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High‑resolution single‑cell analysis paves 
the cellular path for brain regeneration 
in salamanders
Binxu Yin1, Xinyun Li1, Gufa Lin2* and Heng Wang1* 

Abstract 

Salamanders are excellent models for studying vertebrate brain regeneration, with the promise of developing novel 
therapies for human brain lesions. Yet the molecular and cellular mechanism of salamander brain regeneration 
remains largely elusive. The insight into the evolution of complex brain structures that lead to advanced functions in 
the mammalian brain is also inadequate. With high-resolution single-cell RNA sequencing and spatial transcriptomics, 
three recent studies have reported the differentiation paths of cells in the salamander telencephalon in the journal 
Science, bringing both old and new cell types into the focus and shedding light on vertebrate brain evolution, devel-
opment, and regeneration.
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Main text
The human brain’s ability to regenerate is almost nil. 
When our brain suffers damage caused by traumatic 
injury, stroke, Parkinson’s and Alzheimer’s diseases, 
etc., it generally results in impairments in conscious-
ness, sensory, motor, and memory functions. Treatment 
options are limited, costly, and insignificant to overcome 
functional defects. The urodele amphibian salaman-
ders, however, have regenerative capacities that are the 
envy of mammals, including regeneration of the brain 
(Tanaka and Ferretti 2009). Similar to the fish (Lange 
and Brand 2020), injury in the salamander telencepha-
lon elicits a neurogenic response and activation of radial 
glia-like progenitor cells (or ependymoglial cells, EGCs), 
to replenish the cells lost in the lesion area. EGCs are the 
predominant glial cells in the central nervous system of 
salamanders and give rise to many cell types in the brain 
during development (Joven and Simon 2018). However, 

it remains unclear how EGCs are activated, and whether 
and how the full spectrum of cell types is restored during 
brain regeneration. Three recent papers published in Sci-
ence have addressed the cellular dynamics of brain devel-
opment and regeneration in the newt (Pleurodeles waltl) 
(Woych et al. 2022) and the axolotl (Ambystoma mexica-
num) (Lust et al. 2022; Wei et al. 2022).

All three papers started with single-cell level analyses 
of the cell types in salamander brain development, and 
addressed the similarities between brain regeneration 
and development. Single-cell RNA sequencing (scR-
NAseq) analysis allows the identification of new source 
of cells, or new cell types generated from previously 
known progenitor cells. Woych et al. and Lust et al. dem-
onstrated the existence of cross-species conservation of 
brain cells in salamanders. The neuronal diversity in the 
salamander brain is not decreased, despite the reduced 
complexity of general brain anatomy compared to higher 
vertebrates. For instance, Lust et al. found 29 clusters of 
glutamatergic neurons and 30 clusters of γ-aminobutyric 
acid–releasing (GABAergic) neurons in the axolotl telen-
cephalon. Woych et  al. found 47 clusters of glutamater-
gic neurons and 67 clusters of GABAergic neurons in the 
newt telencephalon. Both studies showed a much greater 
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degree of complexity and diversity of neuronal cell types 
in the salamander than expected.

The cell-type atlas built from the scRNAseq analysis 
also facilitates the comparison of cell types across tet-
rapod species. The transition from aquatic to terrestrial 
vertebrates presents new challenges and opportuni-
ties for the transformation of many different parts and 
organs in the body (MacIver and Finlay 2022). Among 
them, the brain gained an advantage over other organs, 
as evidenced by an increase in relative size and a more 
complex and refined partitioning (Heldstab et  al. 2022). 
Woych et  al. compared the telencephalon neuron types 
across different species and revealed that  the sub-pallial 
regions in the amphibian may have evolved into differ-
ent parts of the brain in higher vertebrates. Overall, the 
mammalian subiculum and entorhinal cortex (Yao et al. 
2021), but not the neocortex, can be traced back to the 
salamander dorsal pallium neurons. In contrast, the sala-
mander ventral pallium can only expand to the anterior 
dorsal ventricular ridge (aDVR) in reptiles. The existence 
of regions similar to the amphibian ventral pallium and 
reptile aDVR in mammals remains mysterious.

The authors continued to explore the cellular dynamics 
during brain development and regeneration, and revealed 
that a type of EGCs, rather than neural stem cells, are 
the major contributor to brain regeneration in salaman-
ders. Lust et  al. found three main types of EGCs in the 
axolotl telencephalon: quiescent, active, and pro-neuro. 
These cells are widely and evenly distributed in all ana-
tomical regions of the telencephalon. Wei et  al., went a 
step further to use a new method called Stereo-seq to 

analyze the dynamics and diversities of EGCs at high spa-
tial resolution. The technique combines DNA nanoball 
sequencing technology with in situ RNA capture, allow-
ing for extensive identification of subcellular-level tran-
scripts with spatial information. They found a major class 
of developmentally-related EGCs (dEGCs) present in the 
ventricular zone at stage 44 axolotl telencephalon, but 
begin to decrease after stage 54 and disappear at the juve-
nile stage. Lineage-tracing and trajectory analysis showed 
that these EGCs give rise to neuroblasts (NBLs), which 
further generate immature and mature neuron types 
(Fig. 1A).

Next, both Lust et  al. and Wei et  al. performed a 
mechanical injury in the pallium and their findings reit-
erated the prominent role of injury-induced EGCs in 
brain regeneration (Kirkham et  al. 2014). Lust et  al., 
found that early in brain injury, EGCs at the wound mar-
gin are the dominant cell population, with genes associ-
ated with wound healing and cell migration upregulated; 
neuroblasts are the most abundant cell type in the mid-
regeneration stage; glutamatergic and GABAergic neu-
rons are identified at regeneration hotspots in the later 
regeneration stages. The re-establishment of olfactory 
bulb input projections was found, indicating restoration 
of connections between the injured area and the  distal 
brain regions. Importantly, regenerative neurogenesis 
recapitulates developmental neurogenesis, suggesting 
that existing regulatory programs can be reactivated to 
direct regeneration. Wei et  al., also found that the neu-
rogenesis programming during regeneration resembles 
the developmental process (Fig.  1B). They named the 

Fig. 1  Dynamics of ependymoglial cells, neuronal progenitors and neurons during axolotl brain development and regeneration. NSC, neural stem 
cell; NBL, neuroblast; EGC, ependymoglial cell; reaEGC, reactive ependymoglial cell; riPC, regeneration intermediate progenitor cell; IMN, immature 
neuron; MN, mature neuron
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injury-induced EGCs as reactive EGCs (reaEGCs). reaE-
GCs express genes involved in cell proliferation, migra-
tion, and extracellular matrix remodeling. These cells 
then change into regeneration intermediate progenitor 
cells (riPCs). riPCs give rise to new immature neurons 
covering the edge of the injury, which subsequently gen-
erate intermediate and mature neurons and progress 
toward the center of the incision, a process accompa-
nied by a transition in cell state from wound response 
to neuronal differentiation and a reduction in prolif-
erative potential. The reaEGCs and dEGCs exhibit tran-
scriptomic similarities. Since adult axolotls are already 
depleted of dEGCs at the time of injury, the reaEGCs 
may originate from local EGCs that express Wnt8b 
(wntEGCs) or Sfrp1 (SfrpEGCs), or from other subtypes 
of resident EGCs located in the ventricular zone. Thus, 
these studies demonstrate the existence of injury-induced 
and so-called reactive EGCs for brain regeneration in the 
salamander. However, it remains unclear whether there is 
any consequence if these special EGCs are depleted dur-
ing brain regeneration.

Conclusions
Taken together, these studies have utilized state-of-the-
art single-cell-omics techniques and cell labeling and 
tracing tools to capture the cellular diversity and dynam-
ics during brain development and regeneration in sala-
manders. The findings lay the foundation for a deeper 
understanding of the evolution, structure, and function 
of vertebrate brains. As emerging model organisms, 
salamanders have unique attractions: their regenera-
tive capacity is the strongest among vertebrates. Each of 
these studies combined the power of single-cell genom-
ics and the uniqueness of regenerative salamanders, and 
produced massive data to expand our understanding of 
neuronal cell creation and regeneration. The newly iden-
tified pro-regenerative signals and cell types induced 
during salamander brain regeneration, such as the reac-
tive EGCs in axolotl telencephalon, could have impor-
tant implications for designing gene and cell therapies for 
neurodegenerative disorders in humans.

Acknowledgements
Not applicable.

Authors’ contributions
B. Y., X.L., G.L. and H.W. wrote the manuscript. All the authors read and 
approved the final manuscript.

Funding
This work is supported by the National Key R&D Program of China 
(2021YFF1000601, 2021YFA0805000), the National Natural Science Foundation 
of China (31970778), and the Natural Science Foundation of Hubei Province 
(2020CFA006).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

References
Heldstab SA, Isler K, Graber SM, Schuppli C, van Schaik CP. The economics 

of brain size evolution in vertebrates. Curr Biol. 2022;32(12):R697-708. 
https://​doi.​org/​10.​1016/j.​cub.​2022.​04.​096.

Joven A, Simon A. Homeostatic and regenerative neurogenesis in salaman-
ders. Prog Neurobiol. 2018;170:81–98. https://​doi.​org/​10.​1016/j.​pneur​
obio.​2018.​04.​006.

Kirkham M, Hameed LS, Berg DA, Wang H, Simon A. Progenitor cell dynamics 
in the newt telencephalon during homeostasis and neuronal regenera-
tion. Stem Cell Rep. 2014;2(4):507–19. https://​doi.​org/​10.​1016/j.​stemcr.​
2014.​01.​018.

Lange C, Brand M. Vertebrate brain regeneration – a community effort of 
fate-restricted precursor cell types. Curr Opin Genet Dev. 2020;64:101–8. 
https://​doi.​org/​10.​1016/j.​gde.​2020.​06.​014.

Lust K, Maynard A, Gomes T, Fleck JS, Camp JG, Tanaka EM, et al. Single-cell 
analyses of axolotl telencephalon organization, neurogenesis, and regen-
eration. Science. 2022;377(6610):eabp9262. https://​doi.​org/​10.​1126/​scien​
ce.​abp92​62.

MacIver MA, Finlay BL. The neuroecology of the water-to-land transition and 
the evolution of the vertebrate brain. Philos Trans R Soc Lond Ser B Biol 
Sci. 1844;2022(377):20200523. https://​doi.​org/​10.​1098/​rstb.​2020.​0523.

Tanaka EM, Ferretti P. Considering the evolution of regeneration in the central 
nervous system. Nat Rev Neurosci. 2009;10(10):713–23. https://​doi.​org/​
10.​1038/​nrn27​07.

Wei X, Fu S, Li H, Liu Y, Wang S, Feng W, et al. Single-cell stereo-seq reveals 
induced progenitor cells involved in axolotl brain regeneration. Science. 
2022;377(6610):eabp9444. https://​doi.​org/​10.​1126/​scien​ce.​abp94​44.

Woych J, Ortega Gurrola A, Deryckere A, Jaeger ECB, Gumnit E, Merello G, et al. 
Cell-type profiling in salamanders identifies innovations in vertebrate 
forebrain evolution. Science. 2022;377(6610):eabp9186. https://​doi.​org/​
10.​1126/​scien​ce.​abp91​86.

Yao Z, van Velthoven CTJ, Nguyen TN, Goldy J, Sedeno-Cortes AE, Baftizadeh 
F, et al. A taxonomy of transcriptomic cell types across the isocortex and 
hippocampal formation. Cell. 2021;184(12):3222–41. https://​doi.​org/​10.​
1016/j.​cell.​2021.​04.​021 e26.

https://doi.org/10.1016/j.cub.2022.04.096
https://doi.org/10.1016/j.pneurobio.2018.04.006
https://doi.org/10.1016/j.pneurobio.2018.04.006
https://doi.org/10.1016/j.stemcr.2014.01.018
https://doi.org/10.1016/j.stemcr.2014.01.018
https://doi.org/10.1016/j.gde.2020.06.014
https://doi.org/10.1126/science.abp9262
https://doi.org/10.1126/science.abp9262
https://doi.org/10.1098/rstb.2020.0523
https://doi.org/10.1038/nrn2707
https://doi.org/10.1038/nrn2707
https://doi.org/10.1126/science.abp9444
https://doi.org/10.1126/science.abp9186
https://doi.org/10.1126/science.abp9186
https://doi.org/10.1016/j.cell.2021.04.021
https://doi.org/10.1016/j.cell.2021.04.021

	High-resolution single-cell analysis paves the cellular path for brain regeneration in salamanders
	Abstract 
	Main text
	Conclusions
	Acknowledgements
	References


