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Summary: Unlike mammals, regenerative model organisms such as amphibians and fish are capable of spinal cord regeneration after injury. Certain key differences between regenerative and nonregenerative organisms have been suggested as involved in promoting this process, such as the capacity for neurogenesis and axonal regeneration, which appear to be facilitated by favorable astroglial, inflammatory and immune responses. These traits provide a regenerativepermissive environment that the mammalian spinal cord appears to be lacking. Evidence for the regenerative nonpermissive environment in mammals is given by the fact that they possess neural stem/progenitor cells, which transplanted into permissive environments are able to give rise to new neurons, whereas in the nonpermissive spinal cord they are unable to do so. We discuss the traits that are favorable for regeneration, comparing what happens in mammals with each regenerative organism, aiming to describe and identify the key differences that allow regeneration. This comparison should lead us toward finding how to promote regeneration in organisms that are unable to do so. C 2013 Wiley Periodicals, Inc. genesis 51:529–544. V Key words: spinal cord injury; neurogenesis; axonal regeneration; glial scar; inflammation; immune response



INTRODUCTION “Regeneration is rebirth or restoration of a lost or damaged part (large segments of the body, organs, parts of organs, tissues, cells, parts of cells) of the body, and in our case, of the animal body.” “In order to study why regeneration of organs does not occur in those animals which do not possess regenerative capacity, it is necessary to know how the



process of regeneration occurs in animals which do possess regenerative capacity.” —L.V. Polezhaev, “Loss and Restoration of Regenerative Capacity in Tissues and Organs of Animals” (Polezhaev, 1972) Approximately 1.2 million people in the U.S. are paralyzed due to spinal cord injury (SCI), mainly because of motor vehicle or work accidents (Christopher & Dana Reeve Foundation). This type of injury causes loss of motor function below the injury site resulting in paraplegia or quadriplegia depending on the level of the injury. Other symptoms include loss of bladder, bowel and sexual function, chronic pain, autonomic dysreflexia, amongst others, severely impairing quality of life (Thuret et al., 2006). In humans SCI is almost irreversible because of the low regenerative capability mammals have. As no effective method has been developed yet to restore the irreversibility of this type of injury, the study of spinal cord regeneration becomes relevant. In mammals, cellular and molecular events that occur after SCI can be classified into two stages: primary damage, which entails the disruption of meninges, hemorrhage, and massive death of neurons, oligodendrocytes and astrocytes, and secondary damage, which is mainly triggered by the recruitment of inflammatory cells and reactive astrocytes (Horky et al., 2006). The latter leads to further cell death through apoptosis, resulting in loss * Correspondence to: Juan Larraın, Faculty of Biological Sciences, P. Universidad Cat olica de Chile, Alameda 340 Santiago, 8331150, Chile E-mail: [email protected] Contract grant sponsor: Millennium Nucleus for Regenerative Biology P07-011-F (to J.L.), Contract grant number: PFB12/2007 Published online 12 June 2013 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/dvg.22406
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of oligodendrocytes and therefore myelin. The process ends with the formation of a glial scar, causing a physical barrier for axonal regeneration (Horky et al., 2006; Thuret et al., 2006). As mammals have such a limited regenerative capability in the CNS, the study of spinal cord regeneration in nonmammalian vertebrate model systems capable of functional recovery after SCI becomes relevant. Teleost fish and urodele amphibians (amphibians with tails, like salamanders) are able to regenerate the spinal cord throughout their lifespan, whereas anuran amphibians (tailless, like the African clawed frog, Xenopus laevis) are capable of spinal cord regeneration only as larvae, and completely loose this ability after metamorphosis. Current evidence shows that processes such as neurogenesis, axonal regeneration, glial scar formation, inflammation and immune response could be involved in the high regenerative capacity shown by these organisms. We will address these topics in this review, comparing the mammalian response to spinal cord injury to the nonmammalian response. Understanding the cellular and molecular mechanisms of spinal cord regeneration in regenerative model organisms should help us understand why this process fails in mammals, and to eventually contribute to improve regeneration in mammals. Experimental Methods for the Study of Spinal Cord Regeneration The most widely used experimental methods for the study of spinal cord regeneration are tail amputation, spinal cord transection and resection, and compression and crush injuries (Fig. 1). Tail or caudal amputation refers to the complete removal of the caudal portion of the tail (Fig. 1a). After performing this type of injury in urodele amphibians and anuran larvae, the spinal cord is readily regenerated together with the whole tail, giving rise to functional recovery of the lost structure (Holtzer, 1956; Polezhaev, 1972; Filoni et al., 1984; Lin et al., 2007; Slack et al., 2008; Tanaka and Ferretti, 2009). In Xenopus tadpoles, caudal amputation was used to show that each tissue in the regenerated tail arises from its pre-existing tissue in the remaining tail, without lineage switching (Gargioli and Slack, 2004). This makes the process more akin to tissue renewal in mammals. Although the use of tail amputation has been useful in understanding the mechanisms of spinal cord regeneration in amphibians, a significant criticism to the model is that regeneration of the whole structure of the tail is far from what happens when the spinal cord is injured in humans, which do not have a tail. Transection and resection emerge as injury paradigms that are more akin to what happens in humans. Spinal cord transection refers to a transverse cut that completely severs the spinal



cord, whereas resection refers to the removal of a segment of the spinal cord, leaving a significantly wider gap between rostral and caudal stumps (Fig. 1b,c) (Michel and Reier, 1979; Clarke et al., 1988; Beattie et al., 1990). In urodele amphibians, it has been used to reveal the lack of a glial scar after SCI, which in mammals has been proposed as a major extrinsic inhibitory signal for regeneration (see glial scar formation section) (Chernoff and Stocum, 1995). Transection experiments in teleost fish revealed that most neurons with cut axons survive after damage, and that regenerated axons originate primarily from these neurons (Becker et al., 1997). However, these models have not been widely used in the last decade, with transection only recently starting to emerge again (Becker and Becker, 2001; Reimer et al., 2008; Zukor et al., 2011; Gaete et al., 2012). These models will most likely prove useful when comparing nonmammalian model systems to mammalian organisms. Compression or crush injuries are widely used in mammalian models (Fig. 1d,e) (Thuret et al., 2006), and have also been used in fish (Hui et al., 2010). Out of the three experimental paradigms presented here, it resembles human accidents the most, as nerve tract degeneration differs when comparing a transection injury to one caused by compression. In the former, nerve tracts are severed immediately after injury, whereas after compression or crush, axonal degeneration is mainly caused by secondary damage (Thuret et al., 2006). The main problem observed with these injury models is the difficulty in making the lesion as reproducible as transection, resection or tail amputation, because of the lack of a standard protocol for each species indicating compression time, and compression weight. Neurogenesis and Axonal Regeneration As mentioned previously, spinal cord injury (SCI) leads to massive cell death (Horky et al., 2006) and severed axons. Thus, regeneration requires the generation of sufficient new neurons and glia, as well as the ability of either newly generated or surviving neurons to grow axons that succeed in reinnervating the correct targets (Ferretti et al., 2003). Neurogenesis in the intact and injured central nervous system. The term neurogenesis has been used to refer to generation of nervous system cells (neurons and glia) as well only to the generation of new neurons (Caviness et al., 1995; Nowakowski et al., 2002; Kriegstein and Alvarez-Buylla, 2009; Zupanc and S^ırbulescu, 2011). We will use the latter definition for this review. Neurogenesis occurs extensively during development, and it is now accepted that it also occurs in some areas of the CNS in most vertebrate species during adulthood. However, postnatal neurogenic sites differ amongst species. For example, in mammals neurogenesis occurs in the hippocampus and olfactory
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FIG. 1. Experimental models for the study of spinal cord regeneration. a: Tail or caudal amputation. The caudal segment of the tail is cut and removed, completely cutting the spinal cord. This model is used for urodele amphibians and anuran larvae. b: Transection. A single cut that completely severs the spinal cord is performed. c: Resection. A whole segment of the spinal cord is removed leaving a wider gap between rostral and caudal stumps when compared to transection. d: Compression. A weight is used to cause a compression injury by letting it fall onto the spinal cord. This procedure is usually preceded by laminectomy (procedure that cuts vertebrae open so that the spinal cord tissue is exposed). e: Crush. The injury is caused by pressing the spinal cord using a pair of forceps. Laminectomy is required.



bulb, while in urodele amphibians and fish it also occurs in the spinal cord (Altman and Das, 1965; Kaplan and Hinds, 1977; Kaslin et al., 2008; Ferretti, 2011). A great effort has been placed into determining the identity of progenitor cells that give rise to new neurons in both mammalian and nonmammalian organisms. Radial glia along the ventricular and subventricular layer of the developing CNS act as neural stem and progenitor cells (NSPC) in the embryo. However, in mammals radial glia cease to be observed shortly after birth (Merkle et al., 2004). During adulthood, cells bearing astrocyte-like characteristics such as multiple processes and GFAP-rich intermediate filaments have been shown to act as NSPC in the subgranular layer (SGL) of the dentate gyrus (hippocampus), and in the subventricular zone (SVZ) of the lateral ventricle (Kriegstein and Alvarez-Buylla, 2009). Although radial glia lining the ependymal canal also act as NSPC in the embryonic mammalian spinal cord, these are also lost within the early postnatal period (Kriegstein and Alvarez-Buylla, 2009). Few proliferating cells can be found in the intact spinal cord (Horner et al., 2000). After injury, the proliferation rate increases, especially that of ependymal cells, although in both the intact and injured spinal cord only glia are formed (Fig. 2) (Johansson et al., 1999; Meletis et al., 2008; BarnabeHeider et al., 2010). However, these ependymal cells are able to form neurospheres that differentiate into all nervous system lineages in vitro, suggesting a latent neural stem cell potential and that the spinal cord environment is nonpermissive for differentiation into neurons. This is further supported by the fact that spinal cord progenitors that proliferate in response to FGF-2



in vitro give rise to neurons when transplanted to the hippocampus, but not when transplanted to the spinal cord (Shihabuddin et al., 2000). Thus, the concept of permissive (hippocampus) and nonpermissive (spinal cord) environments for regeneration arises. We will address this concept again at the end of this section. In contrast to mammals, postnatal spinal cord neurogenesis occurs in several nonmammalian model organisms, including adult fish and urodele amphibians. Neurogenesis has been proposed as a mechanism through which the spinal cord is reconstructed after injury in regenerative organisms (Tanaka and Ferretti, 2009). Neurogenesis in the adult spinal cord of the electrical teleost fish Apteronotus (Sternachus) albifrons occurs both under homeostatic conditions (Anderson and Waxman, 1985), as well as after caudal amputation, as shown by [3H]thymidine labeling and colocalization with neuronal markers in the regenerated tail. Noteworthy, new electromotor neurons are generated in excess first, followed by a process of selective neuronal death to remove neurons formed in abnormal locations. Morphological studies have shown that ependymal cells act as neuronal progenitors in A. albifrons during tail regeneration (Anderson and Waxman, 1981, 1985), and in vitro (Anderson et al., 1994). There is also neurogenesis in the zebrafish spinal cord after spinal cord transection, where around 8% of proliferating cells differentiate into new motor neurons near the lesion site (Reimer et al., 2008). In this work the authors suggest that at least some (but not all) of the newly generated neurons arise from Olig21 radial glial cells present in the ependymal layer. These radial glia are often referred to as “ependymoglia,” to distinguish them from radial glia present during development.
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FIG. 2. Generation of new cells in the spinal cord after injury. a: Mammals. Cells lining the ependymal canal have been identified to behave as neural stem/progenitor cells (NSPCs), but are only able to give rise to astrocytes (mainly) and oligodendrocytes. No new neurons are generated in the spinal cord after injury. It is important to mention that the identity of NSPCs remains unknown, given the heterogeneity of the cells lining the ependymal canal (ependymal cells), where only some of them seem capable of behaving as NSPCs. b: Non-mammals. NSPCs give rise to neurons in addition to astrocytes and oligodendrocytes. Furthermore, some ependymal cells might give rise to "substrate cells" which provide a permissive environment for regeneration. The identity of substrate cells remains unknown, although ependymal cells and meningeal cells have both been shown to act as glial bridges for axonal regeneration, and our results show that they are Sox2 positive (unpublished results from our laboratory).



Urodele amphibians like the mature axolotl (>7.5 cm) and the adult newt show limited cell proliferation in the intact spinal cord, but are capable of neurogenesis in the spinal cord after tail amputation (Holder et al., 1991; Zhang, 2000; Ferretti et al., 2003). Ependymal cells in the mature urodele spinal cord show morphological similarities to radial glia during development, such as the maintenance of a process that contacts the pia mater (Schonbach, 1969; Holder et al., 1990; Ferretti et al., 2003). After tail amputation in newts, cells lining the ependymal canal incorporate BrdU, and longterm labeling and colocalization with the neuronal marker NSE (neuron-specific enolase) suggests that these cells may correspond to neural stem cells (Benraiss et al., 1999). Recent work from the Tanaka group shows that after both clonal and nonclonal neurospheres isolated from a donor EGFP transgenic axolotl spinal cord could be transplanted into a wild-type recipient animal, integrating seamlessly and generating all



spinal cord cell types (McHedlishvili et al., 2012). This is in contrast to what happens in mammals (as previously mentioned, Shihabuddin et al., 2000), where neurospheres transplanted into the spinal cord only give rise to glia. It remains to be determined whether the response observed in the axolotl is due to intrinsic factors in the transplanted NSPC or due to extrinsic factors, like the permissive environment present in the urodele spinal cord. During Xenopus development, neurogenesis occurs first during gastrulation and neurulation, where primary neurons are born and differentiate, followed by a quiescent period, and a second peak starting around stage 46 (Schlosser et al., 2002). This new bout of neurogenesis will allow the consequent remodeling of the nervous system needed during metamorphosis, as the tail is reabsorbed and the emerging limbs are innervated (Denver et al., 2009). A marked upregulation of thyroid hormone receptor alpha precedes this larval
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neurogenic burst, including upregulation throughout the spinal cord and dorsal root ganglia. This is in agreement with the fact that the thyroid hormone promotes neurogenesis in Xenopus tadpoles (Schlosser et al., 2002). As mentioned previously, Xenopus tadpoles are able to regenerate a complete and functional tail after amputation. The regenerated tail contains a full-length spinal cord, which contains regenerated axons, as well as dorsal sensitive neurons from the Rohon-Beard, ventral motor neurons, and lateral ganglionic neurons (Filoni and Bosco, 1981). While the presence of new neurons in the regenerated tail indicates that neurogenesis has taken place, the identity of Xenopus larval spinal cord progenitor cells remains unknown. Although capacity for adult neurogenesis correlates with the regenerative ability of each species, whether it is required for functional recovery remains unknown. Teleost fish usually regain their swimming ability before structural recovery is complete, and the latter may never be achieved perfectly (S^ırbulescu and Zupanc, 2011). We have previously shown that ependymal cells expressing Sox2 are required for spinal cord and tail regeneration in Xenopus (Gaete et al., 2012), but the question of whether these cells generate new neurons or play another unknown role remains a future challenge. Why is there neurogenesis in these organisms, and why is this not observed in mammals if they possess progenitor cells? Or, more importantly, why are progenitors from regenerative organisms able to give rise to new neurons, while mammalian progenitors give rise to astrocytes and oligodendrocytes only (Fig. 2)? Certain cues such as apoptosis or neural injury have been shown to activate proliferation and migration of stem/progenitor cells from their niche (Ferretti, 2011). In the adult urodele spinal cord, the number of cycling ependymal cells is normally very low, but rapidly increases after tail amputation (Zhang, 2000; Zhang et al., 2003), while postnatal neurogenesis has not been shown to occur in the unharmed anuran spinal cord yet (Ferretti, 2011). Other issues to consider are that during development, neurons develop together with all other immature cell types, whereas in adult neurogenesis, there is a need for guidance, such as in the rostral migratory stream, which has migratory channels for neuroblasts to reach the olfactory bulb (Ghashghaei et al., 2007). Ependymal cells could possibly provide this scaffold in lower vertebrates (Singer et al., 1979), which leads us again to the concept of permissive and nonpermissive environments. It was previously mentioned that in an adult mammalian model, spinal cord progenitors isolated by inducing proliferation with FGF-2 in vitro were able to give rise to neurons when transplanted into the hippocampus but not in the spinal cord. What makes an environment favorable for neurogenesis? Are ependymal cells
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providing a permissive scaffold for regeneration in the spinal cord of lower vertebrates, and also in the adult mammalian brain? How is the mammalian spinal cord environment different from these two, inhibiting neurogenesis? All of these questions remain unanswered. However, it becomes evident that the environment plays a key role in adult neurogenesis during spinal cord regeneration. Axonal regeneration after spinal cord injury. Axonal regeneration is the process where an injured axon either regrows from its cut end or generates lateral growths that will innervate an interneuron, which may or may not reach the neuron’s originally intended target. It should not be confused with axonal sprouting, which refers to an uninjured axon and the generation of collateral growths from it to innervate the intended target of an injured axon (Tuszynski and Steward, 2012). Peripheral nervous system (PNS) axonal regeneration occurs during adulthood in mammals. CNS capacity for axonal regeneration is only present in embryos and during the early postnatal period (Avci et al., 2012). However, it has been shown that a portion of sciatic nerve grafted into the spinal cord promotes growth of CNS axons, suggesting that the graft provides a favorable environment for axonal regeneration (David and Aguayo, 1981; Benfey and Aguayo, 1982). Therefore, the concept of permissive and nonpermissive environments for regeneration arises not only for neurogenesis but also for axonal regeneration. After complete spinal cord transection in regenerative model systems, the association between regenerating axons and emerging ependymal cells has been proposed to contribute to axonal regeneration. It was first proposed using tail amputation in the lizard and the Triturus urodele amphibian. Ependymal cells were observed to emerge from the cut end before axonal outgrowth, which led the authors to suggest that these cells may provide a permissive substrate for neurite growth (Simpson, 1968; Egar et al., 1970; Egar and Singer, 1972; Nordlander and Singer, 1978). The formation of glial-ependymal ‘bridges’ following spinal cord transection has also been described in the goldfish (Bernstein and Bernstein, 1969), and in the Xenopus tadpole (Michel and Reier, 1979). In the latter study, the nature of the cellular substrate that supports axonal outgrowth during axonal regeneration was examined after spinal cord transection and also after resection. At 5 days post transection, axonal sprouts were frequently observed lying adjacent to ependymal processes. Similarly, 12 days following resection of a 1 mm segment of the spinal cord, a row of ependymal cells was observed within the ablation zone. Small groups of fibers were shown to grow following the surfaces of cells accompanying ependymal outgrowth throughout the gap.
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A more recent study in newts assigned a key role to meningeal cells in axonal guidance as well (Zukor et al., 2011). Axons growing from stumps were associated with both meningeal and endothelial cells. In another recent study in zebrafish, migration of glial cells into the lesion site and differentiation into a bipolar morphology was observed after spinal cord transection. This process was shown to be dependent on FGF signaling, and to occur before axonal regeneration across the lesion site. Inhibition of FGF signaling and consequently of glial bridge formation also impaired axonal regeneration across the lesion gap (Goldshmit et al., 2012). In a study performed by our group, it was shown that a population of ependymal cells expressing Sox2 colonizes the ablation gap after spinal cord transection in Xenopus tadpoles (Gaete et al., 2012). We have proposed that Sox21 cells could migrate to restore the continuity of the ependymal epithelium, and our results show an association of these cells with growing axons (unpublished results from our laboratory), suggesting that they may provide a substrate for axonal growth. This hypothesis is supported by evidence in PNS whereby Schwann cells have been shown to dedifferentiate after transection re-expressing Sox2. This is believed to cause Schwann cell clustering through the rearrangement of N-Cadherin molecules. Thus, this clustering forms “multicellular cords” that guide axonal regeneration across the lesion site (Parrinello et al., 2010; Sarkar and Hochedlinger, 2013). Although axonal regeneration has been proposed to depend upon neuron extrinsic factors such as glial bridge formation, it could also involve intrinsic factors. A recent study by the Tuszynski group (Lu et al., 2012) shows that after transplantation of neural stem cells from embryonic/fetal tissues into a completely transected mouse spinal cord, a large number of axons extended over long distances across the lesion site. The capacity of neurons to extend axons in this regenerative inhibiting environment suggests that neuron intrinsic factors must also be involved in overcoming inhibitory signals. An important question is to identify the signals that change the CNS environment from permissive to nonpermissive during development and metamorphosis. A possible candidate is the thyroid hormone. In mice, the loss of CNS regenerative ability coincides with a peak in thyroid hormone during the end of embryonic development and postnatal development (Avci et al., 2012; Gaete et al., 2012). Premature exposure to T3 causes an early loss of axonal regeneration capacity, whereas the absence of this hormone delays this loss (Avci et al., 2012). In the same line, Xenopus loses its regenerative ability as it enters metamorphosis to change from a tadpole into a frog (Holder et al., 1990; Gibbs et al., 2011). Metamorphosis is a process driven by increasing circulating levels of thyroid hormone, and it has been shown



that early exposure to it leads to premature impairment of axonal regeneration, while inhibition of the thyroid hormone delays this process (Gibbs et al., 2011). NSPC are present in the spinal cord of mammals and regenerative organisms, and although cells lining the ependymal canal (ependymal cells) have been proposed to act as NSPC, their identity remains unknown. Although in mammals these progenitors only give rise to glia, in regenerative organisms they give rise to both glia and neurons (Fig. 2). The lack of neurogenesis and axonogenesis in mammals could be due in part to the lack of cells that provide a permissive substrate for regeneration (Figs. 2 and 3), but also to neuron-intrinsic factors. Although it is not yet clear if both neurogenesis and axonal regeneration are necessary for successful spinal cord regeneration, the evidence presented so far strongly suggests that these are advantageous traits and could aid regeneration. Conversely, the presence of endogenous cells able to give rise to more than one cell lineage in vivo, such as ependymal cells, which are capable of generating neurons in vitro suggests that they could eventually be stimulated toward a neurogenic lineage. Understanding the mechanisms through which this is achieved in regenerative organisms could help us find a way to activate endogenous progenitors in mammals to promote regeneration. Astrocyte Response and Glial Scar Formation The glial scar has been considered as the main extrinsic impediment for axonal regrowth and functional recovery after CNS injury for more than 100 years (Sofroniew, 2009). After SCI in mammals, a glial scar is formed, frequently in conjunction with a fluid-filled cyst (Fig. 3a–c) (Horky et al., 2006). This glial reaction occurs through the recruitment of microglia, oligodendrocyte precursors, meningeal cells and astrocytes to the lesion site (Yiu and He, 2006), which usually become hypertrophic, adopting a reactive phenotype (Sofroniew, 2009; Zamanian et al., 2012). An inhibitory gradient in the lesion site is formed by a profound change in gene expression, including an increase in intermediate filaments such as glial fibrillary acidic protein (GFAP), vimentin and nestin. In addition, astrocytes release both pro- and anti-inflammatory cytokines such as TGFb, TNF-a, IFN-g and interleukins (IL-1 and IL-6), modulating inflammation and secondary injury mechanisms (McKeon et al., 1999). Beneficial and detrimental effects of the glial scar on axonal regeneration in mammals. Astrocytes forming the glial scar exert inhibitory effects through the following mechanisms. First, they secrete ECM components such as chondroitin sulfate proteoglycans (CSPGs), tenascin and collagen, which are all inhibitory for axonal elongation and sprouting (Silver



SPINAL CORD REGENERATION



535



FIG. 3. Glial and immune response after spinal cord injury. a–c: Mammals and (d–e) Nonmammals. Diagram depicting a dorsal view of the spinal cord structure and cellular distribution. a: Before damage in mammals. White matter is shown with continuous axons, properly myelinated. The ependymal canal is continuous lined by cells, which have the potential to behave as neural stem/progenitor cells (NSPCs). b: Early damage in mammals. This corresponds to primary damage usually caused by crush or compression injuries. Some axonal tracts are interrupted while some remain uncut, and the ependymal canal is also damaged. Immune system cell infiltration is observed. c. Late damage in mammals. Secondary damage is observed, where spared axons are now severed and interrupted by the glial scar, containing reactive astrocytes, immune system cells, meningeal cells, and deposition of an inhibitory extracellular matrix. Cells which proliferate include ependymal cells and reactive astrocytes. d. Before damage in nonmammals. A similar setup to the mammalian spinal cord, with the difference that ependymal cells show a basal level of proliferation. e. Early damage in nonmammals. Spinal cord injury is usually performed using transection, completely interrupting axonal tracts. Immune system cell infiltration occurs, and ependymal cell proliferation increases. f. Start of regeneration in nonmammals. At a later time after injury, the ependymal canal starts to regenerate, as well as axonal tracts, which are bridged by substrate cells that aid axonal regeneration. A permissive environment which includes a favorable extracellular matrix deposition in addition to substrate cells is observed. Notes: Oligodendrocyte progenitor cells are not shown for simplicity. A low level of proliferation of astrocytes and oligodendrocyte progenitor cells has also been observed in both mammals and nonmammals in the intact spinal cord, but as levels are low they are not shown.



and Miller, 2004). Second, they express EphA4 (ephrin B3 receptor), which activates Rac/ROCK signaling leading to growth-cone collapse in the spinal cord (Goldshmit et al., 2011). Recent studies also suggest that astrocytes inhibit neuronal differentiation of NSPC through the secretion of insulin-like growth factor binding protein 6 (IGFBP6) and decorin (a CSPG) (Barkho et al., 2006). Furthermore, in vitro and in vivo studies indicate that CSPGs are able to influence properties of oligodendrocyte precursor cells (OPCs), by inhibiting their differentiation into mature oligodendrocytes. This has been shown through in vivo studies, which use chondroitinase ABC to deglycosylate CSPGs removing GAG (glicosaminoglycan) chains, enhancing the migration and differentiation of OPCs after SCI (Siebert and Osterhout, 2011). Reactive astrocytes also block differentiation of adult OPCs by upregulating bone morphogenetic



proteins (BMPs) after SCI, leading to poor remyelination of injured axons. Conversely, blocking signaling through BMP receptor antagonists enhances differentiation of OPCs to mature myelinating oligodendrocytes and attenuates astrocyte differentiation (Wang et al., 2011). Although reactive astrocytes are well known for their inhibitory effect on axonal regeneration, current evidence suggests they also play a critical neuroprotective and reparative role during initial stages of SCI (KarimiAbdolrezaee and Billakanti, 2012). Selective conditional deletion of astrocytes (identified as GFAP positive cells) in adult transgenic mice after brain and spinal cord injury worsens the lesion, as the lack of reactive astrocytes impairs the repair of the blood–brain barrier (BBB), which is needed to regulate leukocyte infiltration (Bush et al., 1999; Faulkner, 2004). Studies advocating the protective role of astrocytes in the CNS show
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that these can lower levels of excitotoxic glutamate through the uptake of the amino acid (Vermeiren et al., 2005). Furthermore, they have been shown to protect from oxidative stress via glutathione production (Lindenau et al., 1998), reduction of vasogenic edema after trauma, and stabilization of extracellular fluid and ion balance in the CNS (Ridet et al., 1997; Sofroniew, 2009; Zador et al., 2009). In a recent study performed in mouse, the Barres group analyzed the transcriptome expressed in reactive astrocytes after two types of damage in the brain, ischemia and neuroinflammation (Zamanian et al., 2012). Although they found that the two types of injury shared a set of differentially expressed genes associated with astrogliosis, expression of several other genes differed dramatically. Reactive astrocytes in ischemia were associated with a protective phenotype due to the expression of neurotrophic factors and cytokines, including CLCF1, LIF, IL-6, and thrombospondins. These have been associated with the formation of new synapses during development (Christopherson et al., 2005). In contrast, LPS-induced reactive astrocytes appeared to be detrimental, through the expression of genes related to the classical complement cascade, including C1r, C1s, C3, and C4. These are involved in synaptic pruning during development, as well as in neurodegenerative diseases (Stevens et al., 2007). The question remains open to whether this differential response is due to differential astrocyte induction or to the existence of more than one subtype of astrocyte. Astroglial response and absence of glial scar formation in nonmammalian model organisms. Studies in spinal cord regeneration after complete transection using nonmammalian model organisms has shown that lampreys, teleost fish and urodele amphibians do not develop a glial scar like that observed in mammals (Wujek and Reier, 1984; O’Hara et al., 1992) (Fig. 3d–f). The role of astroglial cells (we will refer to “astroglia” as astrocytes in any differentiation state, as in many cases this is not clear) in nonmammalian CNS injury is not yet fully understood, as its study has been difficult mainly because of the absence of specific markers of differentiation and reactivity. For example, characterization of astroglial cells is usually performed using the intermediate filament GFAP. As GFAP is also a marker for radial glia, NSPC, and mature astrocytes, it does not allow distinguishing between mature astrocytes and radial glia in amphibians and other species. Despite being cytologically comparable to those in mammals, astroglial cells from fish and amphibians seem to provide a more permissive environment for axonal regeneration after CNS injury (Reier and Webster, 1974; Michel and Reier, 1979; Bohn et al., 1982). Astroglial cells have been characterized under normal conditions as a population of GFAP positive cells in the



spinal cord of urodeles (Zamora, 1978), teleost fish, lamprey (Anderson et al., 1984; S^ırbulescu and Zupanc, 2011) and Xenopus (Yoshida, 2001). In newts, GFAP positive cells have pial endfeet but no luminal contact, and are found in the gray and white matter, unlike ependymal cells, which are vimentin positive (Zamora, 1978). During newt spinal cord regeneration, a transient population of GFAP positive cells is observed in the ependymal area of the rostral stump, and also in the newly formed apical ampulla, accompanied by lower vimentin levels (Margotta et al., 1991). However, in the axolotl, astroglial cells are not present in the regenerating area of the injured spinal cord as shown by GFAP localization (O’Hara et al., 1992; Chernoff, 1996). In newts, inhibitory molecules such as CSPGs are not found in the gray or white matter of the injured spinal cord, although tenascin-C, fibronectin, collagen and laminin are basally expressed in association with meninges and blood vessels (Zukor et al., 2011). Nevertheless, they do not form a barrier in the spinal cord injury site in urodeles (Bernstein and Bernstein, 1967; O’Hara et al., 1992; Zukor et al., 2011). Instead, GFAP positive astroglia are associated with growing axons during regeneration, where GFAP positive processes have been found aligned parallel to the direction of axonal growth. Astroglial cells from fish and urodele amphibians do not appear to become hypertrophic, migrate to the injury site, secrete ECM or form a glial limit or scar. GFAP positive cells play a supportive role because many of their processes are associated with axons during regeneration in the axoltl (Zukor et al., 2011). In fish, reactive GFAP positive astroglial cells are particularly prevalent, showing a wide distribution throughout the regenerating spinal cord (Anderson et al., 1984). As previously mentioned, glial cells do not appear to present an obstacle for axonal elongation in the lesion site of the fish spinal cord, but rather seem to aid it by forming a bridge (Fig. 3f) (Yamada et al., 1995; Goldshmit et al., 2012). As opposed to what happens in mammals, this evidence highlights the interaction of glial cells and axonal regeneration as beneficial rather than detrimental. Recovery in teleost fish is also enhanced by the lack of an increase of inhibitory molecules like CSPGs. For example, in zebrafish, immunoreactivity to chondroitin sulfates does not increase after spinal cord injury (Becker et al., 1997). The larval amphibian spinal cord contains radially oriented astroglial cells, with their soma located in the gray matter, and one or two processes extending radially from the cell body toward the pial surface (Stensaas and Stensaas, 1968a, b). In adult Xenopus, GFAP immunolabeling intensity of glial processes is present in the white matter rather than the gray matter (Miller and Liuzzi, 1986). Vimentin and GFAP positive cells are located differentially in the normal spinal cord: GFAP1
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cells are located in the ventral half of the spinal cord, whereas Vimentin1 cells are preferentially observed in radial processes of the dorsal half. In longitudinal sections, GFAP shows a strong expression in radial processes, unlike Vimentin, which is accumulated in the cell body, suggesting that the expression of intermediate filament proteins can allow us to distinguish between different populations of glial cells in the Xenopus developing spinal cord (Yoshida, 2001). The role of astroglial cells during spinal cord regeneration of premetamorphic and postmetamorphic stages in Xenopus has not been described. In premetamorphic stages, axons crossing the lesion site frequently co-localize with BLBP-positive radial glial fibers, and axons appear to use them to facilitate crossing of the lesion site (Gibbs et al., 2011). However, at postmetamorphic stages, some studies show scar formation at the lesion site, which is associated with a growth-inhibiting environment (Beattie et al., 1990; Lang et al., 1995). The distribution of oligodendrocytes, fibronectin, and GFAP positive cells in the injured spinal cord is consistent with the failure of axons to regrow (Lang and Stuermer, 1996). However, studies in newts and Xenopus tadpoles using enucleation of the optic nerve as a CNS injury model, show astroglial cell activation in response to injury, characterized primarily by hypertrophic astroglia, which extend processes to encompass axonal growth through the injury site (Michel and Reier, 1979). Astroglial cells close to the stumps extend radial processes, which start to form a glia limitans around emerging fibers. In addition, glial cell behavior during optic nerve (ON) regeneration in the same model shows that the number of astroglial cells that invade the lesion site after crush injury decreases on the tenth day after injury, showing that astroglia in amphibians could provide an active guidance for axonal regeneration across the injury site (Rungger-Br€andle et al., 1995). Extracellular matrix components that inhibit regeneration in mammals have also been observed to increase after injury in the optic nerve of goldfish and frog, returning to normal levels by six weeks after injury. While these components do not inhibit regeneration in amphibian larvae and fish (Michel and Reier, 1979; Battisti et al., 1992), they severely impede axonal outgrowth in adult frogs (Bohn et al., 1982). In mammals the glial scar acts as the first control of damage expansion, but its persistence in the damage site is the main extrinsic barrier that hinders axonal regeneration. This is mainly caused by: extracellular matrix secretion (primarily) by reactive astrocytes at the injury site, and molecular modulation by astrocytes on other cells. In contrast, in nonmammalian vertebrates, the regenerative capability is partly explained by the lack of a glial scar. Furthermore, unlike mammals, astroglial cells (GFAP positive) appear to provide a



537



supportive role for axonal guidance, although further studies are needed to understand the role of astroglial cells in the process of spinal cord regeneration. Role of the Immune Response and Inflammation In mammals, it has been determined that injury is followed by a similar sequence of events, regardless of the type of insult or organ affected. These events have been defined as inflammation, new tissue formation, and tissue remodeling (Gurtner et al., 2008). Harmful stimuli such as tissue injury or infection trigger the first stage, which is regulated by cells and proteins from the immune system that function as sensors, mediators and effectors of inflammation (Medzhitov, 2008). During the first stage, acute inflammation stops the loss of blood and fluids, recruiting leukocytes to remove dying tissue, and preventing infection (Gurtner et al., 2008). After the triggering insult has passed, the acute response is terminated through an active process known as resolution of inflammation. Although inflammation has been shown to be necessary to achieve repair, its persistence or failure to achieve resolution leads to a chronic inflammatory state, affecting tissue remodeling and inhibiting repair (Medzhitov, 2010). The mammalian wound repair process has a tendency for imperfect healing and scarring instead of regeneration (Gurtner et al., 2008). Although this tendency remains unexplained, among mammals and lower vertebrates there are several models that indicate a correlation between the inflammatory/immune response and regenerative capability. In mammals, scarless regenerative repair in the MRL mouse strain is associated with a reduced inflammatory response, while reduced repair in aging and chronic wounds is associated with an increased or chronic inflammation. Among nonmammalian vertebrates, a correlation can be made with Xenopus development, whereby regenerative capability is gradually lost as metamorphosis proceeds, concomitantly with the maturation of the immune system (Eming et al., 2009). Inflammation and the immune response to SCI in mammals. After SCI in mammals, the acute inflammatory response begins with rapid expression of inflammation related genes (Song et al., 2001; Pineau and Lacroix, 2007). Initially, all types of neural cells mediate the expression of proinflammatory cytokines, while at later stages the recruited immune cells continue to contribute to its maintenance (Pineau and Lacroix, 2007). In addition to cytokine release, the inflammatory response initiates the activation and infiltration of leukocytes into the lesion site, reaching a maximum neutrophil, macrophage and lymphocyte infiltration level during the first week after the injury (Pr€ uss et al., 2011). Astrocytes and the glial scar have
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also been associated with cell infiltration (Herrmann et al., 2008; Pineau et al., 2010). Resolution of inflammation is histologically defined as the interval between maximum cell infiltration and the moment it is completely lost from the tissue (Serhan et al., 2007). In rats, neutrophil infiltration reaches a maximum level 3 days after injury, and by the second week they completely disappear. In contrast, macrophages and T-lymphocytes are still detectable at 70 days postinjury (Pr€ uss et al., 2011), indicating that there is residual and sustained inflammation after SCI, a condition that could be related to the lack of regeneration. It is important to consider that although incomplete resolution could be a common factor after SCI in humans and rodents, the onset and duration of leukocyte infiltration is distinct amongst mammals, even between different rat and mouse strains (Donnelly and Popovich, 2008). Both positive and negative effects have been associated with the inflammatory and immune response after SCI in mammals. Microglia and macrophages are the main effector cells during inflammation, and they largely represent this dichotomy. Macrophages are capable of polarization or presenting different phenotypes that lead to either proinflammatory or antiinflammatory cells. For example, while M1 macrophages participate in secondary damage as well as in axonal retraction observed after SCI, M2 macrophages are proposed to be protective and promote axonal growth. Taking these effects into account, authors have suggested that the balance between M1/M2 polarization could be an important factor to promote repair and regeneration after SCI (David and Kroner, 2011). These detrimental and beneficial effects have also been described for lymphocytes (Donnelly and Popovich, 2008). Besides positive and negative effects in neurons and other cell types, inflammation in mammals has been associated with detrimental effects for neural stem cells, as proinflammatory cytokines seem to impair neurogenesis, while anti-inflammatory cytokines seem to favor it (Kokaia et al., 2012). Therefore, because both positive and negative effects have been described for immune and inflammatory factors, it would seem that a correct balance between these processes might be beneficial for regeneration. In the next sections we will describe work from many laboratories that show how lower vertebrates have an inflammatory response that does not appear to be detrimental for regeneration. On the contrary, they show that it could even be beneficial. The immune system of nonmammalian vertebrates. In order to compare the inflammatory and immune response after SCI in mammals with that observed in regenerative vertebrates, we need to review whether their immune systems are comparable. Jawed vertebrates, including cartilaginous and teleost



fish, amphibians, reptiles, birds and mammals, share an evolutionarily conserved immune system. This comprises a common innate and adaptive immune system, including receptor families, signaling pathways and cell types like macrophages, dendritic cells and lymphocyte lineages (Boehm et al., 2012). Among lower vertebrates, Xenopus and zebrafish have been employed for comparative and developmental studies on immunity (Robert and Ohta, 2009; Renshaw and Trede, 2012). Although the immune system in both species is highly similar to that found in mammals, the development of the immune system in Xenopus has different stages that are dependent upon metamorphosis. First, premetamorphic larvae present an inefficient immune response. Afterwards, as metamorphosis starts, lymphocyte function becomes severely impaired with a consequent downregulation of the adaptive immune response. Finally, adult frogs show efficient immune response and antigen recognition (Robert and Ohta, 2009). Although the adaptive immune response has been thoroughly characterized during Xenopus development, the immune and inflammatory responses after injury have not been well studied. Interesting results have been obtained in tail and hindlimb amputation models, where differences in regenerative capability have been related to the immune response by gene expression and drug induction (Grow et al., 2006; Fukuzawa et al., 2009; King et al., 2012). It remains unknown whether changes in the inflammatory and immune response during development are related to the regenerative capability after SCI. Immune response to SCI in nonmammalian vertebrates. Activation of microglia/macrophages occurs after spinal cord transection in zebrafish during the first 14 days after injury (Becker and Becker, 2001). Although these results indicate that there is a similar level of infiltration of immune cells after SCI in teleosts and mammals, no comparative studies have been made about infiltration timing and the resolution of inflammation after SCI. Cell infiltration studies after brain injury show that there is a proliferative macrophage/microglia response to injury in the zebrafish telencephalon, which reaches basal level one week after brain injury (Baumgart et al., 2011). Furthermore, measurement of the microglia/ macrophage population during regeneration of the cerebellum of A. leptorhynchus shows that infiltration of lectin positive cells occurs, but that complete inflammation resolution is reached within a month after the lesion (Zupanc et al., 2003). This supports the idea that, in mammals, incomplete resolution could be associated with the loss of regenerative capacity. Still, this association should be taken with caution because in mammals brain and spinal cord injuries differ in the
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Table 1 Comparative Summary of the Response to Spinal Cord Injury in Mammals and Non-Mammalian Organisms



Neurogenesis



Axonal regeneration



Cell infiltration Inflammatory/Immune function Glial scar Extracellular matrix



Mammals Progenitors give rise to glia only (Barnabe Heider et al., 2010).



Nonmammals Progenitors give rise to both neurons and glia (Bosco, 1979; Benraiss et al., 1999; Reimer et al., 2008). Cells lining the ependymal layer act as neural stem or progenitor cells (Anderson and Waxman, 1981, 1985). Glial bridge formed from ependymal cells, guiding axonal growth (Zukor et al. 2011, Goldshmit et al., 2012).



No glial bridge is formed, although peripheral nervous system “bridge” aids regeneration (David and Aguayo, 1981; Benfey and Aguayo, 1982). Dependent upon thyroid hormone (Avci et al., 2012). €s et al., 2011). Non resolutive (Pru



Dependent upon thyroid hormone (Gibbs et al., 2011).



Positive and negative effects (David and Kroner, 2011; Donelly and Popovich, 2008; Kokaia et al., 2012). Glial scar is formed in response to all types of CNS injuries (Sofroniew and Vinters, 2010). CSPGs, tenascin and collagen are upregulated (Silver and Miller, 2004). Inhibitory gradient of CSPGs in the lesion site (McKeon et al., 1999).



Probably complete resolution (Baumgart et al., 2011; Zupanc et al., 2003). Promotes neurogenesis (Kyritsis et al., 2012) Higher response during development is negative (Fukuzawa et al., 2009; Franchini and Bertolotti, 2011). No detrimental glial scar is formed after complete transection (Wujek and Reier, 1984; O’Hara et al., 1992). Although tenascin-C, fibronectin, collagen and laminin are basally expressed in the spinal cord (Zukor et al., 2011), they do not form a barrier after injury (Bernstein and Bernstein, 1967; O’Hara et al., 1992). CSPGs do not increase after spinal cord injury (Becker et al., 1997).



A comparative analysis of the response to spinal cord injury including all processes mentioned in this review have been included, such as neurogenesis, axonal regeneration, cell infiltration, inflammatory and immune function, glial scar and extracellular matrix. References have been included where appropriate.



number of infiltrating cells, which is larger after SCI than after brain injury (Schnell et al., 1999). Although leukocyte and microglia infiltration have been studied, cytokine, chemokine and other inflammatory soluble factors expression and activity have not been analyzed in SCI. These factors should be studied in the future to gain a better understanding of the differences in the inflammatory response after SCI between teleosts and mammals. A recent interesting result in this area has been the promotion of neurogenesis by the inflammatory response after brain injury in zebrafish (Kyritsis et al., 2012). This is opposite to what is observed in mammals, where, as mentioned previously, proinflammatory cytokines appear to inhibit proliferation and neurogenesis (Kokaia et al., 2012). Interestingly, urodeles have an inflammatory response after SCI, associated with leukocyte infiltration. Both lymphocytes and monocyte-like cells are observed near the fibrin clot formed in the lesion site using hematoxylin-eosin staining. Also many phagocytic cells (macrophages) were identified near regenerating axons by electron microscopy (Zukor et al., 2011). In urodeles, it seems that inflammation is not a disadvantage in regeneration after SCI, although no functional studies have been made in these models so far. In Xenopus, the inflammatory response to tail amputation has been characterized using histological analyses and iNOS detection (Franchini and Bertolotti, 2011). In this study, metamorphic stages 55–56, which are nonregenerative, show higher infiltration of iNOS positive



leukocytes and iNOS activity than premetamorphic stage 50 tadpoles, which are regenerative. The authors suggest that this greater inflammatory response is associated with the decrease of tail and spinal cord regeneration. Although iNOS is associated with oxidative stress, a recent study describes reactive oxygen species (ROS) production as necessary for the regenerative process in a model of tail amputation in Xenopus (Love et al., 2013). No association with inflammatory cells is made in this study. Therefore, an interesting question would be how the positive effect described for ROS is related to the increase in iNOS positive leukocytes, which paradoxically was also described as positive. Another tail amputation study in Xenopus associated the immune response with regenerative capacity by gene expression and pharmacological modulation. During larval stages, Xenopus has a refractory period (stages 46–47) during which tadpoles lose their regenerative abilities, and during this period, several immune genes are upregulated in response to amputation, when compared to regenerative stages (Fukuzawa et al., 2009). The administration of different immunosuppresants, which affect distinct immune signaling pathways, improved regenerative ability. In conclusion, the inflammatory and immune responses have been associated with positive and negative effects during SCI. In mammals, inflammation is a necessary step for wound repair, but in the long term the inability to achieve resolution of the inflammatory response at the correct timing causes negative effects (Fig. 3). Studies in
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zebrafish and Xenopus also support that an imbalance in these responses is negative for regeneration, where it has been shown that complete resolution of inflammation is achieved and necessary during CNS regeneration. Furthermore, another study shows that the inflammatory response promotes neurogenesis, further stressing that rather than eliminating the response, a balance must be achieved instead. Looking at the differences in the response of lower vertebrates could help us understand how the inflammatory and immune responses affect spinal cord regeneration. SUMMARY AND FUTURE PROSPECTS The remarkable ability for spinal cord regeneration present in the nonmammalian model organisms reviewed here has allowed us to identify several favorable traits and mechanisms involved in this process that mammals lack (Table 1). Regenerative vertebrates are capable of generating new neurons and regenerating axons after injury, which appear as key processes during spinal cord regeneration. Aiding and possibly allowing this process is a permissive environment generated by a limited immune and inflammatory response, lack of a glial scar and the formation of glial bridges that guide axonal growth through the lesion site. Exciting new approaches could move us forward in the field of spinal cord regeneration. For example, a molecular characterization of the extrinsic factors that generate a “permissive environment” that allows new neuron generation and axonal regeneration could be performed. Identifying genes expressed by cells that form glial bridges guiding axons across the lesion gap, or the set of genes expressed by the NSPC that are capable of differentiating into new neurons would help us find factors that induce these processes. A characterization of the ECM in nonmammalian models would deliver valuable information about this permissive environment, which does not only support axonal growth, but is also a source of growth factors. Identifying the cells that secrete ECM and growth factors would allow us to find ways to induce them in mammalian models. It is most likely that not only NSPC are involved, but also other cell types like meningeal fibroblasts. Now available high-throughput screening approaches like RNA-Seq and proteomic analyses would allow us to obtain gene expression landscapes in NSPC, glial bridge forming cells and ECM-secreting cells. Additionally, these would also allow us to identify intrinsic factors that allow regenerative models to re-grow their axons after injury. However, to achieve this we are in urgent need for better methods and molecular markers to distinguish NSPC from the various glial cell-types and mature astrocytes, as well as new techniques for cell-fate determination. This would be of particular use to study



populations of astroglia, which have been shown to play a dual role in mammals, and to determine the role they play in nonmammalian models. In addition, while in zebrafish and Xenopus techniques that allow identification of immune and inflammatory cells have already been developed (e.g., transgenic tools and available antibodies), other models like urodeles and other fish are still lacking specific markers for immune cell types. Furthermore, cytokines and other inflammatory mediators have not been studied after SCI in regenerative models, and therefore a better characterization of the inflammatory response after injury in these organisms is needed. Regenerative model organisms also provide an excellent model for medium-scale chemical library or drug screening, as functional recovery after injury can be easily evaluated after treatment determining whether regeneration has been enhanced. In particular, as Xenopus gradually loses its regenerative ability, metamorphic stages that have partially lost their regenerative capacity act as excellent test subjects, since improving spinal cord regeneration in these stages should be easier than in fully nonregenerative models. For example, immunomodulators could be tested using this model. Our knowledge on spinal cord regeneration is therefore growing at an exciting rate, leading us toward a better understanding of this process, contributing importantly to finding ways of promoting regeneration in mammals, and to eventually find treatment for spinal cord injuries in humans. ACKNOWLEDGMENTS Special thanks to Mauricio Moreno, Fernando Faunes, Rosana Mu~ noz, Emilio Mendez and the two anonymous reviewers for critical reading of our manuscript and valuable suggestions. DLL and GEF are CONICYT PhD fellows. LITERATURE CITED Altman J, Das GD. 1965. Autoradiographic and histological evidence of postnatal hippocampal neurogenesis in rats. J Comp Neurol 124:319–335. Anderson M, Waxman S. 1985. Neurogenesis in Adult Vertebrate Spinal Cord in Situ and in Vitro: A New Model Systema. Ann N Y Acad Sci 457:213–233. Anderson MJ, Rossetto DL, Lorenz LA. 1994. Neuronal differentiation in vitro from precursor cells of regenerating spinal cord of the adult teleost Apteronotus albifrons. Cell Tissue Res 278:243–248. Anderson MJ, Swanson KA, Waxman SG, Eng LF. 1984. Glial fibrillary acidic protein in regenerating teleost spinal cord. J Histochem Cytochem 32:1099–1106. Anderson MJ, Waxman SG. 1981. Morphology of regenerated spinal cord in Sternarchus albifrons. Cell Tissue Res 219:1–8.



SPINAL CORD REGENERATION



Avci HX, Lebrun C, Wehrle R, Doulazmi M, Chatonnet F, Morel M-P, Ema M, Vodjdani G, Sotelo C, Flamant F, Dusart I. 2012. Thyroid hormone triggers the developmental loss of axonal regenerative capacity via thyroid hormone receptor a1 and kruppel-like factor 9 in Purkinje cells. Proc Natl Acad Sci USA 109: 14206–14211. Barkho BZ, Song H, Aimone JB, Smrt RD, Kuwabara T, Nakashima K, Gage FH, Zhao X. 2006. Identification of astrocyte-expressed factors that modulate neural stem/progenitor cell differentiation. Stem Cells Dev 15:407–421. Barnabe-Heider F, G€ oritz C, Sabelstr€ om H, Takebayashi H, Pfrieger FW, Meletis K, Frisen J. 2010. Origin of new glial cells in intact and injured adult spinal cord. Cell Stem Cell 7:470–482. Battisti WP, Shinar Y, Schwartz M, Levitt P, Murray M. 1992. Temporal and spatial patterns of expression of laminin, chondroitin sulphate proteoglycan and HNK-1 immunoreactivity during regeneration in the goldfish optic nerve. J Neurocytol 8:557–573. Baumgart EV, Barbosa JS, Bally-Cuif L, G€ otz M, Ninkovic J. 2011. Stab wound injury of the zebrafish telencephalon: A model for comparative analysis of reactive gliosis. Glia 60:343–357. Beattie MS, Bresnahan JC, Lopate G. 1990. Metamorphosis alters the response to spinal cord transection in Xenopus laevis frogs. J Neurobiol 21:1108–1122. Becker T, Becker CG. 2001. Regenerating descending axons preferentially reroute to the gray matter in the presence of a general macrophage/microglial reaction caudal to a spinal transection in adult zebrafish. J Comp Neurol 433:131–147. Becker T, Wullimann MF, Becker CG, Bernhardt RR, Schachner M. 1997. Axonal regrowth after spinal cord transection in adult zebrafish. J Comp Neurol 377:577–595. Benfey M, Aguayo AJ. 1982. Extensive elongation of axons from rat brain into peripheral nerve grafts. Nature 296:150–152. Benraiss A, Arsanto JP, Coulon J, Thouveny Y. 1999. Neurogenesis during caudal spinal cord regeneration in adult newts. Dev Genes Evol 209:363–369. Bernstein JJ, Bernstein ME. 1967. Effect of glial-ependymal scar and teflon arrest on the regenerative capacity of goldfish spinal cord. Exp Neurol 19:25–32. Bernstein JJ, Bernstein ME. 1969. Ultrastructure of normal regeneration and loss of regenerative capacity following teflon blockage in goldfish spinal cord. Exp Neurol 24:538–557. Boehm T, Iwanami N, Hess I. 2012. Evolution of the Immune System in the Lower Vertebrates. Annu Rev Genomics Hum Genet 13:127–149. Bohn RC, Reier PJ, Sourbeer EB. 1982. Axonal interactions with connective tissue and glial substrata



541



during optic nerve regeneration in Xenopus larvae and adults. Am J Anat 165:397–419. Bush TG, Puvanachandra N, Horner CH, Polito A, Ostenfeld T, Svendsen CN, Mucke L, Johnson MH, Sofroniew MV. 1999. Leukocyte infiltration, neuronal degeneration, and neurite outgrowth after ablation of scar-forming, reactive astrocytes in adult transgenic mice. Neuron 23:297–308. Caviness VS Jr, Takahashi T, Nowakowski RS. 1995. Numbers, time and neocortical neuronogenesis: A general developmental and evolutionary model. Trends Neurosci 18:379–383. Chernoff EA. 1996. Spinal cord regeneration: A phenomenon unique to urodeles? Int J Dev Biol 40: 823–831. Chernoff EA, Stocum DL. 1995. Developmental aspects of spinal cord and limb regeneration. Dev Growth Differ 37:133–147. Christopherson KS, Ullian EM, Stokes CC, Mullowney CE, Hell JW, Agah A, Lawler J, Mosher DF, Bornstein P, Barres BA. 2005. Thrombospondins are astrocytesecreted proteins that promote CNS synaptogenesis. Cell 120:421–433. Clarke JD, Alexander R, Holder N. 1988. Regeneration of descending axons in the spinal cord of the axolotl. Neurosci Lett 89:1–6. David S, Aguayo AJ. 1981. Axonal elongation into peripheral nervous system "bridges" after central nervous system injury in adult rats. Science 214: 931–933. David S, Kroner A. 2011. Repertoire of microglial and macrophage responses after spinal cord injury. Nat Rev Neurosci 12:388–399. Denver RJ, Hu F, Scanlan TS, Furlow JD. 2009. Thyroid hormone receptor subtype specificity for hormonedependent neurogenesis in Xenopus laevis. Dev Biol, 326:155–68. Donnelly DJ, Popovich PG. 2008. Inflammation and its role in neuroprotection, axonal regeneration and functional recovery after spinal cord injury. Exp Neurol 209:378–388. Egar M, Simpson SB, Singer M. 1970. The growth and differentiation of the regenerating spinal cord of the lizard, Anolis carolinensis. J Morphol 131:131–151. Egar M, Singer M. 1972. The role of ependyma in spinal cord regeneration in the urodele, Triturus. Exp Neurol 37:422–430. Eming SA, Hammerschmidt M, Krieg T, Roers A. 2009. Interrelation of immunity and tissue repair or regeneration. Semin Cell Dev Biol 20:517–527. Faulkner JR. 2004. Reactive astrocytes protect tissue and preserve function after spinal cord injury. J Neurosci 24:2143–2155. Ferretti P. 2011. Is there a relationship between adult neurogenesis and neuron generation following injury across evolution? Eur J Neurosci 34:951–962.



542



LEE-LIU ET AL.



Ferretti P, Zhang F, O’Neill P. 2003. Changes in spinal cord regenerative ability through phylogenesis and development: Lessons to be learnt. Dev Dyn 226: 245–256. Filoni S, Bosco L. 1981. Comparative analysis of the regenerative capacity of caudal spinal cord in larvae of serveral Anuran amphibian species. Acta Embryol Morphol Exp 2:199–226. Filoni S, Bosco L, Cioni C. 1984. Reconstitution of the Spinal Cord After Ablation in Larval Xenopus laevis. Acta Embryol Morphol Exp 5:109–129. Franchini A, Bertolotti E. 2011. Tail regenerative capacity and iNOS immunolocalization in Xenopus laevis tadpoles. Cell Tissue Res 344:261–269. Fukuzawa N, Schenk AD, Petro M, Nonomura K, Baldwin WM, 3rd, Fairchild RL. 2009. High renal ischemia temperature increases neutrophil chemoattractant production and tissue injury during reperfusion without an identifiable role for CD4 T cells in the injury. Transpl Immunol 22: 62–71. Gaete M, Mu~ noz R, Sanchez N, Tampe R, Moreno M, Contreras EG, Lee-Liu D, Larrain J. 2012. Spinal cord regeneration in xenopus tadpoles proceeds through activation of Sox2 positive cells. Neural Dev 7:13. Gargioli C, Slack JMW. 2004. Cell lineage tracing during Xenopus tail regeneration. Development 131:2669– 2679. Ghashghaei HT, Weimer JM, Schmid RS, Yokota Y, McCarthy KD, Popko B, Anton ES. 2007. Reinduction of ErbB2 in astrocytes promotes radial glial progenitor identity in adult cerebral cortex. Genes Dev 21:3258–3271. Gibbs KM, Chittur SV, Szaro BG. 2011. Metamorphosis and the regenerative capacity of spinal cord axons in Xenopus laevis. Eur J Neurosci 33:9–25. Goldshmit Y, Spanevello MD, Tajouri S, Li L, Rogers F, Pearse M, Galea M, Bartlett PF, Boyd AW, Turnley AM. 2011. EphA4 blockers promote axonal regeneration and functional recovery following spinal cord injury in mice. PLoS One 6:e24636. Goldshmit Y, Sztal TE, Jusuf PR, Hall TE, Nguyen-Chi M, Currie PD. 2012. Fgf-dependent glial cell bridges facilitate spinal cord regeneration in zebrafish. J Neurosci 32:7477–7492. Grow M, Neff AW, Mescher AL, King MW. 2006. Global analysis of gene expression in Xenopus hindlimbs during stage-dependent complete and incomplete regeneration. Dev Dyn 235:2667–2685. Gurtner GC, Werner S, Barrandon Y, Longaker MT. 2008. Wound repair and regeneration. Nature 453: 314–321. Herrmann JE, Imura T, Song B, Qi J, Ao Y, Nguyen TK, Korsak RA, Takeda K, Akira S, Sofroniew MV. 2008. STAT3 is a critical regulator of astrogliosis and scar



formation after spinal cord injury. J Neurosci 28: 7231–7243. Holder N, Clarke J, Kamalati T, Lane E. 1990. Heterogeneity in spinal radial glia demonstrated by intermediate filament expression and HRP labelling. J Neurocytol 19:915–928. Holder N, Clarke JD, Stephens N, Wilson SW, Orsi C, Bloomer T, Tonge DA. 1991. Continuous growth of the motor system in the axolotl. J Comp Neurol 303:534–550. Holtzer SW. 1956. The inductive activity of the spinal cord in urodele tail regeneration. J Morphol 99:1–39. Horky LL, Galimi F, Gage FH, Horner PJ. 2006. Fate of endogenous stem/progenitor cells following spinal cord injury. J Comp Neurol 498:525–538. Horner PJ, Power AE, Kempermann G, Kuhn HG, Palmer TD, Winkler J, Thal LJ, Gage FH. 2000. Proliferation and differentiation of progenitor cells throughout the intact adult rat spinal cord. J Neurosci 20:2218–2228. Hui SP, Dutta A, Ghosh S. 2010. Cellular response after crush injury in adult zebrafish spinal cord. Dev Dyn 239:2962–2979. Johansson CB, Momma S, Clarke DL, Risling M, Lendahl U, Frisen J. 1999. Identification of a neural stem cell in the adult mammalian central nervous system. Cell 96:25–34. Kaplan MS, Hinds JW. 1977. Neurogenesis in the adult rat: Electron microscopic analysis of light radioautographs. Science 197:1092–1094. Karimi-Abdolrezaee S, Billakanti R. 2012. Reactive astrogliosis after spinal cord injury—Beneficial and detrimental effects. Mol Neurobiol 46:251–264. Kaslin J, Ganz J, Brand M. 2008. Proliferation, neurogenesis and regeneration in the non-mammalian vertebrate brain. Philos Trans R Soc Lond B Biol Sci 363: 101–122. King MW, Neff AW, Mescher AL. 2012. The developing Xenopus limb as a model for studies on the balance between inflammation and regeneration. Anat Rec 295:1552–1561. Kokaia Z, Martino G, Schwartz M, Lindvall O. 2012. Cross-talk between neural stem cells and immune cells: The key to better brain repair? Nat Neurosci 15:1078–1087. Kriegstein A, Alvarez-Buylla A. 2009. The glial nature of embryonic and adult neural stem cells. Annu Rev Neurosci 32:149–184. Kyritsis N, Kizil C, Zocher S, Kroehne V, Kaslin J, Freudenreich D, Iltzsche A, Brand M. 2012. Acute inflammation initiates the regenerative response in the adult zebrafish brain. Science 338:1353–1356. Lang DM, Rubin BP, Schwab ME, Stuermer CA. 1995. CNS myelin and oligodendrocytes of the Xenopus spinal cord—but not optic nerve—are nonpermissive for axon growth. J Neurosci 15:99–109.



SPINAL CORD REGENERATION



Lang DM, Stuermer CA. 1996. Adaptive plasticity of Xenopus glial cells in vitro and after CNS fiber tract lesions in vivo. Glia 18:92–106. Lin G, Chen Y, Slack JMW. 2007. Regeneration of neural crest derivatives in the Xenopus tadpole tail. BMC Dev Biol 7:56. Lindenau J, Noack H, Asayama K, Wolf G. 1998. Enhanced cellular glutathione peroxidase immunoreactivity in activated astrocytes and in microglia during excitotoxin induced neurodegeneration. Glia 24:252–256. Love NR, Chen Y, Ishibashi S, Kritsiligkou P, Lea R, Koh Y, Gallop JL, Dorey K, Amaya E. 2013. Amputationinduced reactive oxygen species are required for successful Xenopus tadpole tail regeneration. Nat Cell Biol 15:222–228. Lu P, Wang Y, Graham L, Mchale K, Gao M, Wu D, Brock J, Blesch A, Rosenzweig ES, Havton LA, Zheng B, Conner JM, Marsala M, Tuszynski MH. 2012. Long-distance growth and connectivity of neural stem cells after severe spinal cord injury. Cell 150:1264–1273. Margotta V, Fonti R, Palladini G, Filoni S, Lauro GM. 1991. Transient expression of glial-fibrillary acidic protein (GFAP) in the ependyma of the regenerating spinal cord in adult newts. J Hirnforsch 32:485–490. McHedlishvili L, Mazurov V, Grassme KS, Goehler K, Robl B, Tazaki A, Roensch K, Duemmler A, Tanaka EM. 2012. Reconstitution of the central and peripheral nervous system during salamander tail regeneration. Proc Natl Acad Sci USA 109:E2258–E2266. McKeon RJ, Jurynec MJ, Buck CR. 1999. The chondroitin sulfate proteoglycans neurocan and phosphacan are expressed by reactive astrocytes in the chronic CNS glial scar. J Neurosci 19:10778–10788. Medzhitov R. 2008. Origin and physiological roles of inflammation. Nature 454:428–435. Medzhitov R. 2010. Inflammation 2010: New adventures of an old flame. Cell 140:771–776. Meletis K, Barnabe-Heider F, Carlen M, Evergren E, Tomilin N, Shupliakov O, Frisen J. 2008. Spinal cord injury reveals multilineage differentiation of ependymal cells. Plos Biol 6:e182. Merkle FT, Tramontin AD, Garcıa-Verdugo JM, AlvarezBuylla A. 2004. Radial glia give rise to adult neural stem cells in the subventricular zone. Proc Natl Acad Sci USA 101:17528–17532. Michel ME, Reier PJ. 1979. Axonal-ependymal associations during early regeneration of the transected spinal cord in Xenopus laevis tadpoles. J Neurocytol 8: 529–548. Miller RH, Liuzzi FJ. 1986. Regional specialization of the radial glial cells of the adult frog spinal cord. J Neurocytol 15:187–196. Nordlander RH, Singer M. 1978. The role of ependyma in regeneration of the spinal cord in the urodele amphibian tail. J Comp Neurol 180:349–374.



543



Nowakowski RS, Caviness VS Jr, Takahashi T, Hayes NL. 2002. Population dynamics during cell proliferation and neuronogenesis in the developing murine neocortex. Results Probl Cell Differ 39:1–25. O’Hara CM, Egar MW, Chernoff EA. 1992. Reorganization of the ependyma during axolotl spinal cord regeneration: Changes in intermediate filament and fibronectin expression. Dev Dyn 193:103–115. Parrinello S, Napoli I, Ribeiro S, Wingfield Digby P, Fedorova M, Parkinson DB, Doddrell RD, Nakayama M, Adams RH, Lloyd AC. 2010. EphB signaling directs peripheral nerve regeneration through Sox2dependent Schwann cell sorting. Cell 143:145–155. Pineau I, Lacroix S. 2007. Proinflammatory cytokine synthesis in the injured mouse spinal cord: Multiphasic expression pattern and identification of the cell types involved. J Comp Neurol 500:267–285. Pineau I, Sun L, Bastien D, Lacroix S. 2010. Astrocytes initiate inflammation in the injured mouse spinal cord by promoting the entry of neutrophils and inflammatory monocytes in an IL-1 receptor/MyD88-dependent fashion. Brain Behav Immun. 24:540–553. Polezhaev LV. 1972. Loss and restoration of regenerative capacity in tissues and organs of animals. Harvard University Press, Cambridge, Massachusetts. p 385. Pr€ uss H, Kopp MA, Brommer B, Gatzemeier N, Laginha I, Dirnagl U, Schwab JM. 2011. Non-resolving aspects of acute inflammation after spinal cord injury (SCI): Indices and resolution plateau. Brain Pathol 21:652–660. Reier PJ, Webster HF. 1974. Regeneration and remyelination of Xenopus tadpole optic nerve fibres following transection or crush. J Neurocytol 3:591–618. Reimer MM, S€ orensen I, Kuscha V, Frank RE, Liu C, Becker CG, Becker T. 2008. Motor neuron regeneration in adult zebrafish. J Neurosci 28:8510–8516. Renshaw SA, Trede NS. 2012. A model 450 million years in the making: Zebrafish and vertebrate immunity. Dis Model Mech 5:38–47. Ridet JL, Malhotra SK, Privat A, Gage FH. 1997. Reactive astrocytes: Cellular and molecular cues to biological function. Trends Neurosci 20:570–577. Robert J, Ohta Y. 2009. Comparative and developmental study of the immune system in Xenopus. Dev Dyn 238:1249–1270. Rungger-Br€andle E, Alliod C, Fouquet B, Messerli MM. 1995. Behaviour of macroglial cells, as identified by their intermediate filament complement, during optic nerve regeneration of Xenopus tadpole. Glia 13:255–271. Sarkar A, Hochedlinger K. 2013. The sox family of transcription factors: Versatile regulators of stem and progenitor cell fate. Cell Stem Cell 12:15–30. Schlosser G, Koyano-Nakagawa N, Kintner C. 2002. Thyroid hormone promotes neurogenesis in the Xenopus spinal cord. Dev Dyn 225:485–498. Schnell L, Fearn S, Klassen H, Schwab ME, Perry VH. 1999. Acute inflammatory responses to mechanical



544



LEE-LIU ET AL.



lesions in the CNS: Differences between brain and spinal cord. Eur J Neurosci 11:3648–3658. Schonbach C. 1969. The neuroglia in the spinal cord of the newt, Triturus viridescens. J Comp Neurol 135: 93–120. Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C, O’Neill LAJ, Perretti M, Rossi AG, Wallace JL. 2007. Resolution of inflammation: State of the art, definitions and terms. FASEB J 21:325–332. Shihabuddin LS, Horner PJ, Ray J, Gage FH. 2000. Adult spinal cord stem cells generate neurons after transplantation in the adult dentate gyrus. J Neurosci 20: 8727–8735. Siebert JR, Osterhout DJ. 2011. The inhibitory effects of chondroitin sulfate proteoglycans on oligodendrocytes. J Neurochem 119:176–188. Silver J, Miller JH. 2004. Regeneration beyond the glial scar. Nat Rev Neurosci 5:146–156. Simpson SB Jr. 1968. Morphology of the regenerated spinal cord in the lizard, Anolis carolinensis. J Comp Neurol 134:193–210. Singer M, Nordlander RH, Egar M. 1979. Axonal guidance during embryogenesis and regeneration in the spinal cord of the newt: The blueprint hypothesis of neuronal pathway patterning. J Comp Neurol 185: 1–21. S^ırbulescu RF, Zupanc GKH. 2011. Spinal cord repair in regeneration-competent vertebrates: Adult teleost fish as a model system. Brain Res 67:73–93. Slack JMW, Lin G, Chen Y. 2008. The Xenopus tadpole: A new model for regeneration research. Cell Mol Life Sci 65:54–63. Sofroniew MV. 2009. Molecular dissection of reactive astrogliosis and glial scar formation. Trends Neurosci 32:638–647. Song G, Cechvala C, Resnick DK, Dempsey RJ, Rao VL. 2001. GeneChip analysis after acute spinal cord injury in rat. J Neurochem 79:804–815. Stensaas LJ, Stensaas SS. 1968a. Astrocytic neuroglial cells, oligodendrocytes and microgliacytes in the spinal cord of the toad. I. Light microscopy. Z Zellforsch Mikrosk Anat 84:473–489. Stensaas LJ, Stensaas SS. 1968b. Astrocytic neuroglial cells, oligodendrocytes and microgliacytes in the spinal cord of the toad. II. Electron microscopy. Z Zellforsch Mikrosk Anat 86:184–213. Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, Micheva KD, Mehalow AK, Huberman AD, Stafford B, Sher A, Litke AM, Lambris JD, Smith SJ, John SW, Barres BA. 2007. The classical complement cascade mediates CNS synapse elimination. Cell. 14: 1164–1178. Tanaka EM, Ferretti P. 2009. Considering the evolution of regeneration in the central nervous system. Nat Rev Neurosci 10:713–723.



Thuret S, Moon LDF, Gage FH. 2006. Therapeutic interventions after spinal cord injury. Nat Rev Neurosci 7:628–643. Tuszynski MH, Steward O. 2012. Concepts and methods for the study of axonal regeneration in the CNS. Neuron 74:777–791. Vermeiren C, Najimi M, Vanhoutte N, Tilleux S, De Hemptinne I, Maloteaux J-M, Hermans E. 2005. Acute up-regulation of glutamate uptake mediated by mGluR5a in reactive astrocytes. J Neurochem 94: 405–416. Wang Y, Cheng X, He Q, Zheng Y, Kim DH, Whittemore SR, Cao QL. 2011. Astrocytes from the contused spinal cord inhibit oligodendrocyte differentiation of adult oligodendrocyte precursor cells by increasing the expression of bone morphogenetic proteins. J Neurosci 31:6053–6058. Wujek JR, Reier PJ. 1984. Astrocytic membrane morphology: Differences between mammalian and amphibian astrocytes after axotomy. J Comp Neurol 222:607–619. Yamada H, Miyake T, Kitamura T. 1995. Regeneration of axons in transection of the carp spinal cord. Zoolog Sci 12:325–332. Yiu G, He Z. 2006. Glial inhibition of CNS axon regeneration. Nat Rev Neurosci 7:617–627. Yoshida M. 2001. Glial-defined boundaries in Xenopus CNS. Dev Neurosci 23:299–306. Zador Z, Stiver S, Wang V, Manley GT. 2009. Role of aquaporin-4 in cerebral edema and stroke. Handb Exp Pharmacol: 159–170. Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres BA. 2012. Genomic analysis of reactive astrogliosis. J Neurosci 32:6391–6410. Zamora AJ. 1978. The Ependymal and Glial Configuration in the Spinal Cord of Urodeles. Anat Embryol (Berl) 154:67–82. Zhang F. 2000. FGF-2 Up-regulation and proliferation of neural progenitors in the regenerating amphibian spinal cord in vivo. Dev Biol 225:381–391. Zhang F, Ferretti P, Clarke JD. 2003. Recruitment of postmitotic neurons into the regenerating spinal cord of urodeles. Dev Dyn 226:341–348. Zukor KA, Kent DT, Odelberg SJ. 2011. Meningeal cells and glia establish a permissive environment for axon regeneration after spinal cord injury in newts. Neural Dev 6:1. Zupanc GKH, Clint SC, Takimoto N, Hughes ATL, Wellbrock UM, Meissner D. 2003. Spatio-temporal distribution of microglia/macrophages during regeneration in the cerebellum of adult teleost fish, Apteronotus leptorhynchus: A quantitative analysis. Brain Behav Evol 62:31–42. Zupanc GKH, S^ırbulescu RF. 2011. Adult neurogenesis and neuronal regeneration in the central nervous system of teleost fish. Eur J Neurosci 34:917–929.



























[image: pdf-1443\spinal-cord-injury-board-review-spinal-cord ...]
pdf-1443\spinal-cord-injury-board-review-spinal-cord ...












[image: Five lessons of a dumbledore education - Wiley Online Library]
Five lessons of a dumbledore education - Wiley Online Library












[image: The melanoma epidemic: lessons from prostate ... - Wiley Online Library]
The melanoma epidemic: lessons from prostate ... - Wiley Online Library












[image: Five lessons of a dumbledore education - Wiley Online Library]
Five lessons of a dumbledore education - Wiley Online Library












[image: Strategies for online communities - Wiley Online Library]
Strategies for online communities - Wiley Online Library












[image: Spinal Cord Injuries Presentation.pdf]
Spinal Cord Injuries Presentation.pdf












[image: ELTGOL - Wiley Online Library]
ELTGOL - Wiley Online Library












[image: Anaesthesia for chronic spinal cord lesions - Semantic Scholar]
Anaesthesia for chronic spinal cord lesions - Semantic Scholar












[image: Anaesthesia for chronic spinal cord lesions - Semantic Scholar]
Anaesthesia for chronic spinal cord lesions - Semantic Scholar












[image: Intra-thecal Morphine Pump and Spinal Cord stimulators for - CGHS]
Intra-thecal Morphine Pump and Spinal Cord stimulators for - CGHS












[image: Statistics for the Millennium - Wiley Online Library]
Statistics for the Millennium - Wiley Online Library












[image: poly(styrene - Wiley Online Library]
poly(styrene - Wiley Online Library












[image: Recurvirostra avosetta - Wiley Online Library]
Recurvirostra avosetta - Wiley Online Library












[image: Kitaev Transformation - Wiley Online Library]
Kitaev Transformation - Wiley Online Library















Spinal cord regeneration: Lessons for mammals ... - Wiley Online Library






Jun 12, 2013 - Center for Aging and Regeneration, Millennium Nucleus in Regenerative Biology, Department of Cell and Molecular Biology,. Faculty of Biological Sciences, Pontificia Universidad CatÃ³lica de Chile, Alameda 340 Santiago, Chile. Received 18 March 2013; Revised 28 May 2013; Accepted 29 May 2013. 






 Download PDF 



















 515KB Sizes
 0 Downloads
 173 Views








 Report























Recommend Documents







[image: alt]





pdf-1443\spinal-cord-injury-board-review-spinal-cord ... 

Try one of the apps below to open or edit this item. pdf-1443\spinal-cord-injury-board-review-spinal-cord-injury-board-review-series-book-1-by-joel-joplin.pdf.














[image: alt]





Five lessons of a dumbledore education - Wiley Online Library 

new educational theories. The true beauty of her work rests in helping read- ers experience the everyday world in a new light and discuss common theories.














[image: alt]





The melanoma epidemic: lessons from prostate ... - Wiley Online Library 

histopathology of malignant melanoma in the 1930s. (and in every subsequent decade), it is fair to conclude that criteria for morphologic diagnosis of melanoma. (and of other disorders) are a work in progress. Particularly strong progress was made in














[image: alt]





Five lessons of a dumbledore education - Wiley Online Library 

tices at Hogwarts; his philosophy is embedded in five simple yet powerful concepts: information, empower-. FIVE LESSONS OF A DUMBLEDORE EDUCATION.














[image: alt]





Strategies for online communities - Wiley Online Library 

Nov 10, 2008 - This study examines the participation of firms in online communities as a means to enhance demand for their products. We begin with theoretical arguments and then develop a simulation model to illustrate how demand evolves as a functio














[image: alt]





Spinal Cord Injuries Presentation.pdf 

Page 5 of 15. Spinal Cord Injuries Presentation.pdf. Spinal Cord Injuries Presentation.pdf. Open. Extract. Open with. Sign In. Main menu. Displaying Spinal Cord ...














[image: alt]





ELTGOL - Wiley Online Library 

ABSTRACT. Background and objective: Exacerbations of COPD are often characterized by increased mucus production that is difficult to treat and worsens patients' outcome. This study evaluated the efficacy of a chest physio- therapy technique (expirati














[image: alt]





Anaesthesia for chronic spinal cord lesions - Semantic Scholar 

Data were collected prospectively on the anaesthetic management of all patients from the National Spinal. Injuries Centre at Stoke Mandeville Hospital who pre-.














[image: alt]





Anaesthesia for chronic spinal cord lesions - Semantic Scholar 

2 Department of Anaesthetics, Stoke Mandeville Hospital, Mandeville Road, ..... Work of breath- ... who suffered cardiac arrest after administration of sux-.














[image: alt]





Intra-thecal Morphine Pump and Spinal Cord stimulators for - CGHS 

(Bin-du TBw'ari). Director (EHS). 1. All Ministries / Departments. Government of lndia. 2. Director, CGHS, Nirman Bhawan, New Delhi. 3. Estt.l/ Estt.ll/ Estt.lll/ ...














[image: alt]





Statistics for the Millennium - Wiley Online Library 

ized linear model; Mathematical statistics; Multiple-comparison test; P-value .... I use the word prediction to cover activities that follow analysis (the term is not ...














[image: alt]





poly(styrene - Wiley Online Library 

Dec 27, 2007 - (4VP) but immiscible with PS4VP-30 (where the number following the hyphen refers to the percentage 4VP in the polymer) and PSMA-20 (where the number following the hyphen refers to the percentage methacrylic acid in the polymer) over th














[image: alt]





Recurvirostra avosetta - Wiley Online Library 

broodrearing capacity. Proceedings of the Royal Society B: Biological. Sciences, 263, 1719â€“1724. Hills, S. (1983) Incubation capacity as a limiting factor of shorebird clutch size. MS thesis, University of Washington, Seattle, Washington. HÃ¶tker, 














[image: alt]





Kitaev Transformation - Wiley Online Library 

Jul 1, 2015 - Quantum chemistry is an important area of application for quantum computation. In particular, quantum algorithms applied to the electronic ...


























×
Report Spinal cord regeneration: Lessons for mammals ... - Wiley Online Library





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















