Sandhu et al., 2015; Streeter et al., 2017). Spinal interneurons (SpINs) are a vital component of neuroplasticity (Zholudeva and Lane, 2018; Zholudeva et al., 2021), that can change their pattern of activity and are reported to alter their connectivity to contribute to novel anatomical pathways. Most importantly, this neuroplastic potential can be therapeutically driven by either electrical stimulation or ABTs (Harkema, 2008; van den Brand et al., 2012; Houle and Cote, 2013).

In an effort to better understand the mechanisms underlying therapeutically driven plasticity, several pre-clinical studies investigated changes in cytokine expression within the networks being targeted. ABTs have been shown to increase the expression of several neurotrophic factors within the injured spinal cord (Baker-Herman et al., 2004; Dunlop, 2008; Wilkerson and Mitchell, 2009). A caveat in interpreting the role of these growth factors is their widespread distribution throughout the neural axis. For, example, ABT increases BDNF expression across multiple spinal levels. Despite this, ABT-driven expression of neurotrophic factors within denervated neuronal networks may provide a non-invasive means of attracting axonal growth and enhance functional connectivity (Baker-Herman et al., 2004; Lu et al., 2005; Sieck and Mantilla, 2009; Bonner et al., 2010, 2011; Weishaupt et al., 2012, 2013; Mantilla et al., 2013; Hernandez-Torres et al., 2017). Serotonergic neurons appear to be especially responsive to increased growth factor expression. Consistent with this notion, there is increased serotonergic input onto spinal motor circuitry and increased serotonergic receptor expression (Houle and Cote, 2013). These neuroplastic molecular changes can be harnessed for therapeutic gain. As the contribution of cytokines to neuroplasticity is more clearly defined, treatments may be better refined to optimize outcome.

Perhaps the most extensively studied ABT is locomotor training, either over-ground, treadmill, or with robotics (e.g., Lokomat®). Locomotor training has demonstrated beneficial effects on plasticity and locomotor function following a range of SCIs, with different spinal levels and severities (Singh et al., 2011a,b; Galea et al., 2013; Hajela et al., 2013; Hillen et al., 2013; Hubli and Dietz, 2013; Martinez et al., 2013; Morawietz and Moffat, 2013; Bonizzato and Martinez, 2021). Locomotor training uses repetition to strengthen muscles, stimulate afferent feedback, enhance motor output, and thus drive related neural plasticity (Harkema, 2001).

While historically the focus of locomotor training was to improve locomotion, it has also been shown to improve a range of non-locomotor functions, including bladder (Ward et al., 2014) and cardiovascular function (Ditor et al., 2005a,b; Hicks and Ginis, 2008). More recent studies have also demonstrated that treadmill training can enhance respiratory recovery in people with chronic cervical and thoracic injuries (Terson de Paleville et al., 2013). This improvement in respiratory function was speculated to be due to increased heart rate and minute ventilation (increase cardiopulmonary activity) during treadmill training (Terson de Paleville et al., 2013). However, the extent of respiratory improvement may also be “dose-dependent.” Terson de Paleville saw improvements in respiratory function for subjects who received 60 min of stepping on a treadmill, 5 days a week for an average of about 12 weeks (Terson de Paleville et al., 2013). In contrast, individuals who received passive robot-assisted stepping did not improve cardiopulmonary function (Jack et al., 2011). One limitation might be achieving sufficient increase in limb afferent stimulation to encourage locomotor-respiratory coupling post-SCI (Sherman et al., 2009). This hypothesis is supported by hindlimb stimulation (a passive event) producing respiratory rhythm entrainment (Iscoe and Polosa, 1976; Morin and Viala, 2002; Potts et al., 2005), increasing phrenic motor output (Persegol et al., 1993).

While the mechanisms explaining how locomotor training can promote respiratory plasticity remain unclear, there are some lines of evidence suggesting that training in the activity you wish to recover might provide a more direct and efficacious strategy. Thus, there has been growing interest in the field of SCI, to entrain respiratory plasticity by stimulating and increasing respiratory activity.



Respiratory Training

Respiratory training is the repetitive activation (either electrical or physical) of inspiratory and expiratory muscles in a systematic way to strengthen respiratory pathways and the muscles they innervate. The term “respiratory training” originated from respiratory axillary muscle training to improve breathing after cervical SCI in 1967 (Imamura, 1967). As the number of publications on respiratory training and SCI continues to increase, so has the definition and use for “respiratory training” (Figure 3). While the origins of respiratory training are within exercise physiology, it has also been used in elderly populations and for many disorders such as chronic obstructive pulmonary disease (COPD), Parkinson’s disease, multiple sclerosis, speech pathologies, and voice disorders (Sapienza and Wheeler, 2006). Respiratory training now broadly refers to strengthening the primary and accessory (including inspiratory and expiratory) respiration muscles (Sapienza and Wheeler, 2006; Sapienza et al., 2011). These are further divided into inspiratory and expiratory training strategies (Bolser et al., 2009; Martin et al., 2011; Sapienza et al., 2011; Laciuga et al., 2014). Deciding which training paradigm to use depends on the needs of the individual. For example, an individual with a high cervical injury will have inspiratory and expiratory deficits and will require a training technique that targets both muscle groups. However, an individual with a lower thoracic injury may require techniques targeting expiratory muscles.


[image: image]

FIGURE 3. Publication history of respiratory training post-SCI. A PubMed search was made using the terms “respiratory training” and “spinal cord injury” to assess the relative number of research papers on this topic over the last 60 years. As the image shows, interest on this topic is increasing exponentially with each decade.




Resistance Muscle Strength Training

The goal of any muscle strength training (MST) is to enhance the ability of the neuromuscular system to respond to a demand of gradually increasing intensity. This intensity is defined in terms of load amount and duration of the exercise task (e.g., minutes per day × days per week × total weeks) (Sapienza and Wheeler, 2006). The total stimulus should increase the activity of the neuromuscular system beyond the normal level (Mueller et al., 2006) and drive it to adapt to increased demand (Sapienza and Wheeler, 2006). Typical MST paradigms in the clinic consist of three sessions (with 25–30 repetitions), 3–5 days per week, 4–8 weeks (Carpinelli and Otto, 1998; Schlumberger et al., 2001; Rhea et al., 2002; Sapienza et al., 2011). The intensity of MST can directly affect improvement in respiratory muscle strength (Raab et al., 2019).

There are two main MST strategies: resistance and threshold training. Resistance MST consists of breathing through a small diameter hole, making the participant breathe harder due to the limited airflow (Sapienza and Wheeler, 2006; Berlowitz and Tamplin, 2013; Raab et al., 2019). It can be targeted toward either inspiratory or expiratory muscles (Roth et al., 2010) or combined (Kim et al., 2017). Combined training resulted in increased forced vital capacity and expiratory volume, demonstrating improved pulmonary function compared to the respiratory muscle training alone and control group (Kim et al., 2017). Threshold MST forces the individual to modulate their breathing to overcome a spring-loaded valve controlling the airflow (Sapienza and Wheeler, 2006; Galeiras Vazquez et al., 2013; Raab et al., 2019). Resistance and threshold MST result in improved breathing, facilitates weaning from mechanical ventilation (Aldrich et al., 1989; Martin et al., 2011; Smith et al., 2014), and has beneficial effects in secondary respiratory behaviors [e.g., sneezing, sniffing, or coughing (Postma et al., 2015; Aslan et al., 2016; Legg Ditterline et al., 2018; Shin et al., 2019)].



Altering Inhaled Air for Respiratory Training

An alternative to direct electrical stimulation or resistance training of respiratory muscles is non-invasive peripheral and central chemoreceptor activation. For example, hypoxia (decreased oxygen) and hypercapnia (increased carbon dioxide) have been used to elicit activity within the phrenic network (Millhorn et al., 1980; Nielsen et al., 1986). These types of chemical activation have been used to stimulate respiratory drive and elicit neuroplasticity non-invasively. For example, Millhorn et al. (1980) discovered that stimulation of the peripheral and central chemoreceptors resulted in a lasting increase of phrenic activity (Millhorn et al., 1980). Building on this Bach and Mitchell (1996) used three, 5-min bursts of hypoxia (intermittent with room air) to stimulate this chemoreceptor activity and elicit a lasting (hours) increase in phrenic nerve activity (Bach and Mitchell, 1996), termed long-term phrenic facilitation (LTF). LTF is an example of respiratory neuroplasticity characterized by a period of enhanced neural output following a single stimulation paradigm (Fuller et al., 2000; Mitchell et al., 2001). When the same paradigm was applied to hypercapnia (10% CO2) stimulation paradigm resulted in long-term depression (LTD), effectively decreasing phrenic nerve output (Bach and Mitchell, 1996, 1998). Important to note is lowering CO2 levels (to 5%) or limiting exposure to 3–5 min does not elicit this LTD (Baker and Mitchell, 2000; Baker et al., 2001). These episodic exposures also elicit LTF for hypoxia and hypercapnia, but not continuous exposure paradigms (Baker and Mitchell, 2000; Baker et al., 2001).

Increased phrenic plasticity from intermittent hypoxia or hypercapnia led to using these strategies as an alternative method of “respiratory training.” This form of respiratory training is modeled after other rehabilitative ABTs [reviewed in Dale-Nagle et al. (2010b); Dale et al. (2014), Gonzalez-Rothi et al. (2015, 2021)]. Most importantly, this training activates chemoreceptors to drive respiration and provides a non-invasive means of attracting axonal growth, enhancing respiratory functional connectivity to improve breathing (Baker-Herman et al., 2004; Lu et al., 2005; Sieck and Mantilla, 2009; Bonner et al., 2010, 2011; Weishaupt et al., 2012, 2013; Mantilla et al., 2013; Hernandez-Torres et al., 2017).


Intermittent Hypoxia

Intermittent hypoxia (IH) has been studied both experimentally and clinically as a non-invasive means of stimulating respiratory output. This “activity-based” respiratory training has been used to enhance neuroplasticity, particularly with a focus on the phrenic network, and, improved respiration (Fuller et al., 2003; Mitchell and Johnson, 2003; Vinit et al., 2009; Wilkerson and Mitchell, 2009). While a vast range of paradigms have been developed to test IH, the three most commonly reported strategies used in rodent models are:


•Acute intermittent hypoxia (AIH); short exposures (e.g., 3 × 5 min each, or 5 × 3 min each), given in a single day.

•Daily acute intermittent hypoxia (dAIH; short, daily exposures over several days (e.g., 10 hypoxia episodes per day for 5–7 days.

•Chronic intermittent hypoxia (CIH); e.g., 72 episodes of hypoxia for 1–2 weeks or more.



Examples of these studies are reviewed in Dale-Nagle et al. (2010b). All paradigms effectively improve respiratory outcomes at multiple time points, including 2–10 weeks post spinal cord injury in rodents (Ling et al., 2001; Dale-Nagle et al., 2010b). While chronic intermittent hypoxia was able to enhance plasticity at the level of the phrenic motor pool and enhance crossed phrenic pathways (Fuller et al., 2003), it also led to significant cognitive (Row, 2007), metabolic (Tasali and Ip, 2008), and hypertensive (Fletcher et al., 1992) deficits, and decreased levels of BDNF within the hippocampus (Vinit et al., 2009; Xie et al., 2010; Navarrete-Opazo and Mitchell, 2014). Therefore, almost all IH training paradigms are now done daily with acute intermittent timing (Dale-Nagle et al., 2010b; Gonzalez-Rothi et al., 2015).

The mechanisms by which hypoxia induces LTF and phrenic plasticity are both complex and multifaceted. IH respiratory training has demonstrated the ability to elicit serotonin dependent plasticity (Ling et al., 2001; Mitchell et al., 2001; Baker-Herman and Mitchell, 2002; Golder and Mitchell, 2005; Dale-Nagle et al., 2010b; Devinney et al., 2013), and enhance bulbospinal axon sprouting into phrenic circuitry (Baker-Herman et al., 2004; Dale-Nagle et al., 2010b; Gonzalez-Rothi et al., 2015). There are two main pathways described as the “Q” and “S” pathways of promoting neuroplasticity [reviewed in Dale et al. (2014); Hassan et al. (2018); Figure 4]. These pathways get their name from the primary type of G protein-coupled receptor (Gs or Gq) activated.
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FIGURE 4. The current model of the “Q” and “S” Pathways. The past several decades has seen significant advances in our understanding of intermittent hypoxia and its effects on the spinal phrenic network. Particular focus has been given to changes on the phrenic motoneuron itself. From these ongoing studies we are gaining an appreciation of the cellular receptors and intracellular pathways that contribute to plasticity and altered motor function under different respiratory conditions. The current pre-clinical and clinical goal is to employ therapeutic strategies that can harness these mechanisms and enhance motor output after spinal cord injury or disease. Adapted from Dale-Nagle et al. (2010b); Gonzalez-Rothi et al. (2015).
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FIGURE 5. The effect of respiratory training on neural networks. The studies described in this review use respiratory training, such as intermittent hypoxia and hypercapnia in a pre-clinical model (A), to improve respiratory function after spinal cord injury. However, numerous studies have reported beneficial effects on other motor networks such as bladder, grasping and locomotion, and cardiac systems (B). Modified from Zholudeva and Lane (2019).


In addition to upregulating molecular markers for plasticity, hypoxia has also been shown to enhance interneuronal plasticity and connectivity, and alter motor output. Studies have identified that spinal interneurons (SpINs) can respond to hypoxia (Lane et al., 2009; Sandhu et al., 2015) and can be recruited following IH training (Streeter et al., 2017).

Intermittent hypoxia training has also been shown to increase plasticity in non-respiratory networks (Supplementary Table 1 and Figure 5). Pre-clinical studies reported 7 days of IH in rats with cervical SCI improved performance on the horizontal ladder test (Lovett-Barr et al., 2012; Prosser-Loose et al., 2015; Hassan et al., 2018). IH has also been used in conjunction with specific tasks resulting in synergistic improvements in locomotion (Lovett-Barr et al., 2012), reaching and grasping techniques (Prosser-Loose et al., 2015).

Building on the pre-clinical data, clinical studies first focused on ankle flexion in chronic incomplete SCI individuals (see Supplementary Table 2). IH training significantly improved maximal plantarflexion torque and gastrocnemius electromyographic activity that lasted up to 4 h after the initial IH administration (Trumbower et al., 2012). This not only demonstrated a persistent neuroplastic effect of IH training, but provided evidence of enhanced motor function in people living with SCI. IH training was subsequently shown to improve both walking speed 10-Meter Walk Test (10MWT), distance and endurance 6-Minute Walk Test (6MWT) at 1 day and 1 week during training, and the 1 week follow up (Hayes et al., 2014). Combined IH training with 30 min of overground walking, showed even greater improvement in locomotion speed and distance (Hayes et al., 2014). This improvement may demonstrate that combinatorial therapies may promote greater synergistic functional benefits in injured individuals (Hayes et al., 2014). More recent use of IH training has shown that there is a persistent effect in locomotor facilitation over time and that this can be further maintained with three IH treatments per week after the initial combinatorial walk/IH training (Navarrete-Opazo et al., 2017a). Similarly, combined IH training with hand exercises revealed improved hand dexterity function and maximum hand opening in all participants (Trumbower et al., 2017).

Compromised bladder and bowel function has profound impacts on quality of life for those living with SCI, including a loss of independence, increased risk of infection from catheter use or from incomplete bladder voiding, and autonomic dysreflexia. While there are no clinical studies looking at IH and bladder and bowel function, some animal models are investigating IH and lower urinary tract plasticity. In brief, Collins et al. (2017) revealed that IH-induced neuroplasticity can improve lower urinary tract function in rats with chronic incomplete SCI and may provide a non-invasive method of improving bladder function within the SCI patient population (Collins et al., 2017).

Another respiratory deficit that arises following cervical SCI is sleep-disordered breathing. A consequence of this is obstructive sleep apnea that can result in chronic episodes of hypoxia and hypercapnia, contributing to cardiovascular morbidity, high blood pressure, increased sympathetic nerve activity, cardiac arrhythmia and myocardial infarction (Prabhakar et al., 2005). However, IH consisting of 3–4 rounds of 5–7 min exposures at 12–10% O2 for 2–3 weeks can benefit cardiovascular diseases such as decreased hypertension, coronary heart disease, and heart failure (Serebrovskaya and Xi, 2016). While these initial studies were conducted on spinally intact individuals, future work can begin to assess the potential in people living with SCI.

In summary, IH has demonstrated the ability to improve respiratory function, elicit serotonin and neurotrophic factor dependent plasticity, enhance bulbospinal axonal sprouting into active phrenic circuitry, and recruit populations of SpINs. Clinically, IH training has also been investigated for its ability to promote recovery of both respiratory (Vinit et al., 2009; Tester et al., 2014) and non-respiratory (Trumbower et al., 2012, 2017; Dale et al., 2014; Hayes et al., 2014) motor functions.



Intermittent Hypercapnia

Like hypoxia, exposure to hypercapnia (elevated CO2) has also been used to increase respiratory drive via central and peripheral chemoreceptor activation. There is evidence that hypercapnia and hypoxia activate chemoreceptors differently (Long et al., 1994) and that hypercapnia can act as a stronger respiratory stimulant than hypoxia (Somers et al., 1989; Nattie and Li, 2012). This chemoreceptor activity is also enhanced in individuals with chronic SCI compared to non-injured individuals (Bascom et al., 2016).

Hypercapnia as a respiratory stimulus has been shown to increase activity within several brainstem nuclei, including the retrotrapezoid nucleus (RTN) and those within the ventral respiratory column (VRC) (Millhorn and Eldridge, 1986; Guyenet et al., 2012, 2019; Molkov et al., 2014; Wakai et al., 2015). Following hypercapnia exposure, there is an increased drive from the RTN to the VRC resulting in increased amplitude and frequency of phrenic output (Molkov et al., 2014). Within the nucleus tractus solitarius, the principal visceral sensory nucleus, PHOX2B-expressing neurons exhibit CO2 sensitivity and increase activity after exposure to hypercapnia (Fu et al., 2019). Another crucial effect of hypercapnia on brainstem nuclei is the activation of the dorsal raphe (containing serotonergic neurons) (Smith et al., 2018; Kaur et al., 2020). Because carotid chemoafferents also activate raphe, there is also reason to believe that exposure to hypercapnia and hypoxia may further enhance serotonin-dependent mechanisms of plasticity beyond hypoxia alone (Welch, 2021).

While plasticity pathways are well studied following IH, the molecular changes post hypercapnia are not well defined. Overall, hypercapnia is known to upregulate many transcription factors responsible for respiration, motor, and immune function [reviewed in Shigemura et al. (2020)]. In light of the documented “S” and “Q” Pathways (Figure 4), hypercapnia is believed to activate the A2a receptors (Bach and Mitchell, 1998; Kinkead et al., 2001) as part of the initial “S” pathway. Consistent with this, exposure to severe hypercapnia (10% CO2) inhibits plasticity, resulting in long-term phrenic depression (LTD), which is attenuated with the delivery of an A2a receptor antagonist (Bach and Mitchell, 1998). However, it is important to note that lower hypercapnia concentrations (3–5% CO2) does not elicit LTD (Bach and Mitchell, 1998), and thus may drive other molecular pathways.

While hypoxia has been shown to have has a greater effect on respiratory timing, hypercapnia has a more significant effect on peak phrenic nerve activity (Ledlie et al., 1981). Together hypoxia and hypercapnia exposure demonstrate excitation to increase muscle sympathetic nerve activity (Jouett et al., 2015). Also, combined hypoxia and hypercapnia exposure leads to an increase in ipsilateral diaphragm activity but not intercostal activity after a mid-cervical contusion (Wen and Lee, 2018). Furthermore, intermittent hypoxia-hypercapnia following mid-cervical contusion induces an increase in tidal volume, whereas inactivation of the 5-HT7 receptor (Gs coupled protein) combined with this treatment further transiently improved this recovery (Wu et al., 2020). However, more studies need to be done to further understand the implication of the Gs or Gq pathway in this recovery.

A potential therapeutic advantage of hypercapnia training is that unlike IH it maintains normoxia. It has also been shown that hypercapnia can act as a more potent respiratory stimulus than hypoxia (Somers et al., 1989; Nattie and Li, 2012). Increased respiratory neural drive (brainstem) results in increased phrenic output (phrenic nerve and diaphragm) which contributes to entrainment of spared circuits after SCI, activation of latent pathways (Zhou et al., 2001b; Zimmer et al., 2007), as well as anatomical plasticity (e.g., the formation of novel neural circuits) (Baker et al., 2001; Feldman et al., 2003). Apart from anatomical plasticity, intermittent hypercapnia elicits functional changes in respiratory circuits after SCI (Baker et al., 2001). A summary of studies using hypercapnia to enhance anatomical and functional neural plasticity is provided in Supplementary Table 3.



CLOSING REMARKS

With the mounting clinical and experimental evidence for plasticity after spinal cord injury, tremendous effort is being made to develop treatments that can reduce maladaptive changes, and act synergistically with ongoing adaptive changes, to further optimize the benefits of neuroplasticity. These neural interfacing and activity-based therapies are being extensively clinically tested, which also speaks to their translational relevance. Combining neural interfacing with activity-based therapies has already shown to be effective for promoting recovery of non-respiratory functions (van den Brand et al., 2012), so it is tempting to predict that similar benefits may be achievable for respiratory functions. Even greater benefit may come from combining these approaches with other therapies, such as cellular or biomaterial transplantation, or administration of pro-regenerative compounds, that can promote greater anatomical growth and repair. The future of therapeutic development for respiratory function and plasticity after spinal cord injury holds great promise.
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GFAP GGTGGAGAGGGACAATCTCA TGTGAGGTCTGCAAACTTGG
Sox10 CCAGGCTCACTACAAGAGTGC CCTGTGGTCTCTGTCTTCACC
B-actin GCTGTGTTGTCCCTGTATGC GAGCGCGTAACCCTCATAGA
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Gene name

Cntf
Nt-3
Banf
Nof
GFAP
Sox9
S100p
GAPDH

Forward sequences (5’ — 3')

TTGTGTCCTGGGACAGTTGA
AGTGTGTGACAGTGAGAGCCTGTGG
ATGCTCAGCAGTCAAGTGCCTTTGG
ACCCAAGCTCACCTCAGTGTCTGG
CGAGTTACCAGGAGGCACTA
GTGCTGAAGGGCTACGACTGGA
GAGAGAGGGTGACAAGCACAA
AGACAGCCGCATCTTCTTGT

Reverse sequences (5’ — 3')

AGTCGCTCTGCCTCAGTCAT
GAGAGTTGCCGGTTTTGATCTCTCC
GCCGAACCCTCATAGACATGTTTGC
CATTACGCTATGCACCTCAGAGTGG
TCCACGGTCTTTACCACAAT
GTTGTGCAGATGCGGGTACTGG
GGCCATAAACTCCTGGAAGTC
CTTGCCGTGGGTAGAGTCAT
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Primer

Forward sequence

Reverse sequence

m-Gapdh
m-NeuroD1
m-Gfap
m-Len2
m-Gbp2
m-Serping1
m-Anax2
m-Thbs1
m-Gpcs
m-5100a10
m-Tmdsft
m-litb
-6

m-Tnf

GGAGCGAGACCCCACTAACA
AAAGCCCCCTAACTGACTGCA
TTCAGCCACACCTTTCCAGC
AACTTGATCCCTGCCCCATCT
GGGGTCACTGTCTGACCACT
ACAGCCCCCTCTGAATTCTT
CAGGACATTGCCTTCGCCTAT
CGTGAGCGATGAGAAGGACA
CGGCCAGACACTTTCATCAGA
CCTCTGGCTGTGGACAAAAT
GCCCAAGCATATTGTGGAGT
TTGAAGTTGACGGACCCCAA
TTCCATCCAGTTGCCTTCTTG
CACAAACCACCAAGTGGAGGA

ACATACTCAGCACCGGCCTC
TCAAACTCGGCGGATGGTT
CCTTAGAGGAGGCCTGGGAG
TTTCTGGACCGCATTGCCT
GGGAAACCTGGGATGAGATT
GGATGCTCTCCAAGTTGCTC
TAGGCCCAAAATCACCGTCTC
CGATCTGTGCTTGGTTGTGC
TGGATTCATCGCTTGTGTCTTG
CTGCTCACAAGAAGCAGTGG
AGGGTAGGATGTGGCACAAG
TGTTGATGTGCTGCTGCGA
CATTTCCACGATTTCCCAGAG
ACAAGGTACAACCCATCGGCT






OPS/images/fncel-14-594170/fncel-14-594170-t001.jpg
Primary antibody Species Company Catalog# Dilution
AQP4 Rabbit Santa Cruz Sc-20812 1:600
BrdU Rat Accurate Chemical YSRTMCA 20680GA 1:600
CDE8 Mouse Abcam Ap31630 1:600
Connexind3 Rabbit Abcam Ap11730 1:800
CSPG Mouse Sigma C8035 1:600
GFP Chicken Abcam Ap13970 1:1,000
GFAP Rabbit Millipore AB5804 1:1,000
GFAP Chicken Millipore AB5541 1:1,000
Ibai Rabbit Wako 019-19741 1:800
Ibai Goat Abcam ADEO76 1:400
NOS Mouse Milipore MABN533 1:400
LCN2 Gt R&D AF1857 1:600
LYBC Rat Abcam AB15627 1:800
MAP2 Chicken Abcam AB5392 1:400
MBP Chicken Millipore AB9248 1:400
NeuN Rabbit Millipore ABN78 1:1,000
NeuroD1 Mouse Abcam ABBO704 1:600
NG2 Mouse Milipore MAB5384 1:400
RFP Rat Antibodies-online.com ABINS34653 1:1,000
$100b Mouse Abcam APE6028 1:800
sMiz2 Mouse Biolegend 801701 1:1,000
sMi312 Mouse Biolegend SMI212R 1:1,000
sv2 Mouse DSHB sv2 1:1,000
VGlut] Rabbit Synaptic system 1:1,000
GADBT Mouse Millipore MAB5406 1:1,000
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Axon length Axon nodes Dendrite length Mean dendrite length Dendrite nodes Number of dendrites

Sorted GABAergic neurons 183%(") 237, 6%(") 215%(") 168, 9%(") 433% 127, 2%
Sorted glutamatergic neurons 161, 7% 170% 149, 4% 124, 3% 133, 32% (n.s.) 107, 28% (n.s.)

Values are given in % of untreated control cells. Asterisks behind effects on GABAergic neurons indicate statistical significance over effects on glutamatergic neurons (p < 0.05). n.s.:
not significant effects within glutamatergic neurons.
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Pten Deletion Promoted axon regeneration Promoted neuronal survival Park et al. (2008)
Socs3 Deletion Promoted axon regeneration Promoted neuronal survival Srith et al. (2009)

K4 Deletion Promoted axon regeneration Moore et al. (2009)
Thbs1 Overexpression Promoted axon regeneration Bray et al. (2019)
Metti14 Knockdown Attenuated axon regeneration Attenuated neuronal survival Weng et al. (2018)
Mdm4 Deletion Promoted axon regeneration Joshi et al. (2015)
Sox11 Overexpression Promoted axon regeneration Killed 0-RGC Norsworthy et al. (2017)
Lin28 Overexpression Promoted axon regeneration Wang et al. (2018)
Dclk2 Overexpression Promoted axon regeneration Promoted neuronal survival Nawabi et al. (2015)
Armex1 Overexpression Promoted axon regeneration Promoted neuronal survival Cartoni et al. (2016)
Mp Overexpression Promoted axon regeneration Levin et al. (2019)

p53 Overexpression Promoted axon regeneration Ma et al. (2019)

Tet1 Knockdown Attenuated axon regeneration Weng et al. (2017)
Socs4 Knockdown Promoted axon regeneration Sekine et al. (2018)
Rab27b Deletion Promoted axon regeneration Sekine et al. (2018)
Rheb1 Overexpression Promoted axon regeneration Lim et al. (2016)

cntf Overexpression Promoted axon regeneration Promoted neuronal survival Pernet et al. (2013a)
Stat3 Activation Promoted axon regeneration Luo etal. (2016)

Opn4 Overexpression Promoted axon regeneration Lietal. (2016)

Akt Activation Promoted axon regeneration Promoted neuronal survival Guo et al. (2016)
Gskab Deletion Promoted axon regeneration Leibinger et al. (2017)
Eif265 Activation Promoted axon regeneration Guo et al. (2016)

hiL-6 Expression Promoted axon regeneration Promoted neuronal survival Leibinger et al. (2016)
c-myc Overexpression Promoted axon regeneration Promoted neuronal survival Belin et al. (2015)

Dk Deletion Attenuated axon regeneration Watkins et al. (2018)
sek1 Activation Promoted axon regeneration Yang et al. (2014)
Eifdebp Deletion Promoted neuronal survival Yang et al. (2014)

Rtca Deletion Promoted axon regeneration Song et al. (2015)

KIR Knockdown Promoted axon regeneration Promoted neuronal survival Apara et al. (2017)
sic30a3 Deletion Promoted axon regeneration Promoted neuronal survival Lietal. (2017)

Hdacs Dephosphorylation Promoted axon regeneration Promoted neuronal survival Pita-Thomas et al. (2019)
Hsp70 Overexpression Promoted neuronal survival Kwong et al. (2015)
Dusp14 Deletion Promoted neuronal survival Galvao et al. (2018)
Wht3a Application Promoted axon regeneration Promoted neuronal survival Patel et al. (2017)
mir-135 Mirics Promoted axon regeneration van Battum et al. (2018)
Crmp2 Activation Promoted axon regeneration Leibinger et al. (2017)
Ped34 Application Promoted axon regeneration Promoted neuronal survival Vigneswara et al. (2015)
Rkip Overexpression Promoted axon regeneration Promoted neuronal survival Wei et al. (2015)

Beraf Overexpression Promoted axon regeneration 0O’Donovan et al. (2014)
Nm1 Overexpression Promoted axon regeneration Promoted neuronal survival Sharma et al. (2015)
Ddit3 Deletion Promoted neuronal survival Hu et al. (2012)

Xbp1 Overexpression Promoted neuronal survival Hu et al. (2012)

p75ntr Suppression Promoted axon regeneration Uesugi et al. (2013)
Rind Overexpression Enhanced axonal growth Attenuated neuronal survival Pernet et al. (2012)
Arg2 Deletion Enhanced axonal sprouting Promoted neuronal survival Xuetal. (2018)

NoR Deletion Promoted axon regeneration Su et al. (2009)

Lpin1 Knockdown Promoted axon regeneration Yang et al. (2020)
Lgals3 Deletion Promoted neuronal survival Abreu et al. (2017)

it Deletion Promoted axon regeneration Promoted neuronal survival Linetal. (2012)

NFB Activation Promoted neuronal survival Dvoriantchikova et al. (2016)
Crtacib Overexpression Promoted axon regeneration Hirokawa et al. (2017)
Efmb3 Deletion Promoted axon regeneration Duffy et al. (2012)

Bag! Overexpression Promoted axon regeneration Promoted neuronal survival Planchamp et al. (2008)
shp Knockdown Promoted axon regeneration Fujita et . (2011)
Dock3 Overexpression Promoted axon regeneration Namekata et al. (2010)
Uen Overexpression Promoted axon regeneration Promoted neuronal survival Tran et al. (2019)

Timp2 Overexpression Promoted axon regeneration Promoted neuronal survival Tran et al. (2019)

Crhbp Deletion Promoted axon regeneration Promoted neuronal survival Tran et al. (2019)
Mmp9 Deletion Promoted axon regeneration Promoted neuronal survival Tran et al. (2019)
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Manipulation Time Assessment of regenerating axons Reference
Pten deletion 4weeks Unti the optic chiasm Park et al. (2008)
Hyper-IL-6 expression 6 weeks Within the optic chiasm and the contralateral optic Leibinger et al. (2016)
nerve
SOX11 overexpression 4weeks -4 mm Norsworthy et al. (2017)
KLF9 knockdown 2 weeks Within the optic chiasm and the contralateral side Apara etal. (2017)
Glia-targeting AAV.DH-CNTF 8 weeks Unti the optic chiasm Pernet et al. (2013a)
B-RAF expression/Pen deletion 2 weeks -85 mm O'Donovan et al. (2014)
DCLK2 overexpression/Pten deletion 2 weeks Unti the optic chiasm Nawabi et al. (2015)
Pten and Socs3 co-deletion (Pre-chiasm lesion) 8 weeks Within the core region of SCN and functionally active Lietal. (2015)
synaptic connections
RHEB1 overexpression/Blased visual 3weeks Within multiple subcortical visual targets and partial Lim et al. (2016)
stimulation recovery of visual function
Zinc chelation/Pten deletion 12 weeks Across the optic chiasm Lietal. (2017)
SOX11 overexpression/Pten deletion 7 weeks Across the optic chiasm and within the optic tract Norsworthy et al. (2017)
Bax knockout/Delayed CNTF overexpression 8 + 8 weeks Within the optic chiasm and the SCN Yungher et al. (2017)
Zinc chelation/Kifo knockdown 6 weeks Within the optic chiasm and the ipsilateral optic tract Trakhtenberg et al. (2018)
Zymosan/cAMP/Pten deletion 6 weeks Within the optic chiasm and the LGN Kurimoto et al. (2010)
10-12 weeks Within the major visual targets (the SCN, OPT, MTN, de Lima etal. (2012)
LGN, and SC) and partial recovery of visual function
10-12 weeks Within the optic tract and the SCN (3D projectior) Luo etal. (2013)
12 weeks Within the contralateral SCN, dLGN and SC Goulart et al. (2018)
Pten and Socs3 co-deletion/CNTF 4weeks Across the optic chiasm and within the SCN Sunetal. 2011)
overexpression
Pten knockdown/cAMP/ CNTF overexpression  4-6 weeks Within the optic tract and the SCN (3D projectior) Yungher et al. (2015)
STATS and MEK co-activation/Pten deletion 10 weeks Across the optic chiasm and within the brain (3D Luo et al. (2016)
projection)
CRMP2 and GSK3 co-activation/Lens injury 3weeks Unti the optic chiasm Leibinger et al. (2017)
c-Myc and ONTF co-overexpression/Prenand 4 weeks Across the optic chiasm and within the optic tract Belin et al. (2015)

Socs3 co-deletion

(Whole-mount analysis)
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Primary antibody Species and clonality Manufacturer Dilution
Ibat Rabbit polycional Proteintech, cat. no. 10904-1-AP 1:200
Dotblecortin Goat polyclonal Santa cruz biotechnology, cat. no. sc-8066

Tujt Chicken polycional Aves, cat. no. TUJ

Nestin Chicken polycional Aves, cat. no. NES

GFAP Chicken polycional Aves, cat. no. GFAP

TMEM119 (extracelular) Mouse monoclonal BioLegend, cat. no. 853302

sOX2 Goat polyclonal Santa cruz biotechnology, cat. no. sc-17320

MGIURS Chicken polycional Aves, cat. no. ER5

NeuN Mouse monoclonal Millipore-sigrma, cat. no. MAB377

Kie7 Rabbit monoclonal Abcam, cat. no. ab16667

PAX6 Mouse monoclonal DSHB, RRID AB_528427

GADE7 Chicken polycional Aves, cat. no. GAD

PSD95 Rabbit polycional Proteintech, cat. no. 20665-1-AP

MAP2 Chicken polyclonal Aves, cat. no. MAP

Synaptophysin Mouse monoclonal Dako, cat. no. MO776

Note: The PAXE mouse monoclonal antibody was depasited to the Developmental Studies Hybridoma Bank (DSHB) by Kawakami.
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Experiment
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Western blot, brain ctl 4

PTPo 4
Western blot, spinal cord ctrl 5

PTPo 4
Immunofluorescence/Histochemistry — Ctrl 4

PTPo 3

*Transfection efficiency was assessed using the FLICA 4 week post-TX cohort. ®Animal sample size represents animals followed longitucinally before the injury and from 4 to 10 weeks

or 1 to 10 weeks post-TX.
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Region/Disease model Cell source Reprogramming factors Functional properties of the References
induced neurons

Cortex/Stab injury; AD Glia Neurod 1 Functional synapses with surrounding Guo et al. (2014)
neurons

Cortex/Stab injury NG2 glia Sox2 Synaptic inputs from innate neurons Heinrich et al. (2014)
near the injury site

Cortex/Stab injury Glia Neuroge; Bc-2; a-Tocotrienol Complex morphology Gascon et al. (2016)

Cortex/Controlled cortical impact injury Glia Octd; Kif4; Sox2c-Myc Electrophysiology; network-integration;  Gao et al. (2016)
reduction of tissue cavity

Cortex/Stab injury Astrocytes Neurod1 Brain repair with a reduction of tissue Zhang et al. (2018)
loss

Cortex/Stab Ijury Astrocytes Neurog2; Nurr1 Cortical layer-specific identity; synaptic ~ Mattugini et al. (2019)
connections; long axonal projections

Cortex/Ischemic injury Astrocytes Neurod 1 Synaptic connections; long-range Chen et al. (2020)
axonal projections; improvernent of
motor and cognitive functions

Striaturn/injection injury Astrocytes sox2 Electrophysiology; network integration Niu etal. (2018)

Striaturn/6-OHDA lesion
Striatum/njection injury
Striaturrvinjection njury

Striatum; midbrain/6-OHDA
Striatum/PD

Striaturm/PD
Striaturrvinjection njury

Striaturrvinjection njury

Striatum; Cortex/Stab injury; ischernia

Dorsal midbrain; Striatum; Cortex/Stab or injection injury

Dertate gyrus/AD

Spinal cord/sCl
Spinal cord/SCl

Retina/Retinal injury
Retina/Retinal injury

Retina/Congenital blindness

Human ermbryonic
fibroblasts/human fetal lung fibroblast
Astrocytes

NG2 glia

NG2 glia
Astrocytes

Astrocytes

Striatal neurons
Microgia
Non-netronal cells
Astrocytes

Astrocytes

Astrooytes
Astrocytes

Miller glia
Miller glia

Miller glia

Asclt; Bm2a; Myt1!
SOx2

Asclt; Lmx1a; Nurr1

Asdl1; LmxTa; NurrT; etc.
NeurodT; Ascl; Lmx1a;
miR218

Asdl1; Pitx3; Lmx1a; Nurr1

SOX2; NURRT; FOXA2;
LMX1A; Valproic acid
Neurod1

Neuroge; growth factors
Asdll
microRNA-302/367

SOx2
SOx2

Asdl1
Asclt; Trichostatin-A

-catenin; Obxe; Cr; Nif

Innervation into host tissues

Network-integration with inputs from
presynaptic neurons

Innervation from pre-existing local
airouitry

Electrophysiology; network integration
Blectrophysiology; rescue of
spontaneous motor behavior
Electrophysiology; rescue of
Parkinsonian phenotypes
Electrophysiology; network integration

Integration into brain circuits with
synaptic connections.

Region-specific differentiation
Electrophysiology; network integration
Electrophysiology; improvement of
spatial learning and mermory
Synapse-forming intemeurons
Synaptic connections with local
neurons

Amactine, bipolar, or photoreceptors
Inner retinal neurons; synapses with
host retinal neurons; response to light
Rod photoreceptors; restoration of
visual responses

Torper et al. (2013)
Niu etal. (2015)
Torper et dl. (2015)

Pereira et al. (2017)
Rivetti di Val Cervo et al. (2017)

Yoo etal. (2017)
Niu etal. (2018)
Matsuda et al. (2019)
Grande et al. (201)
Liu et al. (2015)

Ghasemi-Kasman et al. (2018)

Suetal. (2014)
Wang L. L. et al. (2016)

Ueki et al. (2015)
Jorstad et al. (2017)

Yao et al. (2018)
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