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Spinal cord regeneration — the origins of progenitor 
cells for functional rebuilding 
Sarah E Walker* and Karen Echeverri*   

The spinal cord is one of the most important structures for all 
vertebrate animals as it connects almost all parts of the body to 
the brain. Injury to the mammalian spinal cord has devastating 
consequences, resulting in paralysis with little to no hope of 
recovery. In contrast, other vertebrate animals have been 
known for centuries to be capable of functionally regenerating 
large lesions in the spinal cord. Here, we will review the current 
knowledge of spinal cord regeneration and recent work in 
different proregenerative animals that has begun to shed light 
on the cellular and molecular mechanisms these animals use to 
direct cells to rebuild a complex, functional spinal cord. 
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Introduction 
For centuries, functional spinal cord regeneration has 
fascinated scientists and propelled the field of re
generative research. Most mammalian species are unable 
to repair damage to the spinal cord after a traumatic injury, 
leading to the loss of motor, sensory, and autonomic 
function. In mammals, spinal cord injury results in a 
widespread apoptotic event, leading to the death of neu
rons and glial cells surrounding the injury site. This is 
followed by the formation of the glial scar, in which a 
compact barrier of reactive astrocytes, NG2+ glia, and 
microglia surrounds the lesion site [1]. The formation of 
the glial scar, although intended to prevent further da
mage to surviving neurons, acts as a physical barrier that 

prevents axons from growing through the injury site and 
subsequently inhibits regenerative repair. Recently, the 
spiny mouse was shown to exhibit functional regenerative 
repair of its spinal cord after injury, which was attributed 
to the lack of glial-scar tissue surrounding the injury site  
[2••]. Similarly, a variety of other nonmammalian species 
lack the formation of glial-scar tissue after spinal cord in
jury and thus possess the intrinsic ability to regenerate 
their spinal cord (Table 1). Such regeneration-competent 
species include the zebrafish [3], lamprey [4], axolotl [5], 
and larval Xenopus [6]. Work in these model systems has 
been instrumental in identifying the conserved cellular 
mechanisms that promote successful repair of the central 
nervous system (CNS) and have demonstrated an im
portant role for ependymal glia cells in spinal cord re
generation. In this review, we will discuss the role of 
ependymal glial cells in spinal cord regeneration, high
lighting recent advances in understanding their origin and 
how these cells are activated after injury. 

Ependymal cell response to injury 
Ependymal glial cells are found across the entire CNS, 
lining the central canal of the spinal cord and the ven
tricles of the brain. In the spinal cord, the somas of 
ependymal glial cells form an epithelial barrier around the 
central canal and extend long radial processes containing 
end-feet-like structures to the pial surface (Figure 1a). 
Although ependymal glial cells are widely known for their 
important role in cerebral spinal fluid homeostasis, they 
have also been proven to play an important role in re
generative repair [7,8]. In regeneration- competent spe
cies, ependymal glial cells within the spinal cord express 
sex-determining region Y-box 2 (Sox2), a transcription 
factor that regulates stem cell pluripotency and self-re
newal [9]. Even in adult organisms that are capable of 
regenerative repair, these ependymal glial cells are a re
latively quiescent population of cells that rarely pro
liferate. After injury to the spinal cord, however, Sox2+ 

ependymal cells behave as neural stem cells (NSCs) and 
rapidly proliferate to regenerate the missing portion of the 
spinal cord [10–13]. In the axolotl, CRISPR–Cas9-medi
ated deletion of Sox2 completely abolishes spinal cord 
regeneration [10]. Similarly, Sox2 knockdown using anti
sense morpholinos in Xenopus [14] and zebrafish [13] im
pairs NSC proliferation and spinal cord repair. 

Early studies investigating ependymal cell responses to 
spinal cord injury identified a response zone within 
500 µm of the injury site in which NSCs are activated and 
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rapidly proliferate after tail amputation [15,16]. Following 
a more targeted transection injury, this response zone is 
found 500 µm rostral and 350 µm caudal to the injury site 
(Figure 1b) [17,18]. To better characterize the spatio
temporal dynamics of NSC activation within the response 
zone, more recent work in the axolotl utilized transgenic 
reporter animals to visualize cell-cycle dynamics in vivo. 
Using fluorescent ubiquitination-based cell-cycle in
dicator transgenic axolotls, ependymal cell activation was 
detected 800 µm from the injury site for the first 85 h after 
tail amputation. This recruitment zone gradually dimin
ished, until the NSC border included a 450 µm response 
zone at 5 days post injury [19••]. Moreover, transcrip
tional profiling in Xenopus and zebrafish identified a sig
nificant enrichment for various cell-cycle regulators within 
the ependymal cell response zone 1 day after injury  
[20,21••]. Collectively, these studies have demonstrated 
that ependymal cells in the mature tissue directly ad
jacent to the injury site are mobilized to proliferate and 
regenerate the spinal cord and do so by accelerating their 
cell-cycle progression. 

Activation of neural stem cells 
In recent years, numerous studies have focused on 
identifying the injury-induced signaling pathways that 

activate NSC proliferation. In the axolotl, the 
microRNA, miR-200a, was shown to play an important 
role in regulating NSC activation. After spinal cord 
injury, mammalian glial cells upregulate a hetero
dimeric complex comprised of c-Fos and c-Jun to 
promote the expression of the glial fibrillar acidic 
protein (GFAP). This increase in GFAP expression 
results in reactive gliosis and inhibits neuronal re
generation in mammals [22]. In the axolotl, miR-200a 
suppresses c-Jun expression in NSCs, ultimately pro
moting the formation of a noncanonical c-Fos/JunB 
heterodimer to prevent the upregulation of GFAP and 
promote regenerative repair. Further, miR-200a in
hibition resulted in the c-Jun in axolotl ependymal 
glial cells, leading to a reduction in NSC proliferation  
[23]. In other species capable of CNS regeneration, 
including zebrafish [20], Xenopus [24], and lamprey  
[25], a similar upregulation of Fos and Jun expression 
is shown after injury. However, both Xenopus and 
lampreys lack a GFAP gene, indicating that the for
mation of a Fos/Jun heterodimer may regulate alter
native glial-specific genes in these species [26]. 

To further identify the regulatory networks and genes 
that may activate NSCs, high-resolution profiling in 

Table 1 

List of species that form glial-scar tissue or that contain proliferating Sox2+ neural stem cells after spinal cord injury.          

Human Spiny mouse Axolotl Zebrafish Xenopus      

Larval Adult  

Glial-scar formation Yes [1] No [2] No [21] No [45] No [46] Yes [46] 
Proliferating Sox2+ NSCs in spinal cord No Unknown Yes [47] Yes [11] Yes [46] No [46]   

Figure 1  
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Schematic diagrams of ependymal glial-cell organization in the spinal cord. (a) Cross-sectional view of the spinal cord, ependymal glial-cell somas line 
the central canal and extend radial processes toward the pial surface. (b) After injury to the spinal cord, ependymal glial cells ~500 µm rostral and 
~350 µm caudal of the injury site are activated (response zone, yellow) and begin to rapidly proliferate, eventually differentiating into the necessary cell 
types required for regenerative repair. 
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Xenopus uncovered a markable increase in the 
Mechanistic target of rapamycinm (mTOR)-signaling 
pathway after spinal cord injury. Pharmalcogical inhibi
tion of mTORC1 reduced the number of proliferating 
Sox2+ NSCs, subsequently impairing spinal cord re
generation. This reduction in NSC proliferation was at
tributed to the inability of mTOR to activate genes 
involved in cell- cycle transition [21]. Numerous reports 
have identified mTOR as an important regulator of 
protein-translation initiation, which is a well-established 
process that underlies CNS regeneration [27]. Past work 
has largely investigated the role of mTOR in regulating 
regenerative repair of surviving neurons in the CNS after 
injury. In adult mice, virus-assisted conditional knockout 
of Phosphatase and Tensin Homolog (PTEN), a nega
tive regulator of mTOR, resulted in mTOR over
expression and promoted robust retinal ganglion-cell 
(RGC) regeneration after injury [28]. Further work 
compared the intrinsic regenerative capabilities of re
generating sensory neurons to nonregenerating RGCs in 
the rat CNS. mTOR was highly upregulated and acti
vated protein translation in regenerating sensory neu
rons. In contrast, nonregenerating RGC neurons 
exhibited a reduction in mTOR signaling and protein 
synthesis after injury [29]. Collectively, these studies 
have demonstrated the necessity of mTOR signaling in 
initiating protein synthesis in regenerating CNS neu
rons. However, more recent work in Xenopus may in
dicate that mTOR also plays an important role in NSC 

proliferation and will be an interesting pathway to ex
amine in other regenerating systems. 

Origin of neural stem cells 
In the past two decades, particular emphasis has been 
placed on understanding ependymal cell dynamics after 
spinal cord injury. Through this work, we have gained a 
more thorough understanding of the cell-cycle dynamics 
and regulatory networks that activate ependymal glial 
cells after injury. However, the origin of NSCs remains 
somewhat unclear, with multiple reports, indicating 
that NSCs can arise through different mechanisms in 
regeneration-competent species. Whether these cells 
undergo dedifferentiation, transdifferentiation, or in
stead represent a developmentally derived progenitor- 
cell population remains unknown (Figure 2). 

Dedifferentiation 
Dedifferentiation has long been associated with re
generative repair, describing a mature cell that reverts into 
a progenitor/stem cell, giving rise to cells of its own lineage 
or potentially other cell lineages (Figure 2). A classic ex
ample of dedifferentiation was first inferred from static 
images of a regenerating salamander limb, indicating that 
mature nucleated muscle fibers were pinching off single 
nuclei to form cells that would populate the injury site 
through a process of dedifferentiation [30]. It has been 
widely postulated for decades that many animals that can 
regenerate utilize dedifferentiation to form a mass of 

Figure 2  
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Generation of stem cells. During regeneration of appendages in salamanders, several papers have shown data supporting the reversion of 
differentiated cell types such as muscle into multipotent progenitor cells that partake in regeneration. Similarly, in the spinal cord, ependymal glial cells 
can revert to a neural stem cell identity, this process is called dedifferentiation. The conversion of fibroblasts to iPSc originally by overexpression of 
specific genes is a process of dedifferentiation. In vivo cell-tracing experiments in axolotl have illustrated that cells in the spinal cord can form cells of 
other lineages, this is referred to as transdifferentiation. Interestingly, during development, a population of bipotent cells has been identified, which 
express the mesodermal marker Brachyury and the classical neural stem cell marker Sox2, these cells give rise to both ectoderm and mesoderm 
during development. 
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undifferentiated stem cells adjacent to the injury site 
termed a blastema, which will eventually differentiate to 
replace lost structures. The dedifferentiation of mature 
cells into pluripotent stem cells, called induced plur
ipotent stem cells (iPSc), has been shown in vitro utilizing 
mouse and human fibroblasts. After treatment with various 
factors, including Oct3/4, Sox2, c-Myc, and Klf4, mature 
fibroblasts reverted to a pluripotent stem cell state, where 
they were able to differentiate into multiple cell types 
(Figure 2) [31]. However, more recent work has indicated 
that dedifferentiation into pluripotent stem cells does not 
occur in vivo during regenerative repair. Classical work in 
the axolotl limb utilized genetic lineage-tracing tools to 
demonstrate that mature cells instead dedifferentiate into 
progenitors that retain lineage-specific cell markers, re
sulting in their differentiation into cells of a restricted 
lineage [32]. Similarly, the dedifferentiation of mature 
cells into progenitors of a restricted lineage plays a role in 
zebrafish heart and fin regeneration [33,34]. 

During spinal cord regeneration, dedifferentiation may 
also play an important role in successful regenerative 
repair. Interestingly, retrograde dextran tracing of axolotl 
neurons demonstrated that mature neurons in the spinal 
cord do not dedifferentiate after tail amputation. 
Instead, surviving neurons merely reincorporated axons 
into the regenerating spinal cord as early as 3 days post 
amputation [35]. In contrast, ependymal glial cells in the 
newt spinal cord were shown to upregulate various NSC 
markers after injury, thus indicating that these cells 
dedifferentiate into NSCs [36]. Consistent with these 
findings, gene expression profiling revealed a strikingly 
similar transcriptional landscape between regenerating 
axolotl NSCs and developing chick neuroepithelium 
stem cells, further suggesting that ependymal glial cells 
dedifferentiate into neural stem cells after injury [11]. In 
zebrafish, similar changes in the transcriptional profile of 
ependymal cells have been documented after a com
pression injury to the spinal cord. After injury, Foxj1a+ 

ependymal cells downregulate Foxj1a expression and 
rapidly proliferate. This reduction in Foxj1a expression 
in ependymal glial cells suggests that these cells ded
ifferentiate into a neural stem cell after injury [37]. 
Together, these studies indicate that the dedifferentia
tion of ependymal glial cells may be an important com
ponent to promote spinal cord regeneration after injury. 

Transdifferentiation 
Although cells in the regeneration blastema were origin
ally thought to arise exclusively from the dedifferentia
tion of mature cells, further work identified the ability for 
mature cells to instead transdifferentiate and directly 
switch their cell lineage. Unlike dedifferentiation, trans
differentiating cells do not revert to a progenitor-cell 
state, but are instead converted directly into the required 
cell type of a different lineage for subsequent re
generative repair (Figure 2). Transdifferentiation of 

epithelial cells has become a well-established phenom
enon during lens regeneration in urodele amphibians [38] 
and retina regeneration in Xenopus [39]. However, evi
dence of transdifferentiation has also been reported in 
urodele spinal cord regeneration. 

Lineage-tracing experiments in the axolotl have in
dicated that ependymal glial cells transdifferentiate into 
cells of both an ectodermal and mesodermal lineage after 
tail amputation. Although ependymal cells often gave 
rise to spinal cord cells, they were also shown to migrate 
out of the spinal cord to dramatically switch their lineage 
and transdifferentiate into cartilage and muscle [40]. 
Interestingly, this phenomenon has not been reported in 
Xenopus spinal cord regeneration. Instead, mature spinal 
cord cells in the stump tissue exclusively give rise to 
newly regenerated spinal cord cells, and lack transdif
ferentiation potential [41]. However, Xenopus only re
generate their spinal cords as larval animals and lose this 
ability after metamorphosis. Thus, transdifferentiation 
may instead represent a process that is exclusive to an
imals that regenerate throughout life. 

Embryonic origins 
Salamanders appear to potentially use transdifferentia
tion [40] and dedifferentiation [36] to successfully re
generate the spinal cord. However, more recent reports 
have indicated that ependymal cells may in fact arise 
through different mechanisms that more closely re
present developmental-like pathways. The multipotent 
potential of Sox2+ NSCs to differentiate into neurons 
and muscle is reminiscent of a similar bipotent pro
genitor-cell population, neuromesodermal progenitors 
(NMps), that regulate axial elongation during develop
ment. NMps are classically defined as Sox2+/brachyury+ 

bipotent progenitor cells located in the tailbud of ver
tebrates that give rise to cells of an ectoderm and me
soderm lineage (Figure 2). Initially discovered in the 
mouse embryo [42], NMps have since been described in 
chick [43], quail [44], zebrafish [45], and humans [46]. In 
these developing embryos, NMps arise at the beginning 
of the primitive streak regression and persist through the 
remainder of axial elongation. However, it remains un
clear at what specific timepoint NMps disappear from 
the tailbud, or if they persist into adulthood, albeit as a 
smaller population of progenitor cells that may con
tribute to maintenance and repair. 

Multiple reports in the axolotl have demonstrated that 
ependymal glial cells can differentiate into cells of 
multiple lineages after tail amputation, including ecto
derm and mesoderm [15,40]. Whereas after a more tar
geted spinal cord ablation injury, ependymal glial cells 
exclusively give rise to cells of an ectoderm cell lineage  
[17]. The ability for NSCs to exhibit mono- versus 
multipotent activity after different spinal cord injuries 
was recently shown to be regulated by the microRNA, 
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miR-200a. In ependymal glial cells, miR-200a represses 
the mesoderm marker brachyury after an ablation injury 
to promote NSC differentiation into ectoderm. After tail 
amputation, miR-200a itself is downregulated in epen
dymal cells to promote the co-expression of NMp cell 
markers brachyury and sox2, enabling NSCs to give rise 
to either ectoderm or mesoderm [47••]. Further gene 
expression profiling of axolotl ependymal glial cells after 
tail amputation demonstrated that NSCs dramatically 
upregulate genes associated with NMp maintenance, 
including Cdx4 and the Wnt-signaling pathway [11]. 
These findings indicate that the cell state of ependymal 
glial cells is dramatically altered, depending on the in
jury context, and that NSCs appear to behave like NMps 
after tail amputation. Rather than representing the 
transdifferentiation of glial cells into ectoderm or me
soderm, tail amputation may instead represent the 
transition into a developmental-like progenitor-cell 
state. Whether similar events occur in other regenera
tion-competent species remains unclear. As NMps have 
been described in zebrafish embryos [45], it will be in
teresting to investigate their persistence into adulthood 
in this regeneration-competent species, and their po
tential role in adult spinal cord regeneration. 

Future perspectives 
Although significant advances have been made in our 
understanding of ependymal glial-cell responses during 
spinal cord regeneration, many questions remain un
addressed. The origin and underlying factors that acti
vate NSCs remain somewhat elusive, along with how 
these mechanisms may be conserved across species. 
Regenerative repair is a complex process and thus, is 
likely regulated by varying signaling pathways across 
species. In the past decade, the development of single- 
cell transcriptomics and genetic profiling has re
volutionized scientific research, allowing researchers to 
specifically analyze entire transcriptomes of single-cell 
populations. As these more sophisticated single-cell 
RNA- profiling techniques become more widely acces
sible and feasible for regeneration-competent animals, 
future analyses of the ependymal cell profile after spinal 
cord injury will be instrumental in identifying the un
derlying factors that mediate NSC responses to injury. 
Moreover, many classical studies that identified trans
differentiating or dedifferentiating ependymal cells were 
performed over two-decades ago, when many tran
scriptomic techniques had not yet been established. It 
will be interesting to revisit these lineage-tracing ex
periments using single-cell RNA sequencing to identify 
different cell states (progenitor cell, mature differ
entiated cell) to further confirm whether ependymal 
cells undergo transdifferentiation or dedifferentiation. 
Comparing the transcriptional landscape of ependymal 
glial cells across species will also be important for un
derstanding the conserved mechanisms and species- 

specific pathways that exist to promote complex func
tional regeneration. In particular, determining whether 
specific signaling pathways necessary for CNS re
generation are conserved in the newly established spiny 
mouse spinal cord injury model will be an important step 
on the pathway toward promoting functional human 
spinal cord repair. 

Conflict of interest statement 
Nothing declared. 

Acknowledgments 
The authors apologize to all researchers whose work could not be cited 
because of space limitations. KE is supported by a grant from The Eunice 
Kennedy Shriver National Institute of Child Health and Human 
Development (NICHD) R01 HD092451, start-up funds from the Marine 
Biological Laboratory (MBL), and funding from the Owens Family 
Foundation.  

References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as:  

•• of special interest  
•• of outstanding interest.  

1. Silver J, Miller JH: Regeneration beyond the glial scar. Nat Rev 
Neurosci 2004, 5:146-156. 

2.
••

Nogueira-Rodrigues J, et al.: Rewired glycosylation activity 
promotes scarless regeneration and functional recovery in 
spiny mice after complete spinal cord transection. Dev Cell 
2021, 57:440-450 .e7. 

This work is the first study to identify a mammal that is capable of 
functional spinal cord regeneration. This study demonstrated that the 
spiny mouse lacks the formation of glial scar tissue after spinal cord 
injury, enabling functional spinal cord regeneration. 

3. Ghosh S, Hui SP: Axonal regeneration in zebrafish spinal cord. 
Regeneration 2018, 5:43-60. 

4. Lurie DI, Selzer ME: Axonal regeneration in the adult lamprey 
spinal cord. J Comp Neurol 1991, 306:409-416. 

5. Tazaki A, Tanaka EM, Fei JF: Salamander spinal cord 
regeneration: the ultimate positive control in vertebrate spinal 
cord regeneration. Dev Biol 2017, 432:63-71. 

6. Borodinsky LN: Xenopus laevis as a model organism for the 
study of spinal cord formation, development, function and 
regeneration. Front Neural Circuits 2017, 11:90. 

7. Becker CG, Becker T: Neuronal regeneration from ependymo- 
radial glial cells: cook, little pot, cook!. Dev Cell 2015, 
32:516-527. 

8. Sheikh AA, Mohamed A: Ependymal proliferation: a conduit for 
tricking the central nervous system into bioengineering itself. 
Biomed Sci Instrum 2015, 51:309-314. 

9. Zhang S, Cui W: Sox2, a key factor in the regulation of 
pluripotency and neural differentiation. World J Stem Cells 2014, 
6:305-311. 

10. Fei JF, et al.: CRISPR-mediated genomic deletion of Sox2 in the 
axolotl shows a requirement in spinal cord neural stem cell 
amplification during tail regeneration. Stem Cell Reports 2014, 
3:444-459. 

11. Rodrigo Albors A, et al.: Planar cell polarity-mediated induction 
of neural stem cell expansion during axolotl spinal cord 
regeneration. Elife 2015, 4:e10230. 

Spinal cord regeneration Walker and Echeverri 5 

www.sciencedirect.com Current Opinion in Genetics & Development 75( 2022) 101917 

http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref1
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref1
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref2
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref2
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref2
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref2
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref3
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref3
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref4
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref4
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref5
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref5
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref5
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref6
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref6
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref6
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref7
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref7
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref7
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref8
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref8
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref8
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref9
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref9
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref9
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref10
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref10
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref10
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref10
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref11
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref11
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref11


12. Gaete M, et al.: Spinal cord regeneration in Xenopus tadpoles 
proceeds through activation of Sox2-positive cells. Neural Dev 
2012, 7:13. 

13. Ogai K, et al.: Function of Sox2 in ependymal cells of lesioned 
spinal cords in adult zebrafish. Neurosci Res 2014, 88:84-87. 

14. Munoz R, et al.: Regeneration of Xenopus laevis spinal cord 
requires Sox2/3 expressing cells. Dev Biol 2015, 408:229-243. 

15. McHedlishvili L, et al.: A clonal analysis of neural progenitors 
during axolotl spinal cord regeneration reveals evidence for 
both spatially restricted and multipotent progenitors. 
Development 2007, 134:2083-2093. 

16. Lin G, Chen Y, Slack JM: Regeneration of neural crest 
derivatives in the Xenopus tadpole tail. BMC Dev Biol 2007, 7:56. 

17. Sabin K, et al.: Dynamic membrane depolarization is an early 
regulator of ependymoglial cell response to spinal cord injury 
in axolotl. Dev Biol 2015, 408:14-25. 

18. Reimer MM, et al.: Motor neuron regeneration in adult zebrafish. 
J Neurosci 2008, 28:8510-8516. 

19.
••

Cura Costa E, et al.: Spatiotemporal control of cell cycle 
acceleration during axolotl spinal cord regeneration. Elife 2021, 
10:e55665. 

This study investigated the spatiotemporal cell cycle dynamics of 
ependymal glial cells after tail amputation in the axolotl, and better 
characterized the ependymal cell response zone. 

20. Hui SP, et al.: Genome wide expression profiling during spinal 
cord regeneration identifies comprehensive cellular responses 
in zebrafish. PLoS One 2014, 9:e84212. 

21.
••

Penailillo J, et al.: Analysis of the early response to spinal cord 
injury identified a key role for mTORC1 signaling in the 
activation of neural stem progenitor cells. NPJ Regen Med 2021, 
6:68. 

This study performed high-resolution transcriptomic profiling in 
Xenopus to identify early changes in gene expression in response to 
spinal cord injury. The mTOR signaling pathway was identified as an 
important regulator of neural stem cell activation. 

22. Gao K, et al.: Traumatic scratch injury in astrocytes triggers 
calcium influx to activate the JNK/c-Jun/AP-1 pathway and 
switch on GFAP expression. Glia 2013, 61:2063-2077. 

23. Sabin KZ, et al.: AP-1(cFos/JunB)/miR-200a regulate the pro- 
regenerative glial cell response during axolotl spinal cord 
regeneration. Commun Biol 2019, 2:91. 

24. Lee-Liu D, et al.: Genome-wide expression profile of the 
response to spinal cord injury in Xenopus laevis reveals 
extensive differences between regenerative and non- 
regenerative stages. Neural Dev 2014, 9:12. 

25. Herman PE, et al.: Highly conserved molecular pathways, 
including Wnt signaling, promote functional recovery from 
spinal cord injury in lampreys. Sci Rep 2018, 8:742. 

26. Echeverri K: The various routes to functional regeneration in the 
central nervous system. Commun Biol 2020, 3:47. 

27. Park KK, et al.: PTEN/mTOR and axon regeneration. Exp Neurol 
2010, 223:45-50. 

28. Park KK, et al.: Promoting axon regeneration in the adult CNS by 
modulation of the PTEN/mTOR pathway. Science 2008, 
322:963-966. 

29. Verma P, et al.: Axonal protein synthesis and degradation are 
necessary for efficient growth cone regeneration. J Neurosci 
2005, 25:331-342. 

30. Hay ED: Electron microscopic observations of muscle 
dedifferentiation in regenerating Amblystoma limbs. Dev Biol 
1959, 1:555-585. 

31. Takahashi K, Yamanaka S: Induction of pluripotent stem cells 
from mouse embryonic and adult fibroblast cultures by defined 
factors. Cell 2006, 126:663-676. 

32. Kragl M, et al.: Cells keep a memory of their tissue origin during 
axolotl limb regeneration. Nature 2009, 460:60-65. 

33. Stewart S, Stankunas K: Limited dedifferentiation provides 
replacement tissue during zebrafish fin regeneration. Dev Biol 
2012, 365:339-349. 

34. Jopling C, et al.: Zebrafish heart regeneration occurs by 
cardiomyocyte dedifferentiation and proliferation. Nature 2010, 
464:606-609. 

35. Zhang F, Ferretti P, Clarke JD: Recruitment of postmitotic 
neurons into the regenerating spinal cord of urodeles. Dev Dyn 
2003, 226:341-348. 

36. Walder S, Zhang F, Ferretti P: Up-regulation of neural stem cell 
markers suggests the occurrence of dedifferentiation in 
regenerating spinal cord. Dev Genes Evol 2003, 213:625-630. 

37. Ribeiro A, et al.: Foxj1a is expressed in ependymal precursors, 
controls central canal position and is activated in new 
ependymal cells during regeneration in zebrafish. Open Biol 
2017, 7:170139. 

38. Ito M, et al.: Lens formation by pigmented epithelial cell 
reaggregate from dorsal iris implanted into limb blastema in 
the adult newt. Dev Growth Differ 1999, 41:429-440. 

39. Yoshii C, et al.: Neural retinal regeneration in the anuran 
amphibian Xenopus laevis post-metamorphosis: 
transdifferentiation of retinal pigmented epithelium 
regenerates the neural retina. Dev Biol 2007, 303:45-56. 

40. Echeverri K, Tanaka EM: Ectoderm to mesoderm lineage 
switching during axolotl tail regeneration. Science 2002, 
298:1993-1996. 

41. Slack JM, et al.: Cellular and molecular mechanisms of 
regeneration in Xenopus. Philos Trans R Soc Lond B Biol Sci 
2004, 359:745-751. 

42. Tzouanacou E, et al.: Redefining the progression of lineage 
segregations during mammalian embryogenesis by clonal 
analysis. Dev Cell 2009, 17:365-376. 

43. Olivera-Martinez I, et al.: Loss of FGF-dependent mesoderm 
identity and rise of endogenous retinoid signalling determine 
cessation of body axis elongation. PLoS Biol 2012, 10:e1001415. 

44. Romanos M, et al.: Cell-to-cell heterogeneity in Sox2 and Bra 
expression guides progenitor motility and destiny. Elife 2021, 
10:e66588. 

45. Martin BL, Kimelman D: Canonical Wnt signaling dynamically 
controls multiple stem cell fate decisions during vertebrate 
body formation. Dev Cell 2012, 22:223-232. 

46. Gouti M, et al.: In vitro generation of neuromesodermal 
progenitors reveals distinct roles for wnt signalling in the 
specification of spinal cord and paraxial mesoderm identity. 
PLoS Biol 2014, 12:e1001937. 

47.
••

Walker SE, et al.: Regulation of stem cell identity by miR-200a 
during spinal cord regeneration. Development 2022, 
149:dev200033. 

This work demonstrated that neural stem cells behave as neuromeso
dermal progenitor cells after tail amputation in the axolotl, indicating 
ependymal glial cells may arise from embryonic origins.  

6 Cell Reprogramming, regeneration and repair  

www.sciencedirect.com Current Opinion in Genetics & Development 75( 2022) 101917 

http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref12
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref12
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref12
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref13
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref13
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref14
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref14
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref15
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref15
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref15
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref15
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref16
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref16
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref17
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref17
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref17
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref18
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref18
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref19
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref19
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref19
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref20
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref20
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref20
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref21
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref21
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref21
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref21
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref22
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref22
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref22
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref23
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref23
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref23
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref24
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref24
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref24
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref24
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref25
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref25
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref25
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref26
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref26
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref27
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref27
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref28
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref28
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref28
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref29
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref29
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref29
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref30
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref30
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref30
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref31
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref31
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref31
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref32
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref32
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref33
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref33
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref33
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref34
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref34
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref34
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref35
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref35
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref35
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref36
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref36
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref36
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref37
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref37
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref37
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref37
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref38
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref38
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref38
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref39
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref39
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref39
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref39
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref40
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref40
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref40
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref41
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref41
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref41
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref42
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref42
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref42
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref43
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref43
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref43
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref44
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref44
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref44
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref45
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref45
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref45
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref46
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref46
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref46
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref46
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref47
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref47
http://refhub.elsevier.com/S0959-437X(22)00026-0/sbref47

	Spinal cord regeneration — the origins of progenitor cells for functional rebuilding
	Introduction
	Ependymal cell response to injury
	Activation of neural stem cells
	Origin of neural stem cells
	Dedifferentiation
	Transdifferentiation
	Embryonic origins

	Future perspectives
	Conflict of interest statement
	Acknowledgments
	References and recommended reading




