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Abstract 

In adult mammals, including humans, neurons and axons in the brain and spinal cord are inherently incapable 
of regenerating after injury. Studies of animals with innate capacity for regeneration are providing valuable insights 
into the mechanisms driving tissue healing. The aim of this review is to summarize recent data on regeneration 
mechanisms in the brain and spinal cord of zebrafish and neonatal mice. We infer that elucidating these mechanisms 
and understanding how and why they are lost in adult mammals will contribute to the development of strategies 
to promote central nervous system regeneration.
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CNS injury, current study models of regeneration 
and therapeutic approaches
Injuries to the central nervous system (CNS) are leading 
causes of long-term disability and can result in high costs 
of care [1]. Conditions such as stroke, traumatic brain 
injury (TBI), and spinal cord injury (SCI) account for 
over 60% of paralysis cases in the USA [2]. These injuries 
involve primary events, including neuronal death, axonal 
disruption and degeneration, and loss of synaptic con-
nections. Secondary events often follow, characterized by 
infiltration of inflammatory cells from both central and 

peripheral sources [3]. Additionally, reactive astrocytes, 
pericytes, infiltrating fibroblasts, and Schwann cells 
gather at the lesion site, ultimately contributing to the 
formation of glial and fibrotic scars [4–9]. As these pro-
cesses unfold, debris accumulation at the lesion site and 
the release of pro-inflammatory cytokines sustain inflam-
mation, exacerbate cell death, and lead to partial or com-
plete loss of function [3, 8]. In humans and other adult 
mammals, recovery after brain or spinal cord damage is 
limited. Lost neurons cannot be replaced, and scar for-
mation is thought to create both physical and chemical 
barriers that impede axon regrowth upon trauma [10–
12]. As a result, CNS injuries often lead to permanent 
impairments, including altered consciousness, cognitive 
dysfunctions, and deficits in autonomic, motor, and sen-
sory function, causing significant disability and reduced 
quality of life.

To overcome the limited regenerative capacity of the 
adult CNS, scientists are attempting to harness the 
potential of cell transplantation in the context of CNS 
injury, largely based on the initial observation that fetal 
tissue transplants into the spinal cord can extend the 
critical period for developmental axon plasticity in rats 
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[13]. As a result, clinical developments involving the 
use of various cell types, the scope of which is reviewed 
in detail elsewhere, are making progress toward clinical 
interventions [14, 15]. Among the most promising are 
neural progenitor cells (NPCs) that have been trans-
planted into the injured  nervous system of  mice and 
rats with mixed success in SCI and TBI models [14, 16]. 
These NPCs differentiated into glial cells and neurons 
integrating into the lesion site and extending axons 
[17–23]. The newly formed neurons establish connec-
tions with brain and brainstem projections, restor-
ing some electrophysiological connectivity across the 
injury site. However, stem cell-based therapies are still 
in the preliminary stages, and the risks involved are not 
yet fully understood [17, 19–21].

Beyond regenerative approaches, recent studies have 
highlighted the potential of spinal cord electrical stim-
ulation to restore neuronal function and walking fol-
lowing SCI in mouse models as well as human patients 
[24–31]. Similarly, non-invasive therapies, such as 
transcranial magnetic stimulation [32–35] and hyper-
baric oxygen therapy [36], have helped restore motor 
and cognitive deficits following brain injury in humans. 
Despite the remarkable clinical potential of these strat-
egies, they do not restore tissue integrity and, at best, 
result in partial functional recovery. Furthermore, a 
limited number of patients have received these inter-
ventions, long-term effects are unresolved, and the 
specific mechanisms and contributions from regions 
targeted by these procedures are still not entirely char-
acterized [37, 38].

In the past few decades, a variety of animal models 
with remarkable regenerative abilities in the CNS have 
been identified. These include amphibians (newt, axolotl, 
frogs) [39–43], certain reptiles [44, 45], lampreys [46], 
eel [47], carp [48, 49], goldfish [50, 51], zebrafish [52, 53], 
and birds [54]. Among mammals, CNS regeneration has 
been observed in mice (Mus), rat, and opossum at the 
neonatal stage [55–58] as well as in spiny mice (Acomys) 
which have emerged as an exciting organism for regener-
ative biology despite their currently limited commercial 
availability [59].

While species like amphibians, reptiles, lampreys, and 
spiny mice have impressive regenerative abilities, they 
present challenges for scientific endeavor that include 
lack of broad availability, long generation times, and 
relative difficulty of genetic manipulation. These limita-
tions complicate comparative biological, targeted gene-
editing, or large-scale studies using modern molecular 
techniques such as CRISPR-Cas9, RNA interference, or 
transgenesis. In this review, we focus on CNS regenera-
tion in zebrafish and neonatal mice, two well established 

models that are easily accessible, compatible with various 
genetic tools, and share similar regenerative mechanisms 
(Fig.  1). We highlight mechanisms of natural regenera-
tion in these species while comparing them to the injury 
responses observed in adult mice, an approach that we 
believe can advance basic science and inspire new CNS 
treatments (Fig. 1).

Zebrafish and neonatal mice as models for innate 
CNS regeneration
Zebrafish have emerged as a powerful model for study-
ing CNS regeneration due to their unique regenera-
tive abilities and advantages, including the production 
of large clutches and rapid development. Experimental 
manipulations such as transgenesis, targeted gene knock-
out, and genome-editing knock-ins are well-established, 
aided by a fully sequenced and annotated genome. Addi-
tionally, protocols for cell-specific manipulations and 
knock-in/conditional alleles are available, although their 
application is still developing [60]. Larval zebrafish are 
useful due to their transparency and rapid regeneration, 
while adults allow the study of more complex behaviors. 
Importantly, CNS regeneration mechanisms are mostly 
conserved between larval and adult stages, though some 
pro-regenerative tissues or cell types may not be fully 
developed in larvae. For example, functional and inte-
grated adaptive immune response is not present until 
3 weeks post-fertilization [61]. This implies that some dif-
ferences in regeneration mechanisms may still exist and 
are yet to be discovered. Certain considerations must be 
made in using zebrafish as model systems to study CNS 
regeneration. The cellular composition of the zebrafish 
brain and spinal cord differs for certain aspects from 
those of mammalian tissues. Additionally, restoration of 
functional potential, such as swim capacity after SCI, is 
not always full [52]. Lastly, despite remarkable discov-
eries, gaps still exist regarding the metabolic effects of 
regeneration, fibrosis, the effect of physical or mechani-
cal stress, and the mechanisms of growth control. As 
discoveries on CNS regeneration in zebrafish advance, 
these limitations will help shape key questions for future 
research.

Neonatal mice have also emerged as a valuable model 
to study CNS regeneration, offering a range of tools such 
as optogenetics, chemogenetics, and genetic manipula-
tion techniques, such as knockout and inducible trans-
genic systems. Additionally, comparing regeneration in 
neonatal versus adult mice provides important insights 
into age-related differences in regenerative capacity. 
Neonatal mice can regenerate during a transient window 
of approximately 1  week after birth, and this regenera-
tive capacity declines as they age [62]. Age dependency 



Page 3 of 25Cellini et al. BMC Biology  (2025) 23:115	

raises the question as to whether regenerative responses 
are relevant in adult cell populations. There has been 
discussion on whether tissue renewal and growth after 
an injury at early postnatal stages represent a continua-
tion of embryonic development or whether injuries to 
neonatal tissues more readily reactivate developmental 
pathways that promote regeneration [62]. Making a clear 
distinction between regeneration and developmental 
growth is experimentally challenging. However, research 
in zebrafish indicates that larval spinal cord regeneration 
does not involve a continuation or reactivation of devel-
opmental programs. Instead, it relies on injury-specific 
responses [63]. This finding invites consideration of 
whether the same applies to neonatal mice.

Guiding questions to study innate CNS 
regeneration
The discovery that both the zebrafish and neonatal 
mouse CNS can spontaneously regenerate after a vari-
ety of injury methods (Table  1) prompts numerous 
questions. For example: What are the signals that trig-
ger, control, and restrict the repair process? Are these 
signals shared across these two species? Do they result 
from cues released by dying cells or are they part of more 
general responses to damage, like the generation of reac-
tive oxygen species or inflammatory processes? Lastly, a 
crucial question revolves around why the neonatal CNS 
allows for regeneration and what inhibitory mechanisms 
exist in the adult CNS that hinder cell replacement after 
injury. In the sections below, we synthesize our current 

Fig. 1  Regenerative potential of zebrafish and mouse central nervous system. Top, representation of the outcomes of brain injury in zebrafish, 
neonatal and adult mice. In zebrafish, injury is followed by proliferation of radial-glial cells (RGCs), differentiation, neurogenesis, and migration 
of newly formed neurons to the lesion site. Adult mammals are incapable of this regenerative response and undergo glial and fibrotic scarring 
at the injury site. Some regeneration is possible in neonatal mice. Bottom, spinal cord injury in zebrafish is also followed by extensive neurogenesis 
from ependymo radial-glial progenitors (ERGs) around the central canal, glial bridging, and axon regeneration, ultimately resulting in functional 
recovery. By contrast, in adult mammals, SCI leads to the formation of glial and fibrotic scarring that impedes regeneration and axonal growth 
across the lesion site, despite some compensatory axonal sprouting. Similar to zebrafish, neonatal mice are capable of axon regeneration after SCI. 
Figure generated using Biorender
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Table 1  Most common injury methods used to study brain and spinal cord regeneration in zebrafish and neonatal mice. *, authors 
employed a stab wound injury model to completely transect the larval spinal cord. References not discussed in the text are indicated 
in italics

Method Pros Cons Organ References

Zebrafish Crush/
compression

• Clinically relevant • High variability Brain N/A

SC [64–67] (Adults)

Stab wound • Localized damage
• Technically simple

• Injury depth difficult
to control

Brain [68–73] (Adults)

SC *Refer to larval transection 
studies

Transection • Localized lesion
• Complete axon cut
• Consistent, reliable

• Most severe
• Infection risk
• Low viability
• Rarely encountered clinically

Brain N/A

SC [74–83] (Larvae), [52, 75, 
77, 84–102] (Adults)

Laser ablation • High reproducibility
• High accuracy
• Non-invasive

• Needs advanced microscopy 
equipment

Brain [103] (Larvae), [104] 
(Juveniles)

SC [105] (Larvae)

Chemogenetic ablation • High spatial and cell type 
specificity
• Possibility of temporal control

• Off target effects
• Incomplete / variable ablation
• Toxicity of administered drugs

Brain [106, 107]

SC [108, 109] (Larvae) [110] 
(Adult)

Excitotoxic • Targeted cell ablation
• Consistent and reproducible 
damage

• Possibility of off target effects
• Systemic toxicity

Brain [111] (Adult)

SC N/A

Electroablation • High reproducibility
• Precise spatial control
• Rapid and reproducible
• Minimal systemic effects

• Technically demanding
• Limited cell type specificity
• Limited to accessible tissues

Brain N/A

SC [112] (Larvae)

Neonatal mouse Crush • High clinical relevance
• Possible to control injuryextent 
(complete vs.incomplete)

• High variability when perform-
ing incompleteinjuries
• Damage to surrounding tissues

Brain N/A

SC [113, 114]

Stab wound • Localized damage
• Clinically relevant
• Technically simple

• Difficult to precisely reproduce
• Rarely encountered clinically

Brain [115]

SC N/A

Transection • Localized lesion
• Complete axon cut
• Consistent and reproducible
• Clinically relevant

• Open dura
• Rarely encountered in clinically
• Gap between tissues

Brain N/A

SC [116, 117]

Hemisection (Dorsalor 
Lateral)

• Clinically relevant
• Targeted interruption of spinal 
tracts
• Potential for within-subject-
control (e.g., intact side of lateral 
hemisection)
• Selective tract targeting

• Rarely encountered clinically
• Difficult to precisely reproduce 
injury location/depth

Brain N/A

SC [118]

Compression • Similarto crush injury
• High clinicaly relevance
• Possibility to control damage 
severity

• Difficult to precisely reproduce 
consistent severity

Brain N/A

SC [56, 119, 120]

Contusion • Most clinically relevant
• Less invasive
• Consistent central lesion 
and inflammation

• Requires specialized equip-
ment (impactor)
• More variability than other 
models

Brain [121]

SC [122]

Hypoxic-ischemic Injury 
or Stroke

• High clinical relevance • Induces secondary damage 
from ROS, and excitotoxicity
• Not localized

Brain [123–132]

SC N/A

Cryogenic • Control over lesion extent
• Requires only simple instru-
ments

• Variable Brain [57]

SC N/A

Irradiation • Allows to target specific 
regions
• Dose can be adjusted to con-
trol injury severity

• Limited accessibility to special-
ized lasers
• Potential secondary radiation 
injury

Brain [133–135]

SC N/A
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understanding of the cellular, molecular, genetic, and 
functional mechanisms of brain and spinal cord regen-
eration. We focus on processes that are conserved in 
zebrafish, at larval and adult stages, and in neonatal mice, 
while comparing to responses in adult mice (Fig. 1). We 
recognize this approach captures a specific portion of the 
broad efforts in the field, and we reference other reviews 
to overcome coverage limitations.

Homeostatic and regenerative neurogenesis 
in zebrafish and neonatal mice
Telencephalon
The telencephalon constitutes the most significant por-
tion of the brain and, like in humans, consists of two dis-
tinct hemispheres in both zebrafish and mice. This brain 
region controls motor and sensory information, con-
scious and unconscious behaviors, feelings, intelligence, 
and memory [136].

Although the zebrafish brain contains sixteen neuro-
genic niches (Fig. 2A), a substantial body of research has 
focused on the dorsal telencephalon. This region hosts 
the territories homologous to the mouse ventricular-
subventricular zone (V-SVZ), located in the walls of the 
lateral ventricles, and the sub-granular zone (SGZ) of 
the dentate gyrus in the hippocampus. Together with 
the hypothalamus [137, 138], the V-SVZ [139, 140] and 
SGZ [141, 142] are the main regions of active neuro-
genesis in the adult rodent brain (Fig. 2B). Non-invasive 
in  vivo imaging and single-cell lineage tracing studies 
in zebrafish show that telencephalic neural progenitor 
niches are mostly composed of radial glial cells (RGCs) 
and non-glial cycling neuroblasts, both lining the ven-
tricle. The RGCs are neural stem cells able to generate 
new RGCs and neurons through a series of intermediate, 
amplifying, and non-glial cell states. Quiescent (type 1) and 
proliferative (type 2) RGCs form a closely packed single 
layer, with their cell bodies aligned along the ventricle 
[143]. They display apico-basal polarity, with a region 
facing the cerebrospinal fluid and a lengthy, extensively 
branched basolateral projection extending throughout 
the parenchyma, and typically express markers associ-
ated with astroglia, such as glial fibrillary acidic protein 
(GFAP), brain lipid-binding protein (BLBP), nestin, glu-
tamine synthetase (GS), and S100β [143–145]. They also 
express progenitor markers, such as the transcription 
factors SRY-Box  2 (SOX2), HES related family BHLH 
transcription factor with YRPW motif 1 (HEY1), and 
Hairy-related 4 (HER4, mouse HES5) [53, 146, 147]. 
Non-glial cycling neuroblasts (type 3) can be found 
tightly inserted between RGC soma and are proposed 
to originate from RGCs. They undergo a limited ampli-
fication phase before performing symmetric neurogenic 
divisions and are similar to the mouse transit-amplifying 

progenitors [144]. Neuroblasts are subdivided into type 
3a and type 3b. Both types express proliferating cell 
nuclear antigen (PCNA) and polysialylated neuronal cell 
adhesion molecule (PSA-NCAM), while type 3a cells also 
express some RGC markers [144].

The zebrafish telencephalon undergoes basal, constitu-
tive neurogenesis during homeostasis originating from 
RGCs and non-glial cycling neuroblasts [53, 68] (Fig. 2A). 
Following mechanical injury, a larger pool of RGC pro-
genitors is activated [148, 149]. Perilesional RGCs pro-
liferate, peaking at 7  days post-injury, before gradually 
returning to their baseline proliferation levels. Genetic 
lineage tracing combined with bromodeoxyuridine 
(BrdU)-mediated labeling of cycling RGCs showed that 
they generate neurons able to migrate toward the lesion 
site and integrate into the pre-existent functional circuit 
while establishing synaptic connections. A key distinc-
tion between neurons generated during homeostasis and 
those produced in response to injury is that the latter 
exhibit enhanced migratory abilities, enabling them to 
contribute to the repair of damaged tissue [68, 150].

Neurogenesis in the neonatal mouse telencephalon is 
relatively understudied. Two studies found that following 
either brain cryoinjury or ischemic stroke, the neonatal 
rodent V-SVZ produces a larger number of neuroblasts 
compared to adults [123, 151]. In agreement with this, 
Foucault et  al. recently used chronic hypoxia to induce 
brain damage and demonstrated reactivation of gluta-
matergic progenitors, which parallels cortical neuro-
genesis [124]. Neonatal neuroblasts possess a higher 
migratory capacity than the adult counterpart, which has 
been at least partially attributed to RGC fibers. While 
these fibers generally disappear soon after birth, they per-
sist in injured neonatal mouse brains and act as a scaffold 
for postnatal neuroblasts to migrate toward the lesion 
site, enabling cellular and functional regeneration of neu-
rons. This process depends on N-cadherins, which form 
cell adhesion structures between RGCs guiding neonatal 
neuroblast migration via saltatory movements [57]. In 
mammals, bona fide RGCs do not persist into adulthood. 
However, constitutive neurogenesis originating from 
radial glia-like cells has been observed in the adult mouse 
V-SVZ. Here, proliferating radial glia-like cells give rise 
to transient amplifying cells, which in turn generate neu-
roblasts that continuously migrate through the rostral 
migratory stream to the olfactory bulb, where they dif-
ferentiate mature neurons that process olfactory input 
[139, 152, 153]. In the adult SGZ, proliferating radial and 
non-radial precursors give rise to intermediate progeni-
tors, which in turn generate neuroblasts (Fig. 2). Imma-
ture neurons migrate into the inner granule cell layer of 
the dentate gyrus and differentiate into neurons that pro-
cess information relevant to learning and memory in the 
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Fig. 2  Neurogenic niches in the central nervous system of zebrafish and neonatal mice. A Sagittal section of the zebrafish brain showing the 16 
neurogenic niches in green (top panel). Coronal sections are taken through line (i) and (ii). (i) highlights the Vd-Vv region, equivalent to SVZ 
of mammals; (ii) highlights the Dl-Dp region, equivalent to the mammalian hippocampus. The insets show the cellular arrangement in each region. 
RGCs extend long projections toward the pial surface. When activated, they proliferate to give rise to intermediate progenitors and neuroblasts. 
These migrate to their prospective locations and differentiate into neurons. B Sagittal section of the neonatal mouse brain showing neurogenic 
niches in green. Lines represent coronal sections through (i) and (ii). (i) highlights SVZ adjacent to the lateral ventricles, with RGCs in contact 
with blood vessels. RGCs proliferate to form intermediate progenitors and neuroblasts that migrate to the olfactory bulb through the RMS, to then 
differentiate into olfactory neurons. (ii) SGZ in the dentate gyrus of the hippocampus, whose cell layers can be broadly divided into the molecular 
layer (ML) and the granular cell layer (GCL). Local RGCs produce hippocampal granule neurons that integrate into the hippocampal circuitry 
through intermediates. C Transverse section of the zebrafish spinal cord. Inset shows the arrangement of ERGs and cerebrospinal fluid 
(CSF)-contacting neurons around the central canal. D Neonatal mouse spinal cord cross-section with inset showing ependymocytes, tanycytes, 
ependymoglial cells (GFAP + and/or Nestin +), CSF-contacting neurons, and free astrocytes surrounding the central canal. TelV, Telencephalic 
ventricle; Vd, Dorsal nucleus of ventral telencephalonic area; Vv, Ventral nucleus of ventral telencephalonic area; Dl, Dorsal telencephalon lateral 
zone; Dp, Dorsal telencephalon posterior zone; RMS, Rostral migratory stream; LV, Lateral ventricle; ML, Molecular layer; GCL, Granular cell layer; CC, 
Central canal. Figure generated using Biorender
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hippocampus [141, 142, 154]. In a recent study, Kokeva 
et al. demonstrated that new cells are born continuously 
and in substantial numbers in the adult murine hypothal-
amus and that many of these cells differentiate into neu-
rons as indicated by the expression of doublecortin and 
other neuronal markers [155]. Several studies have shown 
that TBI in the mature rodent brain activates endogenous 
neural stem cells in the neurogenic regions described 
above, as expertly reviewed elsewhere [156–159]. How-
ever, the overall pool of newly generated neurons after 
injury in adult mice is smaller compared to both neonatal 
mice and zebrafish.

Cerebellum
The cerebellum, located in the hindbrain, possesses a 
highly intricate folded structure that accommodates the 
largest concentration of neurons in the brain. It plays a 
crucial role in maintaining balance, orchestrating precise 
motor coordination and facilitating advanced cognitive 
functions. The cerebellum in zebrafish and mammals 
exhibits a high degree of similarity, with conserved neu-
ronal cell types, circuitry, physiology, and functionality 
[160, 161].

Two neurogenic niches have been identified in the 
zebrafish cerebellum, each giving rise to different neu-
ronal subtypes during homeostasis. The first niche, 
located in the ventricular zone (VZ), contains cells 
with RGC-like morphology responsible for generating 
Purkinje cells, mossy fiber neurons, climbing fiber neu-
rons, and interneurons. The second niche is a region 
within the upper rhombic lip, where neuroepithelial-like 
cells give rise to nestin-expressing granule cells. While 
homeostatic neurogenesis ceases following the juvenile 
stage in the VZ niche, it persists throughout life in the 
rhombic lip [162, 163]. Injury in adult zebrafish induces 
activation and proliferation of both neuroepithelial-like 
cells and RGC-like progenitor niches. However, the num-
ber of injury-activated RGC-like progenitors remains 
low, even at the peak of activation, indicating that they 
play a minor role in adult cerebellar neurogenesis after 
injury compared to neuroepithelial-like cells [162, 163].

Reports on the regeneration of Purkinje cells in the 
adult zebrafish cerebellum are conflicting [162, 164, 
165]. Studies employing mechanical ablation of cerebel-
lar regions suggested that zebrafish Purkinje cells only 
regenerate at larval stages, with this capacity lost by 
3 months of age due to depletion of the progenitor pool 
[163]. In contrast, a study employing the ATTAC model 
to selectively ablate Purkinje cells via tamoxifen admin-
istration shows that Purkinje cells regenerate in both 
larval and adult zebrafish. Importantly, the regenerated 
Purkinje cells are functional and enable the reacquisi-
tion of cerebellum-controlled behavior [106]. Although 

permanent and inducible lineage tracing of possible 
Purkinje cell progenitors has not yet been performed, co-
localization studies suggest that new Purkinje cells do not 
originate from radial glia-like cells. Instead, neuroepithe-
lial-like cells expressing pancreas-associated transcrip-
tion factor 1a gene (ptf1a) might play a major role in this 
process [106]. These findings highlight the heterogeneity 
of stem cell proliferation patterns and fate commitment 
in the zebrafish cerebellum.

Similarly, both granule and Purkinje cells regenerate 
in the cerebellum of neonatal mice. Cerebellar granule 
cells are generated by intensive cell division of granule 
cell precursors during postnatal development. Depletion 
of the granule cell precursor pool by radiation exposure 
or genetic ablation leads to generation of new granule 
cells via the adaptive reprogramming of gliogenic nestin-
expressing progenitors located in the Bergmann glia layer 
[107]. Upon damage, these nestin-expressing progeni-
tors undergo YES-associated protein (YAP)-dependent 
migration toward the injury site and transiently upreg-
ulate expression of Ascl1 and Atoh1, which encode 
achaete-scute family BHLH transcription factor 1 and 
atonal BHLH transcription factor 1 respectively. Both 
transcription factors orchestrate adaptive reprograming 
of nestin-expressing progenitors into granule cells [133, 
134].

Regeneration of Purkinje cells also occurs follow-
ing early postnatal loss in mice. In an insightful study, 
Bayin et al. employed a combination of diphtheria toxin-
mediated Purkinje cell ablation and fate-mapping strate-
gies to identify a population of immature Purkinje cells 
in the injured cerebellum that can divide to replace lost 
Purkinje cells. These immature Purkinje cells are marked 
by forkhead box protein 2 (FOXP2), normally expressed 
by embryonic Purkinje cells, and lack expression of the 
Purkinje cell marker calbindin 1 (CALB1). Interestingly, 
this regenerative process occurs only when Purkinje cells 
are ablated at postnatal day 1. The mechanisms driving 
pro-regenerative responses of immature Purkinje cells 
require further investigation [135].

Spinal cord
In the zebrafish spinal cord, most neurons are generated 
between 14- and 48-hours post-fertilization [166, 167]. 
Little neurogenesis occurs after this period, with almost 
no neurogenic events observed during homeostasis in 
adults [84]. Injury at either larval or adult stages trig-
gers spinal neurogenesis by activating ependymo-radial 
glial cells (ERGs), which form the main spinal cord neu-
ronal progenitor pool [64, 84, 168]. Also known as “tany-
cytes,” “ependymo-glia,” and “radial glia,” ERGs possess a 
dual identity, exhibiting features of both ependymal cells 
surrounding the central canal and RGCs described in 
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the brain [84, 169, 170]. They comprise one or two cilia 
[65] and are characterized by expression of the tran-
scription factor FOXJ1a [66]. Upon injury, spinal cord 
ERGs display properties and functions similar to those 
described for telencephalic RGCs [169]. Injury-induced 
activation of ERGs begins with a proliferation phase that 
depends on the epigenetic modulator Sirtuin 1 (SIRT 1) 
[85]. Then, depending on their position around the cen-
tral canal and expression profile, ERGs give rise to spe-
cific neuronal cell types, such as serotonergic neurons, 
interneurons, and motor neurons. This process is highly 
controlled and results from an intricate balance of pro-
neurogenic and anti-neurogenic signals. These range 
from growth factors (Heparin binding growth factor a 
(HB-EGFa), Myostatin) [86, 171], to developmental sig-
nals (NOTCH, Hedgehog (HH), Bone morphogenetic 
protein (BMP), Wingless-related integration site (WNT)) 
[169, 172], to neurotransmitters [87, 88, 173, 174], all able 
to influence activity of resident spinal progenitor cells. 
In a 2021 study, Vasudevan et  al. used genetic, electro-
physiological, and behavioral approaches to examine 
the identity and physiology of interneurons generated 
after SCI [74]. The authors showed that newly generated 
cells expressing a transgenic marker of premotor V2a 
interneurons receive synaptic inputs and fire synchro-
nously with evoked motor output at 9 days post-injury. 
These findings suggest that ERGs display a high level of 
spatial complexity in the zebrafish spinal cord and give 
rise to neuronal subpopulations after injury that integrate 
in existing circuits to restore locomotion [74] (Fig.  2C). 
Vandestadt et al. recently showed that in zebrafish larvae, 
embryonically derived precursor neurons are recruited to 
the lesion site before ERG-derived neurogenesis begins. 
These cells appear to form the initial functional cir-
cuitry underlying spinal cord repair [75]. A population 
of injury-surviving neurons that acquire a neuroblast-
like gene expression signature after injury has also been 
recently reported in adult zebrafish [89]. Regardless of 
their origin, newly generated neurons successfully inte-
grate into the locomotor circuitry to refine functional 
recovery, receive excitatory input, and fire synchronously 
with motor output [74]. Notably, the successful regenera-
tion of the zebrafish spinal cord has been mostly attrib-
uted to its high neurogenic capacity. However, an elegant 
recent study by Pedroni et  al. showed that particularly 
vulnerable neurons in the mammalian spinal cord, such 
as motoneurons, remain resistant to damage in zebrafish 
[90]. This finding introduces the concept of neuropro-
tection to the already complex story of spinal cord neu-
roregeneration, raising new questions about mechanisms 
enhancing it in zebrafish.

Unlike in zebrafish, neurogenesis in the regenerat-
ing mouse spinal cord has not been reported. Yet, the 

adult mouse spinal cord is proposed to harbor endoge-
nous stem cells around the central canal [175–177]. This 
region is populated by different types of highly polarized 
ependymal cells, which can be distinguished both mor-
phologically and by their marker expression. The main 
cell type found around the central canal are ependymo-
cytes, ciliated cells with a cuboidal morphology. Tany-
cytes (also referred to as radial ependymocytes) are also 
frequently  observed, comprising  long processes that 
extend to the basal lamina of blood vessels [178, 179]. 
The dorsal and ventral regions of the central canal dis-
play cells with a long radial morphology expressing 
GFAP and/or Nestin. Because of their radial morphology, 
these cells are often considered a subtype of tanycytes 
[180, 181]. In addition to ependymal cells, cerebrospinal 
fluid-contacting neurons are also sporadically distrib-
uted around the central canal (Fig. 2D). The presence of 
cells with radial morphology around the central canal of 
mice suggests that the ependymal zones in zebrafish and 
mammals may share more similarities than previously 
thought. Remarkably, in both zebrafish and mice, cells in 
the ependymal region express the stemness factor SOX2. 
However, while ERGs in the zebrafish ependymal layer 
give rise to neurons, this potential is restricted in mice. 
In uninjured neonatal mice, proliferation occurs in cells 
around the central canal and mostly involves bi-ciliated 
ependymocytes. This process declines when the spinal 
cord reaches its final size at 12 weeks of age [182]. To 
date, only one study by Chawla et al. investigated whether 
reparative neurogenesis occurs in neonatal mice. The 
authors performed thoracic compression injury in neo-
natal mice at postnatal day 1, finding an increase in cell 
proliferation with no significant differences in neurogen-
esis. Recovery of motor function after injury in neonatal 
mice was attributed to recovery of both excitatory and 
inhibitory terminals, as well as of serotonergic innerva-
tion below the injury site, rather than neurogenesis itself 
[56, 119, 182].

Several studies have investigated the stem cell poten-
tial of cells around the central canal in adult mice after 
SCI. Injury increases the expression of GFAP, cell fate 
regulators, and progenitor cell markers such as NOTCH 
1, NUMB, PAX6, SHH, BMP and MSX2 [183–186] in 
cells in the ependymal region. In a recent study, Albors 
et al. characterized the transcriptome of these cells at the 
single cell level, finding that with age, cells located later-
ally around the central canal shift toward a more mature 
state. However, immature cells remain in significant 
proportions in the aged ependymal region. The authors 
propose that these cells may function as stem cells fol-
lowing SCI [187]. The stemness potential of ependymal 
cells was first demonstrated in 1996 by Weiss et al., who 
showed that spinal neurospheres derived from adult mice 
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could differentiate into astrocytes, neurons, and oligo-
dendrocytes [188]. The number of neurospheres obtained 
using injured spinal cords was higher than those of unin-
jured mice [186, 189, 190]. After injury, these neuro-
spheres mostly form oligodendrocytes, and the amount 
of both neurospheres and oligodendrocytes is higher in 
cultures of juvenile versus adult ependymal cells [190]. 
In  vivo, after SCI in adult mice, bi-ciliated ependymo-
cytes proliferate, migrate to the lesion site, and gener-
ate scar-forming astrocytes, as well as a smaller number 
of oligodendrocytes [189, 191, 192]. Therefore, while 
spinal cord-derived neurospheres can generate neu-
rons in vitro, progenitor cells predominantly give rise to 
glial cells in  vivo. Supporting the potential of ependy-
mal cells to generate oligodendrocytes, a 2022 study 
by Llorens-Bobadilla et  al. discovered that chromatin 
regions containing binding motifs for the oligodendro-
cyte-determining transcription factors OLIG2 (oligo-
dendrocyte transcription factor 2) and SOX10(SRY-Box 
Transcription Factor 10) became accessible in ependymal 
cells after SCI, even though these transcription factors 
were not expressed. When OLIG2 was overexpressed 
in ependymal cells in  vivo, it significantly enhanced the 
accessibility of OLIG2 binding sites and promoted the 
production of oligodendrocytes from ependymal cells 
following SCI [193]. These findings raise the possibil-
ity that endogenous ependymal cells in the mouse spi-
nal cord could be engineered or manipulated to produce 
neurons after SCI. However, stem cell potential of epend-
ymal cells remains controversial. Some studies suggest 
that cells in the mouse ependymal region are not a major 
source of endogenous neural stem cells or neuroprotec-
tive astrocytes after SCI, given their restricted differenti-
ation potential and limited migration capacity [194, 195]. 
These contrasting findings provide evidence that large 
spinal cord lesions contain many newly proliferating 
cells, but few of them are positive for the ependymal lin-
eage marker FOXJ1. Ependymal progeny is generated in 
small numbers only after direct damage, and these reside 
locally in the immediate peri-ependymal area [194]. Thus, 
further analyses are needed to clarify whether the cells in 
the mouse ependymal layer possess true stem cell poten-
tial and how they compare to zebrafish ERG progenitors.

Mechanisms of axon regeneration in zebrafish 
and neonatal mice
Zebrafish possess a remarkable capacity to regenerate 
axons. Following spinal cord transection injury, Becker 
and colleagues were the first to observe axon regrowth 
from the brainstem that transverses the lesion site and 
promotes functional motor recovery in adult zebrafish 
[52, 91]. This regenerative capacity is also evident at lar-
val stages, as extensively reviewed by Tsata and Wehner 

[196]. Although still a matter of debate, glial bridges 
have been proposed to provide a substrate for regener-
ating axons to cross the lesion site. Indeed, specialized 
glial cells expressing connective tissue growth factor a 
(CTGFa) after injury have been shown to undergo a YAP-
dependent epithelial to mesenchymal transition after SCI 
in adult zebrafish. These cells then localize at injury sites, 
bridging the two severed stumps and supporting regrow-
ing axons [92, 93]. In line with this model, genetic abla-
tion of CTGFa + bridging glia in adult zebrafish led to a 
reduction in axon regeneration and functional recovery 
[94]. The requirement of a glial bridge for axon regenera-
tion in zebrafish is still a controversy in the field. Stud-
ies in larvae employing a genetic system to ablate GFAP 
+ glia have demonstrated that axonal regeneration pre-
cedes migration of glia at the lesion site and can occur 
independently of glial cell involvement [76]. Although 
these data suggest that mechanisms of axon regeneration 
might differ with aging, further clarification is needed 
to determine whether bridging glia may be required in 
adult zebrafish but not in larvae. Another considera-
tion is that CTGFa in the adult injured spinal cord is not 
specific to bridging glia only. In fact, it is also expressed 
by other cell types surrounding injury sites as well as in 
the cord ventral domain, which harbors sonic hedgehog 
(SHH) neuronal progenitors [92–94, 169]. Disrupting 
ctgfa gene expression in these cells and/or domains might 
per se affect axon regeneration. On the other hand, the 
genetic ablation systems that deplete GFAP + glia in lar-
vae may lead to incomplete and/or non-specific cell abla-
tion, creating a scenario where a minor fraction of GFAP 
+ glial cells might have escaped ablation in the larval 
experiments and could still support axonal regrowth [94]. 
In zebrafish, the number of regenerated brain-derived 
long descending axons and intraspinal long-projecting 
interneuron axons following SCI is only one-third of that 
observed in uninjured animals. Over 80% of regrown 
axon-bearing neurons are glutamatergic excitatory 
interneurons, while glycinergic inhibitory interneurons 
account for less than 10%. The excitatory-to-inhibitory 
ratio shifts from 2:1 to 10:1 after injury, reflecting a reor-
ganization of spinal central pattern generator circuits. 
The regrowth of interneurons is dependent on a spe-
cialized population of intraspinal serotonergic neurons 
appearing after injury. These cells form varicosities that 
continuously release serotonin, activating 5-HT1B recep-
tors to re-establish the central pattern generator, which is 
responsible for generating rhythmic movements needed 
for locomotion [95]. Most of the regrown excitatory 
neurons are V2a interneurons. They form a modular cir-
cuit where fast and slow V2a interneurons rostral to the 
lesion selectively synapse fast and slow V2a/motor neu-
rons caudal to it [96].
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Axon regeneration and re-establishment of synaptic 
connectivity have also been described in neonatal mice 
after SCI and shown to decline with age [118]. Employ-
ing a newly developed thoracic compression injury 
model, Boulland et  al. observed that neonatal SCI was 
accompanied by hindlimb paralysis and that axons and 
synaptic connections began to regenerate as early as 24 
h post-injury. Unlike in adult mice, this occurred with-
out astrogliosis. By 7  days post-injury, restoration of 
hindlimb movement began, descending input reappeared 
below the injury site, and both excitatory and inhibitory 
synaptic terminals were recovered [56, 119]. This recov-
ery was also observed after lumbar injuries [120]. Both 
intrinsic and extrinsic mechanisms are thought to con-
tribute to the decline in axon regenerative capacity as 
neurons mature and age [197]. In a 2010 study, Liu et al. 
showed that immature mouse neurons with high regen-
erative ability have high intrinsic levels of mammalian 
target of rapamycin (mTOR) activity and that inactiva-
tion of the upstream phosphatase and tensin homolog 
(PTEN) promotes regeneration of corticospinal tract 
axons that can reform synapses in the spinal cord cau-
dal to the lesion site [195, 198]. Subsequently, although 
functionally redundant in development, inhibition of 
zebrafish PTENa, but not PTENb, enhances regenera-
tion in adult zebrafish with SCI [199]. These findings 
highlight consistencies in intrinsic factor conservation 
between fish and mammals. Interestingly, mTOR activity 
undergoes a development-dependent downregulation in 
many types of CNS neurons, including corticospinal neu-
rons, suggesting that lack of mTOR activation is a general 
intrinsic mechanism underlying the diminished regen-
erative ability in the adult mouse CNS. Manipulation of 
intrinsic neuron growth programs via deletion of growth 
inhibitory PTEN and suppressor of cytokine signaling 3 
(SOCS3) or overexpression of growth promoting factors 
like insulin-like growth factor 1 (IGF1) and osteopon-
tin have been proposed as essential elements of combi-
natorial approaches to enhance the limited regenerative 
potential of adult CNS neurons [200].

Additional insight into the intrinsic signals contribut-
ing to the loss of regenerative capacity with aging come 
from studies on mammalian retinal ganglion cells. For 
instance, Wang et  al. recently demonstrated that over-
expression of the histone methyltransferase enhancer 
of zeste homolog 2 (Ezh2) in CNS retinal ganglion cells 
promotes optic nerve regeneration through both histone 
methylation–dependent and –independent mechanisms. 
Gene expression profiling revealed that EZH2 promotes 
regeneration by suppressing expression of maturation-
associated genes, including those encoding ion chan-
nels, transporters, and neurotransmitter receptors and 
genes inhibiting axon regeneration [201]. Changes in 

methylation patterns with aging have also been attributed 
to differences in regenerative ability between neonatal 
and adult mice. An elegant 2020 study by Hoffman et al. 
showed that overexpression of the “Yamanaka transcrip-
tion factors” OCT4, SOX2, and KLF4 (collectively known 
as OSK) in adult mouse retinal ganglion cells restores 
youthful methylation patterns and promotes axon regen-
eration. This process is dependent on Tet methylcyto-
sine dioxygenase 1 and 2 (TET1 TET2) activity, whose 
knockdown abrogates the ability of OSK overexpression 
to stimulate axon regeneration [202]. These findings indi-
cate that mammalian tissues retain a record of youthful 
epigenetic information, encoded in part by DNA meth-
ylation. In a recent preprint, Ruven et  al. investigated 
the precise developmental time at which the CNS loses 
its capacity for long-distance axon growth [116]. The 
authors developed a surgical method to meticulously 
axotomize corticospinal tract axons in the neonatal spi-
nal cord, without damaging their microenvironment. 
When corticospinal axons in mice were injured on post-
natal day 1, during elongation, they regenerated. Specifi-
cally, axotomy at thoracic T2 level resulted in 16.1 ± 2.4% 
of axons reaching T5, and 12.6 ± 2.7% reaching L2, a rate 
statistically indistinguishable from non-lesioned controls. 
However, when axons were injured on postnatal day 4, 
after they had arborized in the spinal cord, they failed 
to regrow. The transition from elongation to arboriza-
tion occurs gradually, with axons in rostral spinal cord 
segments undergoing this transition earlier than those 
in caudal segments. Notably, corticospinal axons injured 
at more caudal levels (e.g., thoracic) on postnatal day 4 
could still regenerate, indicating that regenerative capac-
ity is lost as development progresses. In this study, long 
distance corticospinal axon growth did not correlate with 
astrocytic and microglial activation, nor with myelination 
levels. This has been attributed to the minimal tissue dis-
ruption caused by the microlesions, compared to more 
substantial crush injury models in neonatal mice [116].

External to the neurons, recent research suggests that 
regenerating axons may use a scaffold to navigate the 
lesion site, as observed in adult zebrafish. In mice, this 
scaffold is made of fibronectin, secreted by microglia 
accumulating at the lesion site. Depletion of microglia 
in mice using PLX 3397, a colony-stimulating factor 1 
receptor (CSF1R) inhibitor, impaired fibronectin bridge 
formation between the two stumps at 3 or 7  days post-
injury, with most axons stalled at the lesion epicenter. 
The same was observed after postnatal day 2 injury 
in mice with conditional knockout of CSF1R, which 
removed about 70% of microglia [113], and in transgenic 
mice allowing microglia-specific deletion of the fibronec-
tin gene. The accumulation of fibronectin and other 
extracellular matrix (ECM) components (i.e., Collagen 
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XII) at the lesion site in close association with regrow-
ing axons has also been documented by Wehner et al. in 
the larval zebrafish spinal cord [76]. Hence, as described 
in the following sections, axon-ECM interactions might 
be important for axonal re-growth in both zebrafish and 
neonatal mice. The involvement of extrinsic mechanisms 
in the decline of axon regenerative capacity observed 
with aging has also been documented in another study 
from Geoffroy et  al., using mice carrying a deletion in 
the PTEN, a manipulation known to promote regen-
eration of retinal ganglion and corticospinal tract axons 
after injury. The authors showed that the regeneration-
promoting effect of PTEN deletion is greatly diminished 
with aging in both the corticospinal and rubrospinal 
tracts. PTEN deletion in older animals remains effective 
in elevating neuron-intrinsic growth states, as assessed 
by mTOR activity, neuronal soma size, and axonal growth 
proximal to the injury site [118]. This suggests that an 
increased level of negative environmental influence at the 
injury site in aging mice is at least one underlying mecha-
nism for regeneration failure. Further supporting this 
evidence, a recent preprint has attributed differences in 
regenerative capacity between neonatal and adult mice 
to anatomical factors, particularly the proximity of the 
injury to the neuron’s cell body, rather than intrinsic cel-
lular characteristics [203]. The authors found that SCI 
leads to minor transcriptional changes in mixed neuronal 
supraspinal populations and corticospinal tract neurons, 
as evidenced by the number of affected transcripts and 
their degree of up- or down-regulation. Conversely, axot-
omy near corticospinal tract neuron cell bodies resulted 
in significantly greater transcriptional effects, indicat-
ing that the location of injury relative to the neuron’s cell 
body plays a crucial role in determining the extent of the 
transcriptional response and regeneration. This anatomi-
cal difference may help explain the enhanced regenerative 
capacity observed in neonatal mice and zebrafish, where 
the distance between the cell body and axonal injury is 
smaller than in adult mice [203]. Whether axon regenera-
tion in neonatal mice involves a bridging glia population, 
as seen in zebrafish, and how these processes overlap 
between species remains an open question.

Additionally, the loss of CNS axon regenerative capac-
ity coincides with neuronal maturation and the initial 
formation of synapses. Proteins involved in synapse for-
mation, synaptic transmission, and myelination have all 
been proposed as further extrinsic factors involved in 
the loss of regenerative capacity with aging. For instance, 
when axons are injured or deprived of activity, they are 
prevented from regenerating by oligodendrocyte pre-
cursor cells that entrap them in synapse-like structures 
[204], and blocking myelination restores some regen-
erative capacity in the visual system. Understanding 

the relationship between the synapse and axon growth 
in mature neurons remains a critical area for future 
research. Synaptic vesicle release dynamics might also 
suppress axonal regrowth, as neurons mature during 
development. In agreement with that, deletion or silenc-
ing of Cacna2d2, the gene coding for the alpha 2 delta 
2 subunit of voltage-gated calcium channels regulating 
synaptic neurotransmitter release, promotes axon regen-
eration [205]. More recent evidence shows that genetic 
loss-of-function of Munc13s, coding for a key compo-
nent of the synaptic transmission machinery, also pro-
motes axon regeneration after CNS injury in adult mice 
[206]. Neurotransmitter pools released after injury may 
also contribute to the differences in regenerative capac-
ity between neonates and adults. Indeed, SCI in adults 
shifts excitatory interneurons to an inhibitory pheno-
type, reducing synaptic excitation to motor neurons. 
In contrast, in neonatal injury, excitatory interneurons 
preserve an excitatory phenotype, which is essential to 
restore motor function. Mimicking the adult inhibitory 
phenotype in neonates impairs locomotor function [117]. 
Neurotransmitter phenotype switch also occurs during 
zebrafish regeneration, suggesting that this may be a key 
mechanism underlying axon regeneration [207]. These 
findings suggest that the regenerative potential of neona-
tal neurons is associated with their immature state and 
limited synaptic activity.

Common signals promoting CNS regeneration 
in zebrafish and neonatal mice
Over the past decade, a growing number of studies have 
employed zebrafish and neonatal mice to identify signals 
promoting innate brain and spinal cord repair. Below, 
we provide an overview of factors and signals that may 
be crucial for regeneration in both organisms (Table  2, 
Fig. 3).

Hippo signaling
Hippo signaling plays a crucial role in both develop-
ment and regeneration. In the zebrafish brain, effectors 
of the Hippo signaling pathway—YAP, TAZ (transcrip-
tional co-activator with PDZ-binding motif ), and TEAD 
(transcriptional enhanced associate domain)—con-
trol progenitor cell proliferation. They are expressed 
in mechanosensory receptors that detect actomyosin 
tension along the developing hindbrain. Reduced YAP/
TAZ-TEAD activity leads to decreased neuronal differ-
entiation [208]. Hippo signaling also plays a role during 
zebrafish spinal cord regeneration. Specifically, for a glial 
bridge to form, ERGs must transition to a mesenchymal 
cell phenotype and migrate to the injury site. This pro-
cess is regulated by YAP1-CTGFa signaling, as both these 
genes are upregulated following injury and localize near 
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the lesion. Moreover, YAP1 is known to increase expres-
sion of twist1a, a marker of epithelial to mesenchymal 
transition [93]. Loss of function of twist1a impairs bridg-
ing and motor recovery, while its overexpression or 
administration of human recombinant CTGF to spinal 
lesions restores baseline functional outcomes [93].

Some studies suggest that Hippo signaling might also 
play a role in the neonatal mouse CNS, specifically during 
regeneration of the cerebellum. Neuroepithelial-like cells 
(major stem cell pool within the cerebellum that gives 
rise to granule cell precursors) [133] are enriched with 
YAP and TAZ in neonatal mice. Yang et al. showed that 

Table 2  Common signals relevant to brain and spinal cord regeneration in both zebrafish and neonatal mice

Pathway Model Induction domain
and/or cell type

Evidence for regeneration Ref

HIPPO Zebrafish Brain progenitor cells, spinal cord ERGs • Increased neural progenitor proliferation 
and neuronal differentiation
• Epithelial to mesenchymal transition 
of ERGs into bridging glia

[93, 208]

Neonatal 
Mice

Cerebellar neuroepithelial-like cells • Increased granule cell migration
• Improved cerebellar growth

[134]

SHH Zebrafish Cerebellar progenitors, spinal cord ERGs • Enhanced proliferation of neural progeni-
tors
• Increased motoneuron regeneration 
in SC
• Improved motor recovery

[67, 169, 209]

Neonatal 
Mice

Progenitors of V-SVZ and cerebellum N/A [210–213]

WNT Zebrafish Brain ependymoglia and spinal cord ERGs • Increased neural progenitor proliferation 
and differentiation into neurons
• Improved axonal bridging in SC

[67, 69, 70, 88, 97, 98, 214]

Neonatal 
Mice

Brain NSCs • Increased NSC proliferation and neuronal 
differentiation
• Reduction of NSC apoptosis

[124, 125, 215, 216]

BMP/Id1 Zebrafish BMP: Neurons
Id1: NSCs

• Prevents NSC pool depletion
• Maintains long-term regenerative capac-
ity

[71]

Neonatal 
Mice

Multipotent neural progenitor cells of brain • Downregulation improves OPC survival 
and white matter protection

[126, 127, 217–219]

HB-EGF Zebrafish ERGs • Neurogenesis and axon growth [86, 220, 221]

Neonatal 
Mice

N/A • Myelin preservation in brain
• Increased 5-HT axons density in SC

[86, 128]

ECM factors Zebrafish Fibroblast-like cells of myoseptal 
and perivascular origin

• Collagen XII: Increased axonal guidance 
and bridging in SC
• Pdgfrb: Increased axon bridging, reduced 
scarring in SC

[76, 77, 99]

Neonatal 
Mice

Microglia • Fibronectin: Forms a bridge 
across the lesion site supporting regener-
ating axons

[113, 129]

Immune cells Zebrafish zTreg cells,
blood-derived macrophages, microglia

• Cause increased ERG proliferation 
and axonal sprouting in SC through Neuro-
trophin-3 and other neurogenic factors
• Cause reduction of neutrophil-derived 
proinflammatory cytokines
• Promote neurogenesis and axon regen-
eration by modulating TNF-α levels
• Effectively clear debris

[72, 73, 78–81, 100, 108, 222]

Neonatal 
Mice

Blood-derived macrophages, microglia • Clearance of myelin and cellular debris
• Fibronectin bridge formation in spinal 
cord
• Injury alleviation, reduction of scarring

[113, 114, 130, 131, 223, 224]
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mutation of YAP specifically in neuroepithelial-like cells 
at postnatal day 0 results in reduced granule cell migra-
tion at postnatal day 12 and cerebellar growth at post-
natal day 16, following cerebellar irradiation at postnatal 
day 1. TAZ mutation, however, did not corroborate these 
findings. Rather, when both YAP and TAZ were mutated 
in neuroepithelial-like cells, the cerebellar phenotype was 
not greatly affected [134]. This suggests that loss of TAZ 
may rescue deficits caused by YAP mutation, highlighting 
the complex and potentially compensatory roles of these 
proteins in cerebellar regeneration.

While Hippo signaling has not been studied in neonatal 
spinal cord regeneration, studies in adult mice revealed 
that YAP is upregulated following injury and modulates 
astrocytic proliferation, aiding in the formation of a glial 
scar. It is also worth noting that inhibiting YAP or expres-
sion of its target gene Ccna2 prevented scar formation 
[225, 226]. While study of Hippo signaling in pro-regen-
erative, neonatal mice still awaits, these findings suggest 
that the consequences of Hippo activation are possibly 
genetically, temporally, and species dependent.

Sonic Hedgehog signaling
Developmentally, Shh signaling is thought to control cell 
differentiation patterns, and its dysregulation is associ-
ated with neurodegenerative diseases [227].

In zebrafish, blunt force trauma to the cerebellum 
was shown to induce a significant upregulation of the 
SHH ligands (SHHa and SHHb) at 6 hours post-injury 
and of its receptor Smoothened at 12 hours post-injury, 
both of which returned to baseline levels by 60 hours 
post-injury [209]. In the same study, activation of this 
pathway via administration of the Smoothened agonist 
purmorphamine in uninjured fish triggered a prolifera-
tive response along the cerebellar crest which ultimately 
contributed to populating the granule cell layer of the 
cerebellum. Further, injection with the Shh antagonist 
cyclopamine following TBI resulted in the absence of a 
proliferative response [209]. In the adult zebrafish spi-
nal cord, SHH is constitutively expressed at a basal level 
in ERGs but significantly upregulated following injury, 
particularly in ventrally-located ventrally ERGs around 
the central canal, with expression peaking around 
3 days post-injury [67]. When SHH signaling was inhib-
ited via intraperitoneal injections of cyclopamine, ERG 

Fig. 3  Pathways and cell types regulating CNS regeneration in both zebrafish and neonatal mice. The circles show a schematic of the major 
processes involved in the regeneration of the zebrafish and neonatal mouse brain and spinal cord. Highlighted are signaling pathways, molecules 
and cell types that play, or are likely to play, a role in regeneration in both zebrafish (green rectangle) and neonatal mice (light blue rectangle). 
Figure generated using Biorender
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proliferation decreased, which correlated with impaired 
regeneration of motor neurons [169].

In neonatal mice, SHH exerts both proliferative and 
pro-neurogenic effects. Specifically, during the first week 
of life, SHH signaling is required to maintain high oligo-
dendrocyte proliferative capacity in the dorsal V-SVZ of 
the brain [210]. Although this innate capacity is lost in 
adults, similar rates of oligodendrocyte proliferation are 
observed when the pathway is ectopically reactivated 
in mice at postnatal day 30. In the neonatal mouse cer-
ebellum, genetic or pharmacological disruption of SHH 
signaling alters the angles of spindle orientation, which 
in turn affects the balance between symmetric and asym-
metric granule cell progenitor divisions [211]. The con-
tribution of SHH signaling to neonatal mouse spinal 
cord regeneration has not been studied, but therapeutic 
interventions harnessing its pro-regenerative effects have 
been examined in the adult mouse spinal cord. Different 
studies suggest that implanting biomaterials enriched 
with SHH trophic factors into lesioned spinal cords of 
adult mice improves recovery and limits scar formation 
[212, 213]. Thus, it would be beneficial to test the contri-
bution of SHH signaling to innate spinal cord regenera-
tion at neonatal stages.

Wnt/β‑Catenin signaling
Following stab wound injury to the zebrafish telencepha-
lon, Demirci and collaborators observed induction of 
Wnt/β -catenin signaling components at 20 h post-injury, 
with their expression returning to baseline levels by 36 
h post-injury. Differential gene expression analyses of 
injured and uninjured brains at various time points sug-
gested that WNT/β-catenin signaling controls expression 
of several key genes including p53, mitogen activated 
protein kinase (mapk), mTor, and forkhead box O (foxo). 
This pathway also appears to play a role in regulating 
apoptosis at early stages of recovery post-injury [69]. 
The authors suggested that WNT/β-catenin signaling 
components may play a role in the regulation of cellular 
and molecular events taking place during early regenera-
tion in the telencephalon. This hypothesis is further sup-
ported by studies in the optic tectum showing that WNT 
regulates ependymo-glia proliferation and differentiation 
into neurons after injury [70].

Bioinformatic analyses have also identified upregula-
tion of WNT signaling components following zebrafish 
SCI [67, 97, 214]. Studies in larvae revealed that the 
pathway is active in ERGs after injury, while they 
undergo neuronal differentiation. The pathway also 
enhances axonal regrowth and functional recovery 
[88]. Further investigation by Wehner et  al. employed 
transgenic reporter lines to visualize the dynamics of 

WNT-signaling components. The authors found that 
WNT/β-catenin activation occurs in fibroblast-like cells 
populating the lesion environment and aligning closely 
to regenerating axons. WNT directly regulates the tran-
scription of collagen type XII gene (col12a1a/b), promot-
ing collagen XII deposition in spinal cord lesion sites. 
Pharmacological WNT inhibition by IWR- 1 treatment 
decreased col12a1a/b gene expression, which resulted in 
reduced axonal bridging and swimming ability [76]. This 
role of WNT during regeneration is conserved in adult 
zebrafish [98].

Studies investigating WNT signaling in neonatal mice 
strongly differ in methodology, limiting the scope of 
cross-species comparison. In  vitro studies have dem-
onstrated that neonatal hippocampal NSCs subjected 
to hypoxic conditions, mimicking brain damage, show 
upregulation of β-Catenin (Ctnnb1), p-GSK-3β (Gsk3b), 
and CyclinD1 (Ccnd1), all major WNT pathway effec-
tors [125]. This was associated with increased prolifera-
tion and reduced NSC apoptosis. Later in  vivo studies 
suggested that WNT signaling plays a role in guiding 
neonatal NSC differentiation toward cells with neuronal 
features after injury [215], indicating a conserved neu-
rogenic function for WNT signaling across species. In 
agreement with that, a recent study demonstrated acti-
vation of WNT/b-Catenin signaling in V-SVZ NSCs and 
glutamatergic progenitors of neonatal mice exposed to 
chronic hypoxia [124]. The role of WNT signaling in neo-
natal spinal cord regeneration is unknown. However, it 
has been extensively studied in the context of adult SCI 
and proposed to be involved in the regulation of axon 
regeneration, neuroinflammation, and remyelination 
through various mechanisms [216].

Bone morphogenic protein signaling
Bone morphogenic proteins (BMP) are members of the 
transforming growth factor beta (TGF-β) super-family, 
shown to play several crucial roles in neural development 
and repair [228].

Signaling via BMP may influence long-term recov-
ery from substantial brain damage through regulation 
of inhibitor of the DNA binding 1 gene (id1). Found in 
RGCs, this gene is highly conserved between zebrafish 
and mammals, to the extent that human ID1 gene expres-
sion is sufficient to drive NSC generation in zebrafish. 
Zang et  al. demonstrated that BMP/ID1 signaling regu-
lates long-term regenerative capacity following repeated 
stab wound injuries to the zebrafish telencephalon. 
While BMPs are expressed by neurons after injury, ID1 is 
found in NSCs. Modulation of BMP signaling in neurons 
resulted in changes in id1 gene expression in NSCs, sug-
gesting a crosstalk between the two cell types after injury. 
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The transcription factor HER4.1, from the HES/HER 
family, appears to mediate this crosstalk to prevent stem 
cell pool depletion during regeneration [71].

Although there is limited study of BMP signaling in 
neonatal mouse brain regeneration, it has been sug-
gested as a promising target for white matter protec-
tion in perinatal brain injury [217]. Dizon et  al. found 
that hypoxia–ischemia injury in mice at postnatal day 7 
induces BMP4 and SMAD 1/5/8, key effectors of BMP 
signaling. Antagonizing BMP signaling by overexpress-
ing Noggin resulted in an increase of oligodendrocyte 
progenitors and oligodendrocytes at 7  days post-injury, 
along with increased expression of myelin proteins, lead-
ing to improved locomotor function at 14 days post-
injury [126, 127]. Contribution of BMP to innate spinal 
cord regeneration in neonatal mice has not been deeply 
investigated. Parikh et al. showed that SMAD1-depend-
ent BMP signaling is developmentally regulated in mice, 
and its downregulation with aging contributes to the age-
related decline in axon growth potential after SCI [218]. 
Most recently, BMP signaling has also been shown to act 
as a negative regulator of scarring by inhibiting collagen 
deposition after SCI [219].

Heparin‑binding epidermal growth factor signaling
Heparin-binding epidermal growth factor (HB-EGF) is a 
member of the epidermal growth factor family and serves 
as a ligand for the receptor tyrosine-protein kinases 
ERBB1 (EGFR) and ERBB4. Described as a mitogenic 
and chemoattractive factor, it is initially synthesized as a 
membrane-bound precursor (pro-HB-EGF) and is later 
cleaved to form its soluble, secreted form (soluble HB-
EGF) [229].

In zebrafish, the HB-EGFa paralogue is significantly 
upregulated in ERGs lining the spinal cord central canal 
at 7  days post-injury [86]. The receptors for HB-EGF, 
ERBB4 and EGFR, which are undetectable in uninjured 
zebrafish spinal cords, are also highly expressed near the 
injury site after a transection injury. Animals with hb-
egfa gene mutations display impairments in swim ability, 
axon growth, and tissue bridging after spinal cord tran-
section, associated with disrupted indicators of neuron 
production. Conversely, local recombinant human HB-
EGF delivery to spinal cord lesions enhances functional 
regeneration [86]. In agreement with these findings, HB-
EGFa has also been shown to play a role in zebrafish ret-
ina and olfactory epithelium neurogenesis [220, 221].

In neonatal mice, HB-EGF has also been implicated in 
CNS regeneration. Specifically, Scafidi et al. showed that 
administration of intranasal-HB-EGF reduced apopto-
sis of myelinating oligodendrocytes preserving axonal 
myelination and improving behavioral recovery after 
neonatal hypoxia [128]. In the neonatal mouse spinal 

cord, adeno-associated virus-mediated overexpression 
of the gene coding for the human HB-EGF at the lesion 
site increased the density of serotonergic axon fibers 
in regions caudal to the injury site [86]. The relevance 
of HB-EGF for adult mouse spinal cord regeneration 
remains unclear.

Extracellular matrix‑related signaling
To comprehensively understand species-specific differ-
ences in how the brain and spinal cord respond to injury, 
it is critical to contextualize the restorative mechanisms 
within the lesion site itself. Research has increasingly 
focused on the role of the extracellular matrix (ECM) in 
mediating regeneration. One of the first studies to exam-
ine this connection identified fibroblast-derived Collagen 
XII (COLXII) as a major regulator of axon regeneration 
in zebrafish [76]. Additionally, in a 2021 study, Tsata and 
collaborators used both platelet-derived growth factor 
beta (Tg(pdgfrb:GFP) and Cre-based transgenic zebrafish 
lines to study the role of fibroblasts during spinal cord 
regeneration. Their finding revealed that fibroblasts, 
originating from myoseptal and perivascular sources, 
accumulate at the lesion site where they make direct con-
tact with axonal fascicles extending towards - but not 
yet crossing - the lesion site. This study highlighted that 
platelet-derived growth factor (PDGF) signaling in fibro-
blasts increases expression of axon growth-promoting 
ECM genes (cthrc1a and col12a1a/b) while simultane-
ously decreasing expression of those coding for matrix 
molecules that hinder regeneration (lum and mfap2). 
Genetic ablation of PDGFR-expressing fibroblasts led to 
reduced axonal bridging after SCI, leading to impaired 
functional recovery [99]. Further supporting the impor-
tance of ECM components, a recent study from Kolb 
et  al. investigated the expression of ECM-derived small 
leucine-rich proteoglycans (SLRPs) in regenerating 
zebrafish spinal cords. Typically associated with scar for-
mation in adult mammals (e.g., mice, rats, and humans), 
SLRPs were found to be largely absent in the regenerating 
larval zebrafish spinal cord, with the exception of Asporin 
[77]. When SLRPs were selectively upregulated in the 
transected zebrafish spinal cord using a pdgfrb:SLRP 
transgenic line, axonal bridge thickness and functional 
recovery were reduced, suggesting that SLRPs may act as 
inhibitors of spinal cord regeneration and could be tar-
geted therapeutically to promote repair [77].

The exact role of Collagen XII, PDGF signaling, and 
SLRP molecules during neonatal mouse CNS regen-
eration is unknown. A study from Shen et  al. suggests 
that  Pdgfrb gene deletion disrupts glial scar formation 
following cerebral ischemia [129]. As for SLRPs, while 
prominent immunoreactivity has been observed in spi-
nal cord stumps and the lesion core of adult mice [77], 
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expression in neonatal mouse spinal cords awaits inves-
tigation. Notably, a study by Li et al. found that expres-
sion of ECM genes - such as fibronectin 1 (Fn1) and 
thrombospondin 1 (Thbs1) - and their associated regu-
latory networks, was transiently upregulated in neonatal 
microglia following a crush injury at postnatal day 2. The 
deposition of these ECM molecules contributes to the 
growth-conducive environment seen in neonatal mice 
and is one of the key factors differentiating the regenera-
tive responses of neonates versus adults after SCI [113].

Tissue regeneration enhancer elements
Recent studies have identified tissue regeneration 
enhancer elements (TREEs) and silencer elements 
(TRSEs) as key regulators of regeneration in several 
zebrafish tissues [230–233]. Epigenetic analysis of injured 
zebrafish spinal cords led to the discovery of several puta-
tive regions activating regeneration associated expression 
in the regenerating spinal cord. Among them, regions 
associated with the genes coding for the heparin-binding 
epidermal growth factor a (hb-egfa),  the nuclear recep-
torcoactivator 4 (ncoa 4),the mRNA-processing factor 
38fb  (prp38fb), and the suppressor of hairless 2 (ssuh2) 
were experimentally validated in transgenic enhancer 
reporter lines [86]. Additionally, a cis-regulatory element 
necessary to direct expression of ccn2a, which codes for 
the bridging glial marker CTGFa, after SCI has also been 
reported [94].

Neonatal mouse-specific spinal cord regeneration 
enhancers have not yet been investigated. Shu et al. in a 
recent study examined chromatin accessibility profiles at 
the single-cell level in mouse neural tubes from embry-
onic days 9.5 to 13.5. The authors identified specific cis-
regulatory elements in neural progenitors and neurons, 
highlighting enhancer networks as a general mechanism 
in transcriptional regulation during development [234]. 
Further investigations into the chromatin structure and 
transcription complexes in mammalian spinal cord tis-
sue at different stages, along with their ability to recog-
nize additional TREEs, are likely to offer valuable insights 
into the decline of regenerative capacity with age. Strik-
ingly, when certain zebrafish spinal cord enhancers (i.e., 
hb-egfaEN) were delivered to neonatal mice using adeno-
viral vectors, they successfully directed gene expression 
at injury sites in neonatal mice, which can regenerate 
axons, similar to zebrafish. However, this response did 
not occur in adult mice, where regeneration is limited. 
This suggests that the transcriptional machinery and/
or the injury-induced transcription chromatin status of 
regenerating zebrafish and neonatal mice share similari-
ties that are possibly lost with aging [86]. This cross-spe-
cies enhancer recognition makes chromatin regulation 

an intriguing target for future translational study in CNS 
regeneration and plasticity [235, 236].

Conserved immune cell contributions to CNS repair
Immune cells play pivotal roles in CNS regeneration. In 
both zebrafish and mice, injury leads to activation and 
recruitment of resident microglia, peripheral neutrophils, 
macrophages, and other leukocytes and lymphocytes to 
the injury site. The ability of these cells to either promote 
or inhibit healing is determined by their subpopulation 
composition and activation kinetics. When immune cells 
function optimally, they clear debris, protect healthy tis-
sue, and promote healing. Conversely, unresolved or 
excessive inflammation can lead to impaired regeneration 
and scar formation. While our understanding of these 
intricate cellular dynamics has notably evolved over the 
last decade, an incomplete characterization of immune 
cells’ multifaceted, transient roles in CNS regeneration 
limits cross-species comparison. For instance, adaptive 
immunity is becoming increasingly recognized as a con-
tributor to regeneration outcomes in zebrafish but lacks 
similar attention in mammalian neonatal models of CNS 
injury. T-regulatory (Treg) cells accumulate at the lesion 
site in zebrafish spinal cords between 3 and 7-day post 
injury. More specifically, FOXP3a-expressing T cells, 
also known as zTreg cells, produce local trophic factors 
such as neurotrophin- 3 that facilitate ERG proliferation 
after injury. Ablating zTreg cells from zebrafish with SCI 
resulted in disorganized rostral and caudal axonal sprout-
ing at 30 days post-injury, impaired functional recov-
ery, and decreased expression of key neurogenic factor 
genes such as gdnfa and ngfb at 7 days post-injury [100]. 
Though similar studies have not been performed in neo-
natal mice, observations in adult mice with SCI revealed 
that Treg cells accumulate at the lesion [237]. Controlled 
reduction of Treg levels early after injury positively influ-
enced the repair process; however, their ablation during 
the subacute or chronic phase disrupted tissue remod-
eling [237]. These findings emphasize the crucial spatial 
and temporal dynamics of effector and regulatory T cells, 
with their balance playing a key role in the CNS repair 
process. In the following sections, we discuss immune 
cell populations that have been implicated and well 
documented in pro-regenerative zebrafish and neonatal 
mouse responses to CNS damage (Fig. 3, Table 2).

Neutrophils
Precise intercellular signaling is required for CNS regen-
eration in zebrafish and mice. Palsamy et al. [72] employed 
a telencephalic injury model in microglia-depleted adult 
zebrafish, observing a compensatory accumulation of 
neutrophils between 2 and 4 days post-injury, leading to a 
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prolonged inflammatory phase. Efficient clearance of neu-
trophils is a critical step for tissue repair in the zebrafish 
CNS, and macrophages are necessary for controlling 
neutrophil levels during later stages of repair [78]. In a 
recent study, de Sena-Tomás et al. demonstrated that neu-
trophils are recruited to the larval spinal cord lesion site 
to then reverse migrate throughout the body. Promoting 
neutrophil inflammation resolution by inhibiting C-X-C 
chemokine receptor type 4 (CXCR4) signaling boosts cel-
lular and functional regeneration [79]. Similar observa-
tions were also reported in neonatal mice in a recent study 
from Kitade et al. Specifically, flow cytometry analysis of 
crush injured spinal cords showed that neonatal astro-
cytes secrete lower levels of chemokines (such as C-X-C 
motif chemokine ligand 1 and 2, CXCL1 and CXCL2) 
to recruit circulating neutrophils after SCI compared 
to adult astrocytes. Neonatal circulating neutrophils 
also expressed lower levels of the chemokine receptor 
CXCR2 and adhesion molecule integrin β2 compared to 
adults. This resulted in reduced neutrophil recruitment 
and lower levels of inflammatory cytokines at the injury 
site, leading to fewer apoptotic neurons, improved axonal 
regeneration, and better locomotor recovery than adults 
[114]. These findings suggest that limiting neutrophil infil-
tration may enhance regeneration.

Blood‑derived macrophages
In zebrafish, macrophages regulate axon regeneration by 
producing tumor necrosis factor alpha (TNF-α) after SCI 
and reducing interleukin 1 beta (IL 1β) levels [78]. TNF-α 
induces TNFRSF1A-mediated AP-1 activity in ERGs 
to increase regeneration-promoting expression of his-
tone deacetylase 1 gene (hdac1) and neurogenesis. This 
suggests important macrophage crosstalk with spinal 
ERG progenitors after injury [80]. Macrophages are also 
thought to be involved in promoting expression of addi-
tional pro-regenerative genes in zebrafish, such as tgfb1a 
and tgfb3, and to control concentrations of neutrophil-
derived pro-inflammatory cytokines following SCI [81].

Comparing these results to observations in mice sug-
gests that the regenerative role of macrophages in 
response to SCI is dependent on their eventual with-
drawal from the lesion site. In the spinal cord of injured 
neonatal and adult mice, macrophages were pervasive at 
3  days post-injury. Interestingly, at 14 days post-injury, 
macrophage accumulation persisted in the adult lesion 
but were absent from the neonatal lesion [113]. Mac-
rophages have been implicated in age-dependent control 
of profibrotic myelin-derived cholesterol at the lesion 
site. Specifically, Zheng and collogues showed that after 
SCI in adult mice, myelin-derived cholesterol crystals 
are deposited at the lesion site and engulphed by mac-
rophages. This process perpetuates the macrophage 

inflammatory state and promotes scar formation. By con-
trast, in neonatal mice, the macrophage population pre-
sent at 3 days post injury is resolved within 2 weeks, as 
are cholesterol crystals, suggesting that effective, homeo-
static cholesterol transport and macrophage clearance 
are lost with age. When macrophages overloaded with 
myelin-derived cholesterol were injected into the neo-
natal lesion site, scar formation occurred, indicating that 
excess cholesterol accumulation exacerbates macrophage 
activation and impairs healing [223]. While literature on 
the role of macrophages in brain regeneration in neona-
tal mice is limited, a closer examination of macrophage 
subtypes, functions, and, activation dynamics after injury 
may reveal a more nuanced understanding of species-
specific differences in macrophage activity.

Microglia
It is widely known that microglia are heavily involved in 
innate inflammatory responses to injury. Under physiologi-
cal conditions, a “resting” microglial cell is characterized by 
a very small cell body with elongated, ramified processes 
[238]. Microglia produce neurotrophic and anti-inflamma-
tory factors to support the normal function of neurons and 
glial cells [239]. Demonstrating striking plasticity, microglia 
can quickly react to any sign of tissue damage by secreting 
both pro- and anti-inflammatory molecules at different 
stages of repair after neural trauma [240, 241].

In the adult zebrafish brain, microglia proliferate to 
populate the lesion site for many days following injury, 
to effectively clear debris and activate neurogenesis 
(reviewed in [222]). Return of microglia to their basal 
state is a granulin-dependent process [73]. Supporting 
the requirement for microglia to achieve regeneration, 
pharmacological and genetic inactivation of microglia 
after telencephalic injury led to a persistent lesion, a pro-
longed inflammatory response, and reduced pro-regener-
ative signaling, despite the absence of glial scar formation 
[72]. One could speculate that the absence of scarring in 
zebrafish could be due to the lack of free astrocytes in 
their CNS. However, adult ERGs in the brain and spinal 
cord fulfill astrocytic functions. Also, astrocyte-like cells 
have been reported in the developing zebrafish brain, 
although their existence is still debated [242].

Microglia also play a major role in zebrafish spinal 
cord regeneration. In the spinal cord of zebrafish lar-
vae, targeted chemogenetic ablation of neurons acti-
vates microglia, resulting in microglia’s phagocytic 
ingestion of neuronal remnants within 20–30 minutes. 
This response is diminished when larvae are exposed 
to the immunosuppressant dexamethasone, a condi-
tion that impairs motor neuron regeneration [108]. In 
an additional larval study, Tsarouchas et  al. analyzed 
the requirement for microglia during regeneration using 
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csf1ra/b zebrafish mutants, in which the function of col-
ony stimulating factor 1 receptor (CSF1R), needed for 
microglia differentiation, is compromised. Axon regen-
eration was unaffected in these mutants compared to 
wild types. However, the quantity of peripheral mac-
rophages responding to injury increased in csf1ra/b 
mutant larvae, likely compensating for a possible regen-
eration promoting role of microglia [78].

In line with what is observed in zebrafish, micro-
glial cells are crucial for brain and spinal cord regen-
eration in neonatal mice. In the neonatal mouse brain, 
microglial cells are key players in the innate inflamma-
tory response and help limit secondary damage, such as 
hemorrhage [224]. In a hypoxic-ischemic brain injury 
model, microglia-depleted male mice exhibited larger 
infarct volumes compared to microglia-depleted females, 
who instead showed a greater number of apoptotic neu-
rons in the hippocampus and the thalamus. These find-
ings suggest that microglial cells are required to contain 
damage, with sex-based differences, as males were more 
affected than females. Interestingly, microglia depletion 
in both sexes also led to reduced IL-6 and TGF-β lev-
els [130]. Injury in this study occurred at postnatal day 
10, which falls beyond the critical neonatal regeneration 
window of postnatal day 0 and 8. In a differently designed 
study, Bourget et  al. inactivated microglia using met-
formin or induced its chemical ablation in mice under-
going hypoxia–ischemia at postnatal day 8, within the 
first week post damage. This led to improved behavioral 
outcomes indicating that dampening or ablating the early 
microglia response is sufficient to protect against func-
tional deficits [131]. The conflicting data regarding the 
impact of microglia on fine motor and cognitive behavior 
after neonatal brain injury warrants further research.

In the neonatal mouse spinal cord, injury results in the 
appearance of five transcriptionally distinct microglial 
clusters [113]. One of these clusters, located around the 
lesion site, transiently expresses high levels of fibronectin 
1 (FN1), along with proteinase inhibitors, possibly resolv-
ing inflammation at 3  days post-injury, with expression 
ceasing by 5  days post injury. Microglial-derived FN1 
has been proposed to form a bridge across the lesion 
site that supports growth of regenerating axons. Unlike 
neonatal microglia, adult mouse microglia show no sig-
nificant induction of Fn1 gene and proteinase inhibitor 
levels after injury, which might contribute to the lack of 
regenerative capacity in the adult animal. In support of 
the potentially regenerating role of microglial-derived 
FN1 and protease inhibitors, treatment of adult microglia 
with two chemical proteinase inhibitors—E64, a mem-
brane-permeable irreversible inhibitor of a broad range 
of cysteine peptidases, and serpina3n, a serine protease 
inhibitor—followed by transplantation into adult spinal 

cord lesions, improved axon regeneration in adult mice 
[113].

Conclusion and perspectives
Since the time of Cajal, the brain and spinal cord of 
humans and other adult mammals have been broadly 
regarded as organs with little to no capacity for regenera-
tion. It is only within the past four decades that research-
ers have identified the capacity of the nervous system to 
change in response to damage or experience [243–246]. 
Despite remarkable scientific advancement during this 
time, no cure currently exists for spinal cord or traumatic 
brain injuries. Recent studies in zebrafish and neonatal 
murine models are providing valuable insights to bolster 
regenerative potential in adult mammals. Notably, com-
parative studies have revealed that some pro-regenerative 
pathways and mechanisms might be conserved between 
zebrafish and neonatal mice but may diminish or change 
as mammals age, possibly taking on different roles. The 
guiding principles behind this variation are still a mys-
tery. Differences in tissue complexity, in mechanisms 
enhancing and silencing gene networks in response to 
injury, in metabolic demands and in organism size and 
reproductive strategies, may all play a role in favoring 
repair in zebrafish and neonatal mice and/or opposing it 
in adult mice. The integration of a diverse number of con-
textual cues, both internal and external, may also influ-
ence the way that an organism responds to CNS injury, 
but more importantly how injury signals are received 
and transmitted to surrounding cells. Considering these 
aspects across species will foster the translation of basic 
science into clinically useful treatments for the broad 
group of patients who suffer from CNS disorders.

More research is needed to uncover why regeneration 
declines in adult mammals and how it might be reacti-
vated. For example, identifying pro-regenerative cell sub-
sets with specific molecular markers in neonatal mice 
would enable researchers to track the fate of these cells as 
they mature into adulthood. This would provide valuable 
insights into their role in tissue repair and regeneration 
over time and help determine whether these cells retain 
their regenerative potential or if they can be reactivated. 
Additionally, investigating how age-related changes in 
chromatin modifications affect tissue regeneration could 
provide crucial information. Advances in research tools 
and imaging techniques will help explore these processes 
in greater detail. Although still beyond immediate reach, 
the reactivation of regeneration in adult mammals—
and perhaps humans—is a realistic prospect and should 
encourage scientific research, potentially leading to 
transformative discovery and innovative treatments for 
CNS disorders.
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Ascl1	� Achaete-scute family BHLH transcription factor 1 gene
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BMP4	� Bone morphogenetic protein 4
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ccn2a	� Cellular communication network factor 2a
Ccnd1	� Cyclin D1 gene
CNS	� Central nervous system
COLXII	� Collagen XII
col12a1a/b	� Collagen type XII gene
CRISPR	� Clustered regularly interspaced short palindromic repeats
CSF	� Cerebrospinal fluid
CSF1R	� Colony-stimulating factor 1 receptor
Csf1ra/b	� Colony-stimulating factor 1 receptor a/b genes
CTGFa	� Connective tissue growth factor a
cthrc1a	� Collagen triple helix repeat containing 1a gene
Ctnnb1	� B-Catenin 1
CXCL1/CXCL2	� C-X-C Motif Chemokine Ligand 1 and 2
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EGFR	� Epidermal growth factor receptor
ERBB1	� Receptor Tyrosine Kinase erbB- 1
ERBB4	� Receptor Tyrosine Kinase erbB- 4
ERG	� Ependymo-radial glia
EZH2 (Ezh2)	� Histone methyltransferase enhancer of zeste homolog 2
FN1 (Fn1)	� Fibronectin 1
FOXP2	� Forkhead box protein 2
FOXJ1	� Forkhead box j1
FOXJ1a	� Forkhead box j1 paralogue a
foxo	� Forkhead box O
GCL	� Granular cell layer
gdnfa	� Glial cell line-derived neurotrophic factor
GFAP	� Glial fibrillary acidic protein
GFP	� Green fluorescent protein
GS	� Glutamine synthetase
Gsk3b	� Glygcogen synthase kinase- 3b gene
HB-EGF	� Heparin-binding epidermal growth factor
hb-egfa	� Heparin-binding epidermal growth factor paralogue a gene
hb-egfaEN	� Heparin-binding epidermal growth factor paralogue a 

enhancer
hdac1	� Histone deacetylase 1
HER4	� Hairy-related 4
HEY1	� HES-related family BHLH transcription factor with YRPW 

motif 1
HH	� Hedgehog
ID1 (id1)	� DNA binding 1
IL- 1β	� Interleukin- 1 beta
IL- 6	� Interleukin- 6
KLF4	� Krüppel-like factor 4
lum	� Lumican gene
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mapk	� Mitogen activated protein kinase gene
mfap2	� Microfibrillar-associated protein 2 gene
ML	� Molecular layer
MSX2	� Msh homebox 2
mTOR (mTor)	� Mammalian 391 target of rapamycin
ncoa4	� Nuclear receptor coactivator 4 
ngfb	� Nerve growth factor beta polypeptide gene

NPC	� Neural progenitor cell
NSC	� Neural stem cell
OCT4	� Octamer-binding transcription factor 4
OLIG2	� Oligodendrocyte transcription factor 2
PAX6	� Paired box protein 6
PCNA	� Proliferating cell nuclear antigen
PDGFR	� Platelet-derived growth factor
pdgfrb	� Platelet-derived growth factor beta gene
PLX 3397	� Pexidartinib
prp38fb	� Pre-mRNA processing factor 38B gene
PSA-NCAM	� Polysialylated neuronal cell adhesion molecule
PTEN (pten)	� Phosphatase and tensin homolog
PTENa/PTENb	� Phosphatase and tensin homolog a/phosphatase and tensin 

homolog b
ptf1a	� Pancreas-associated transcription factor 1a gene
RGC​	� Radial glial cell
RMS	� Rostral migratory stream
SCI	� Spinal cord injury
SGZ	� Sub-granular zone
SHH (shh)	� Sonic hedgehog
SHHa/SHHb	� Sonic hedgehog ligand a/sonic hedgehog ligand b
SIRT1	� Sirtuin 1
SLRP	� Small leucine-rich proteoglycan
SMAD1/5/8	� Mothers against decapentaplegic homolog 1/5/8
SOCS3	� Suppressor of cytokine signaling 3
SOX2	� SRY-Box 2
SOX10	� SRY-Box 10
TRSEs	� Tissue regeneration silencer elements
ssuh2	� Ssu- 2 Homolog
TAZ (Taz)	� Transcriptional co-activator with PDZ-binding motif
TBI	� Traumatic brain injury
TEAD	� Transcriptional enhanced associate domain
TelV	� Telencephalic ventricle
TET1/TET2	� Ten-eleven translocation methylcytosine dioxygenase 1 and 

2 1
TGF-β	� Transforming growth factor beta
tgfb1a/tgfb3	� Transforming growth factor beta 1a and 3
Thbs1	� Thrombospondin 1
TNF-α	� Tumor necrosis factor alpha
TNFRSF1A	� TNF receptor superfamily member 1 A
TREEs	� Tissue regeneration enhancer elements
Treg	� T-regulatory
twist1	� Twist-related protein 1
twist1a	� Twist-related protein 1a
V-SVZ	� Ventricular-subventricular zone
Vd	� Dorsal nucleus of ventral telencephalonic area
Vv	� Ventral nucleus of ventral telencephalonic area
VZ	� Ventricular zone
WNT (Wnt)	� Wingless-type MMTV integration site family
YAP	� Yes-associated protein
YAP1	� Yes-associated protein 1
zTreg	� Foxp3a-expressing T cells

Acknowledgements
We thank Clay Becker and Vania Lima Fernandes for comments on the 
manuscript. We apologize to colleagues if discussion of relevant literature was 
shortened or omitted due to space limitations.

Authors’ contributions
All authors read and approved the final manuscript.

Funding
This work was supported by the French National Research Agency (ANR) 
through the project ANR- 22-CPJ1 - 0045–01, the LABEX SIGNALIFE (ANR- 
11-LABX- 0028–01) and the IDEX UCAJedi program (ANR- 15-IDEX- 01), as well 
as by research support from Vanderbilt University and the Vanderbilt Brain 
Institute to V.C.

Data availability
No datasets were generated or analysed during the current study.



Page 20 of 25Cellini et al. BMC Biology  (2025) 23:115

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 2 October 2024   Accepted: 31 March 2025
Published: 30 April 2025

References
	 1. 	 National Spinal Cord Injury Statistical Center, Traumatic Spinal Cord 

Injury Facts and Figures at a Glance. Birmingham, AL: University of 
Alabama at Birmingham, 2024.

	 2. 	 Armour BS, Courtney-Long EA, Fox MH, Fredine H, Cahill A. Preva-
lence and causes of paralysis-United States, 2013. Am J Public Health. 
2016;106(10):1855–7.

	 3. 	 Bradbury EJ, Burnside ER. Moving beyond the glial scar for spinal cord 
repair. Nat Commun. 2019;10(1):3879.

	 4. 	 Soderblom C, Luo X, Blumenthal E, Bray E, Lyapichev K, Ramos J, 
Krishnan V, Lai-Hsu C, Park KK, Tsoulfas P, et al. Perivascular fibroblasts 
form the fibrotic scar after contusive spinal cord injury. J Neurosci. 
2013;33(34):13882–7.

	 5. 	 Goritz C, Dias DO, Tomilin N, Barbacid M, Shupliakov O, Frisen J. A peri-
cyte origin of spinal cord scar tissue. Science. 2011;333(6039):238–42.

	 6. 	 Wanner IB, Anderson MA, Song B, Levine J, Fernandez A, Gray-Thomp-
son Z, Ao Y, Sofroniew MV. Glial scar borders are formed by newly 
proliferated, elongated astrocytes that interact to corral inflammatory 
and fibrotic cells via STAT3-dependent mechanisms after spinal cord 
injury. J Neurosci. 2013;33(31):12870–86.

	 7. 	 Sofroniew MV. Molecular dissection of reactive astrogliosis and glial scar 
formation. Trends Neurosci. 2009;32(12):638–47.

	 8. 	 Amlerova Z, Chmelova M, Anderova M, Vargova L. Reactive gliosis in 
traumatic brain injury: a comprehensive review. Front Cell Neurosci. 
2024;18:1335849.

	 9. 	 Orr MB, Gensel JC. Spinal cord injury scarring and inflammation: thera-
pies targeting glial and inflammatory responses. Neurotherapeutics. 
2018;15(3):541–53.

	 10. 	 Bradbury EJ, Moon LD, Popat RJ, King VR, Bennett GS, Patel PN, Fawcett 
JW, McMahon SB. Chondroitinase ABC promotes functional recovery 
after spinal cord injury. Nature. 2002;416(6881):636–40.

	 11. 	 Hara M, Kobayakawa K, Ohkawa Y, Kumamaru H, Yokota K, Saito T, Kijima 
K, Yoshizaki S, Harimaya K, Nakashima Y, et al. Interaction of reactive 
astrocytes with type I collagen induces astrocytic scar formation 
through the integrin-N-cadherin pathway after spinal cord injury. Nat 
Med. 2017;23(7):818–28.

	 12. 	 Dias DO, Kim H, Holl D, Werne Solnestam B, Lundeberg J, Carlen M, 
Goritz C, Frisen J. Reducing pericyte-derived scarring promotes recov-
ery after spinal cord injury. Cell. 2018;173(1):153-165 e122.

	 13. 	 Bregman BS, Kunkel-Bagden E, McAtee M, O’Neill A. Extension of the 
critical period for developmental plasticity of the corticospinal path-
way. J Comp Neurol. 1989;282(3):355–70.

	 14. 	 Assinck P, Duncan GJ, Hilton BJ, Plemel JR, Tetzlaff W. Cell transplanta-
tion therapy for spinal cord injury. Nat Neurosci. 2017;20(5):637–47.

	 15. 	 Abraham M, Shalom M, Gold J, Seaton M, Maleski Smith A, Gendreau 
J, Brandel MG, Ciacci J. Stem cells in the treatment of spinal cord 
injury: a review of currently registered clinical trials. World Neurosurg. 
2024;191:e116–25.

	 16. 	 Harting MT, Baumgartner JE, Worth LL, Ewing-Cobbs L, Gee AP, Day MC, 
Cox CS Jr. Cell therapies for traumatic brain injury. Neurosurg Focus. 
2008;24(3–4):E18.

	 17. 	 Abematsu M, Tsujimura K, Yamano M, Saito M, Kohno K, Kohyama J, 
Namihira M, Komiya S, Nakashima K. Neurons derived from trans-
planted neural stem cells restore disrupted neuronal circuitry in a 
mouse model of spinal cord injury. J Clin Invest. 2010;120(9):3255–66.

	 18. 	 Ceto S, Sekiguchi KJ, Takashima Y, Nimmerjahn A, Tuszynski MH. Neural 
stem cell grafts form extensive synaptic networks that integrate with 
host circuits after spinal cord injury. Cell Stem Cell. 2020;27(3):430-440 
e435.

	 19. 	 Lu P, Wang Y, Graham L, McHale K, Gao M, Wu D, Brock J, Blesch A, 
Rosenzweig ES, Havton LA, et al. Long-distance growth and con-
nectivity of neural stem cells after severe spinal cord injury. Cell. 
2012;150(6):1264–73.

	 20. 	 Rosenzweig ES, Brock JH, Lu P, Kumamaru H, Salegio EA, Kadoya K, 
Weber JL, Liang JJ, Moseanko R, Hawbecker S, et al. Restorative effects 
of human neural stem cell grafts on the primate spinal cord. Nat Med. 
2018;24(4):484–90.

	 21. 	 Riess P, Zhang C, Saatman KE, Laurer HL, Longhi LG, Raghupathi R, 
Lenzlinger PM, Lifshitz J, Boockvar J, Neugebauer E, et al. Transplanted 
neural stem cells survive, differentiate, and improve neurological motor 
function after experimental traumatic brain injury. Neurosurgery. 
2002;51(4):1043–52 discussion 1052–1044.

	 22. 	 Blaya MO, Tsoulfas P, Bramlett HM, Dietrich WD. Neural progenitor cell 
transplantation promotes neuroprotection, enhances hippocampal 
neurogenesis, and improves cognitive outcomes after traumatic brain 
injury. Exp Neurol. 2015;264:67–81.

	 23. 	 Zhu B, Eom J, Hunt RF. Transplanted interneurons improve memory 
precision after traumatic brain injury. Nat Commun. 2019;10(1):5156.

	 24. 	 Kathe C, Skinnider MA, Hutson TH, Regazzi N, Gautier M, Demesmaeker 
R, Komi S, Ceto S, James ND, Cho N, et al. The neurons that restore walk-
ing after paralysis. Nature. 2022;611(7936):540–7.

	 25. 	 Lorach H, Galvez A, Spagnolo V, Martel F, Karakas S, Intering N, Vat M, 
Faivre O, Harte C, Komi S, et al. Walking naturally after spinal cord injury 
using a brain-spine interface. Nature. 2023;618(7963):126–33.

	 26. 	 Angeli CA, Boakye M, Morton RA, Vogt J, Benton K, Chen Y, Ferreira CK, 
Harkema SJ. Recovery of over-ground walking after chronic motor 
complete spinal cord injury. N Engl J Med. 2018;379(13):1244–50.

	 27. 	 Darrow D, Balser D, Netoff TI, Krassioukov A, Phillips A, Parr A, Samadani 
U. Epidural spinal cord stimulation facilitates immediate restora-
tion of dormant motor and autonomic supraspinal pathways after 
chronic neurologically complete spinal cord injury. J Neurotrauma. 
2019;36(15):2325–36.

	 28. 	 Gill ML, Grahn PJ, Calvert JS, Linde MB, Lavrov IA, Strommen JA, Beck 
LA, Sayenko DG, Van Straaten MG, Drubach DI, et al. Neuromodulation 
of lumbosacral spinal networks enables independent stepping after 
complete paraplegia. Nat Med. 2018;24(11):1677–82.

	 29. 	 Harkema S, Gerasimenko Y, Hodes J, Burdick J, Angeli C, Chen Y, Ferreira 
C, Willhite A, Rejc E, Grossman RG, et al. Effect of epidural stimulation 
of the lumbosacral spinal cord on voluntary movement, standing, 
and assisted stepping after motor complete paraplegia: a case study. 
Lancet. 2011;377(9781):1938–47.

	 30. 	 Rejc E, Angeli CA, Atkinson D, Harkema SJ. Motor recovery after activity-
based training with spinal cord epidural stimulation in a chronic motor 
complete paraplegic. Sci Rep. 2017;7(1):13476.

	 31. 	 Rowald A, Komi S, Demesmaeker R, Baaklini E, Hernandez-Charpak 
SD, Paoles E, Montanaro H, Cassara A, Becce F, Lloyd B, et al. Activity-
dependent spinal cord neuromodulation rapidly restores trunk and leg 
motor functions after complete paralysis. Nat Med. 2022;28(2):260–71.

	 32. 	 Neville IS, Hayashi CY, El Hajj SA, Zaninotto AL, Sabino JP, Sousa LM 
Jr, Nagumo MM, Brunoni AR, Shieh BD, Amorim RL, et al. Repetitive 
transcranial magnetic stimulation (rTMS) for the cognitive rehabilitation 
of traumatic brain injury (TBI) victims: study protocol for a randomized 
controlled trial. Trials. 2015;16:440.

	 33.	 Chen X, Liu F, Lyu Z, Xiu H, Hou Y, Tu S. High-frequency repetitive tran-
scranial magnetic stimulation (HFrTMS) impacts activities of daily living 
of patients with post-stroke cognitive impairment: a systematic review 
and meta-analysis. Neurol Sci. 2023;44(8):2699–713.

	 34. 	 He Y, Li K, Chen Q, Yin J, Bai D. Repetitive transcranial magnetic stimula-
tion on motor recovery for patients with stroke: A PRISMA compliant 



Page 21 of 25Cellini et al. BMC Biology  (2025) 23:115	

systematic review and meta-analysis. Am J Phys Med Rehabil. 
2020;99(2):99–108.

	 35. 	 Yao L, Zhao H, Shen C, Liu F, Qiu L, Fu L. Low-frequency repetitive 
transcranial magnetic stimulation in patients with poststroke aphasia: 
systematic review and meta-analysis of its effect upon communication. 
J Speech Lang Hear Res. 2020;63(11):3801–15.

	 36. 	 Geng F, Ma Y, Xing T, Zhuang X, Zhu J, Yao L. Effects of hyperbaric oxy-
gen therapy on inflammasome signaling after traumatic brain injury. 
Neuroimmunomodulation. 2016;23(2):122–9.

	 37. 	 Tian T, Zhang S, Yang M. Recent progress and challenges in the treat-
ment of spinal cord injury. Protein Cell. 2023;14(9):635–52.

	 38. 	 Schindler C, Lustenberger T. Focus on challenges and advances in 
the treatment of traumatic brain injury. Eur J Trauma Emerg Surg. 
2024;50(4):1185–6.

	 39. 	 Edwards-Faret G, Gonzalez-Pinto K, Cebrian-Silla A, Penailillo J, 
Garcia-Verdugo JM, Larrain J. Cellular response to spinal cord injury in 
regenerative and non-regenerative stages in Xenopus laevis. Neural 
Dev. 2021;16(1):2.

	 40. 	 Butler EG, Ward MB. Reconstitution of the spinal cord after ablation in 
adult Triturus. Dev Biol. 1967;15(5):464–86.

	 41. 	 Piatt J, Piatt M. Transection of the spinal cord in the adult frog. Anat Rec. 
1958;131(1):81–95.

	 42. 	 Parish CL, Beljajeva A, Arenas E, Simon A. Midbrain dopaminergic 
neurogenesis and behavioural recovery in a salamander lesion-induced 
regeneration model. Development. 2007;134(15):2881–7.

	 43. 	 Winkelmann E, Winkelmann A. Experimental studies on the regenera-
tion of the telencephalon of Ambystoma mexicanum after the resec-
tion of both hemispheres. Z Mikrosk Anat Forsch. 1970;82(2):149–71.

	 44. 	 Simpson SB Jr. Analysis of tail regeneration in the lizard Lygosoma 
Laterale. I. Initiation of regeneration and cartilage differentiation: the 
role of ependyma. J Morphol. 1964;114:425–35.

	 45. 	 Font E, Garcia-Verdugo JM, Alcantara S, Lopez-Garcia C. Neuron 
regeneration reverses 3-acetylpyridine-induced cell loss in the cerebral 
cortex of adult lizards. Brain Res. 1991;551(1–2):230–5.

	 46. 	 Cohen AH, Mackler SA, Selzer ME. Functional regeneration following 
spinal transection demonstrated in the isolated spinal cord of the larval 
sea lamprey. Proc Natl Acad Sci U S A. 1986;83(8):2763–6.

	 47. 	 Doyle LM, Stafford PP, Roberts BL. Recovery of locomotion correlated 
with axonal regeneration after a complete spinal transection in the eel. 
Neuroscience. 2001;107(1):169–79.

	 48. 	 Yamada H, Miyake T, Kitamura T. Regeneration of axons in transection of 
the carp spinal cord. Zoolog Sci. 1995;12(3):325–32.

	 49. 	 Farnell KE, Caton RE, Chronister RB. Dendritic bundles: occurrence and 
regeneration in the forebrain of the Japanese carp, Cyprinus carpio. J 
Hirnforsch. 1980;21(6):573–5.

	 50. 	 Bernstein JJ. Relation of spinal cord regeneration to age in adult gold-
fish. Exp Neurol. 1964;9:161–74.

	 51. 	 Bernstein JJ. The regenerative capacity of the telencephalon of the 
goldfish and rat. Exp Neurol. 1967;17(1):44–56.

	 52. 	 Becker T, Wullimann MF, Becker CG, Bernhardt RR, Schachner M. Axonal 
regrowth after spinal cord transection in adult zebrafish. J Comp Neu-
rol. 1997;377(4):577–95.

	 53. 	 Kroehne V, Freudenreich D, Hans S, Kaslin J, Brand M. Regeneration of 
the adult zebrafish brain from neurogenic radial glia-type progenitors. 
Development. 2011;138(22):4831–41.

	 54. 	 Hasan SJ, Nelson BH, Valenzuela JI, Keirstead HS, Shull SE, Ethell DW, 
Steeves JD. Functional repair of transected spinal cord in embryonic 
chick. Restor Neurol Neurosci. 1991;2(3):137–54.

	 55. 	 Fry EJ, Stolp HB, Lane MA, Dziegielewska KM, Saunders NR. Regenera-
tion of supraspinal axons after complete transection of the thoracic 
spinal cord in neonatal opossums (Monodelphis domestica). J Comp 
Neurol. 2003;466(3):422–44.

	 56. 	 Boulland JL, Lambert FM, Zuchner M, Strom S, Glover JC. A neonatal 
mouse spinal cord injury model for assessing post-injury adaptive plas-
ticity and human stem cell integration. PLoS One. 2013;8(8): e71701.

	 57. 	 Jinnou H, Sawada M, Kawase K, Kaneko N, Herranz-Perez V, Miyamoto 
T, Kawaue T, Miyata T, Tabata Y, Akaike T, et al. Radial glial fibers promote 
neuronal migration and functional recovery after neonatal brain injury. 
Cell Stem Cell. 2018;22(1):128-137 e129.

	 58. 	 Bernstein DR, Stelzner DJ. Plasticity of the corticospinal tract follow-
ing midthoracic spinal injury in the postnatal rat. J Comp Neurol. 
1983;221(4):382–400.

	 59. 	 Streeter KA, Sunshine MD, Brant JO, Sandoval AGW, Maden M, Fuller DD. 
Molecular and histologic outcomes following spinal cord injury in spiny 
mice, Acomys cahirinus. J Comp Neurol. 2020;528(9):1535–47.

	 60. 	 Marques IJ, Lupi E, Mercader N. Model systems for regeneration: 
zebrafish. Development. 2019;146(18):dev167692.

	 61. 	 Willett CE, Cortes A, Zuasti A, Zapata AG. Early hematopoie-
sis and developing lymphoid organs in the zebrafish. Dev Dyn. 
1999;214(4):323–36.

	 62. 	 Montero AM, Huang AH. The regenerative capacity of neonatal tissues. 
Development. 2022;149(12):dev199819.

	 63. 	 Alper SR, Dorsky RI. Unique advantages of zebrafish larvae as a model 
for spinal cord regeneration. Front Mol Neurosci. 2022;15: 983336.

	 64. 	 Hui SP, Dutta A, Ghosh S. Cellular response after crush injury in adult 
zebrafish spinal cord. Dev Dyn. 2010;239(11):2962–79.

	 65. 	 Hui SP, Nag TC, Ghosh S. Characterization of proliferating neural 
progenitors after spinal cord injury in adult zebrafish. PLoS ONE. 
2015;10(12): e0143595.

	 66. 	 Ribeiro A, Monteiro JF, Certal AC, Cristovao AM, Saude L. 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(11):170139.

	 67. 	 Hui SP, Sengupta D, Lee SG, Sen T, Kundu S, Mathavan S, Ghosh S. 
Genome wide expression profiling during spinal cord regeneration 
identifies comprehensive cellular responses in zebrafish. PLoS One. 
2014;9(1): e84212.

	 68. 	 Barbosa JS, Sanchez-Gonzalez R, Di Giaimo R, Baumgart EV, Theis FJ, 
Gotz M, Ninkovic J. Neurodevelopment. Live imaging of adult neural 
stem cell behavior in the intact and injured zebrafish brain. Science. 
2015;348(6236):789–93.

	 69. 	 Demirci Y, Cucun G, Poyraz YK, Mohammed S, Heger G, Papatheodorou 
I, Ozhan G. Comparative Transcriptome Analysis of the Regenerating 
Zebrafish Telencephalon Unravels a Resource With Key Pathways Dur-
ing Two Early Stages and Activation of Wnt/beta-Catenin Signaling at 
the Early Wound Healing Stage. Front Cell Dev Biol. 2020;8: 584604.

	 70. 	 Shimizu Y, Ueda Y, Ohshima T. Wnt signaling regulates proliferation and 
differentiation of radial glia in regenerative processes after stab injury in 
the optic tectum of adult zebrafish. Glia. 2018;66(7):1382–94.

	 71. 	 Zhang G, Lubke L, Chen F, Beil T, Takamiya M, Diotel N, Strahle U, Ras-
tegar S. Neuron-radial glial cell communication via BMP/Id1 signaling is 
key to long-term maintenance of the regenerative capacity of the adult 
zebrafish telencephalon. Cells. 2021;10(10):2794.

	 72. 	 Palsamy K, Chen JY, Skaggs K, Qadeer Y, Connors M, Cutler N, Richmond 
J, Kommidi V, Poles A, Affrunti D, et al. Microglial depletion after brain 
injury prolongs inflammation and impairs brain repair, adult neurogen-
esis and pro-regenerative signaling. Glia. 2023;71(11):2642–63.

	 73. 	 Zambusi A, Novoselc KT, Hutten S, Kalpazidou S, Koupourtidou C, 
Schieweck R, Aschenbroich S, Silva L, Yazgili AS, van Bebber F, et al. 
TDP-43 condensates and lipid droplets regulate the reactivity of 
microglia and regeneration after traumatic brain injury. Nat Neurosci. 
2022;25(12):1608–25.

	 74. 	 Vasudevan D, Liu YC, Barrios JP, Wheeler MK, Douglass AD, Dorsky RI. 
Regenerated interneurons integrate into locomotor circuitry following 
spinal cord injury. Exp Neurol. 2021;342: 113737.

	 75. 	 Vandestadt C, Vanwalleghem GC, Khabooshan MA, Douek AM, Castillo 
HA, Li M, Schulze K, Don E, Stamatis SA, Ratnadiwakara M, et al. RNA-
induced inflammation and migration of precursor neurons initiates 
neuronal circuit regeneration in zebrafish. Dev Cell. 2021;56(16):2364-
2380 e2368.

	 76. 	 Wehner D, Tsarouchas TM, Michael A, Haase C, Weidinger G, Reimer 
MM, Becker T, Becker CG. Wnt signaling controls pro-regenerative 
collagen XII in functional spinal cord regeneration in zebrafish. Nat 
Commun. 2017;8(1):126.

	 77. 	 Kolb J, Tsata V, John N, Kim K, Mockel C, Rosso G, Kurbel V, Parmar A, 
Sharma G, Karandasheva K, et al. Small leucine-rich proteoglycans 
inhibit CNS regeneration by modifying the structural and mechanical 
properties of the lesion environment. Nat Commun. 2023;14(1):6814.

	 78. 	 Tsarouchas TM, Wehner D, Cavone L, Munir T, Keatinge M, Lambertus M, 
Underhill A, Barrett T, Kassapis E, Ogryzko N, et al. Dynamic control of 



Page 22 of 25Cellini et al. BMC Biology  (2025) 23:115

proinflammatory cytokines Il-1beta and Tnf-alpha by macrophages in 
zebrafish spinal cord regeneration. Nat Commun. 2018;9(1):4670.

	 79. 	 de Sena-Tomas C, Rebola Lameira L, Rebocho da Costa M, Naique 
Taborda P, Laborde A, Orger M, de Oliveira S, Saude L. Neutrophil 
immune profile guides spinal cord regeneration in zebrafish. Brain 
Behav Immun. 2024;120:514–31.

	 80. 	 Cavone L, McCann T, Drake LK, Aguzzi EA, Oprisoreanu AM, Pedersen 
E, Sandi S, Selvarajah J, Tsarouchas TM, Wehner D, et al. A unique mac-
rophage subpopulation signals directly to progenitor cells to promote 
regenerative neurogenesis in the zebrafish spinal cord. Dev Cell. 
2021;56(11):1617-1630 e1616.

	 81. 	 Keatinge M, Tsarouchas TM, Munir T, Porter NJ, Larraz J, Gianni D, Tsai 
HH, Becker CG, Lyons DA, Becker T. CRISPR gRNA phenotypic screening 
in zebrafish reveals pro-regenerative genes in spinal cord injury. PLoS 
Genet. 2021;17(4): e1009515.

	 82. 	 Briona LK, Dorsky RI. Spinal cord transection in the larval zebrafish. J Vis 
Exp. 2014;(87):51479.

	 83. 	 Becker CJ, Cigliola V, Gillotay P, Rich A, De Simone A, Han Y, Di Talia S, 
Poss KD. In toto imaging of glial JNK signaling during larval zebrafish 
spinal cord regeneration. Development. 2023;150(24):dev202076.

	 84. 	 Reimer MM, Sorensen I, Kuscha V, Frank RE, Liu C, Becker CG, 
Becker T. Motor neuron regeneration in adult zebrafish. J Neurosci. 
2008;28(34):8510–6.

	 85.	 Gupta S, Hui SP. Epigenetic Cross-Talk Between Sirt1 and Dnmt1 Pro-
motes Axonal Regeneration After Spinal Cord Injury in Zebrafish. Mol 
Neurobiol. 2025;62(2):2396–419.

	 86. 	 Cigliola V, Shoffner A, Lee N, Ou J, Gonzalez TJ, Hoque J, Becker CJ, 
Han Y, Shen G, Faw TD, et al. Spinal cord repair is modulated by the 
neurogenic factor Hb-egf under direction of a regeneration-associated 
enhancer. Nat Commun. 2023;14(1):4857.

	 87. 	 Reimer MM, Norris A, Ohnmacht J, Patani R, Zhong Z, Dias TB, Kuscha V, 
Scott AL, Chen YC, Rozov S, et al. Dopamine from the brain promotes 
spinal motor neuron generation during development and adult regen-
eration. Dev Cell. 2013;25(5):478–91.

	 88. 	 Briona LK, Poulain FE, Mosimann C, Dorsky RI. Wnt/ss-catenin signaling 
is required for radial glial neurogenesis following spinal cord injury. Dev 
Biol. 2015;403(1):15–21.

	 89. 	 Saraswathy VM, Zhou L, Mokalled MH. Single-cell analysis of innate spi-
nal cord regeneration identifies intersecting modes of neuronal repair. 
Nat Commun. 2024;15(1):6808.

	 90. 	 Pedroni A, Dai YE, Lafouasse L, Chang W, Srivastava I, Del Vecchio L, 
Ampatzis K. Neuroprotective gap-junction-mediated bystander trans-
formations in the adult zebrafish spinal cord after injury. Nat Commun. 
2024;15(1):4331.

	 91. 	 Becker T, Bernhardt RR, Reinhard E, Wullimann MF, Tongiorgi E, Schach-
ner M. Readiness of zebrafish brain neurons to regenerate a spinal 
axon correlates with differential expression of specific cell recognition 
molecules. J Neurosci. 1998;18(15):5789–803.

	 92. 	 Mokalled MH, Patra C, Dickson AL, Endo T, Stainier DY, Poss KD. Injury-
induced ctgfa directs glial bridging and spinal cord regeneration in 
zebrafish. Science. 2016;354(6312):630–4.

	 93. 	 Klatt Shaw D, Saraswathy VM, Zhou L, McAdow AR, Burris B, Butka E, 
Morris SA, Dietmann S, Mokalled MH. Localized EMT reprograms glial 
progenitors to promote spinal cord repair. Dev Cell. 2021;56(5):613-626 
e617.

	 94. 	 Zhou L, McAdow AR, Yamada H, Burris B, Klatt Shaw D, Oonk K, Poss 
KD, Mokalled MH. Progenitor-derived glia are required for spinal cord 
regeneration in zebrafish. Development. 2023;150(10):dev201162.

	 95. 	 Huang CX, Zhao Y, Mao J, Wang Z, Xu L, Cheng J, Guan NN, Song J. An 
injury-induced serotonergic neuron subpopulation contributes to axon 
regrowth and function restoration after spinal cord injury in zebrafish. 
Nat Commun. 2021;12(1):7093.

	 96. 	 Huang CX, Wang Z, Cheng J, Zhu Z, Guan NN, Song J. De novo estab-
lishment of circuit modules restores locomotion after spinal cord injury 
in adult zebrafish. Cell Rep. 2022;41(4): 111535.

	 97. 	 Fu H, Han G, Li H, Liang X, Hu D, Zhang L, Tang P. Identification of key 
genes and pathways involved in the heterogeneity of intrinsic growth 
ability between neurons after spinal cord injury in adult zebrafish. 
Neurochem Res. 2019;44(9):2057–67.

	 98. 	 Strand NS, Hoi KK, Phan TMT, Ray CA, Berndt JD, Moon RT. Wnt/beta-
catenin signaling promotes regeneration after adult zebrafish spinal 
cord injury. Biochem Biophys Res Commun. 2016;477(4):952–6.

	 99. 	 Tsata V, Mollmert S, Schweitzer C, Kolb J, Mockel C, Bohm B, Rosso G, 
Lange C, Lesche M, Hammer J, et al. A switch in pdgfrb(+) cell-derived 
ECM composition prevents inhibitory scarring and promotes axon 
regeneration in the zebrafish spinal cord. Dev Cell. 2021;56(4):509-524 
e509.

	100. 	 Hui SP, Sheng DZ, Sugimoto K, Gonzalez-Rajal A, Nakagawa S, Hes-
selson D, Kikuchi K. Zebrafish regulatory T cells mediate organ-specific 
regenerative programs. Dev Cell. 2017;43(6):659-672 e655.

	101. 	 Fang P, Lin JF, Pan HC, Shen YQ, Schachner M. A surgery protocol for 
adult zebrafish spinal cord injury. J Genet Genomics. 2012;39(9):481–7.

	102. 	 Goldshmit Y, Sztal TE, Jusuf PR, Hall TE, Nguyen-Chi M, Currie PD. 
Fgf-dependent glial cell bridges facilitate spinal cord regeneration in 
zebrafish. J Neurosci. 2012;32(22):7477–92.

	103. 	 Liu KS, Fetcho JR. Laser ablations reveal functional relationships of 
segmental hindbrain neurons in zebrafish. Neuron. 1999;23(2):325–35.

	104. 	 Banerjee P, Joly P, Jouneau L, Jaszczyszyn Y, Bourge M, Affaticati P, 
Levraud JP, Boudinot P, Joly JS. Molecular and cellular analysis of the 
repair of zebrafish optic tectum meninges following laser injury. Cells. 
2022;11(13):2016.

	105. 	 El-Daher F, Early JJ, Richmond CE, Jamieson R, Becker T, Becker CG. 
Controlled Semi-Automated Lased-Induced Injuries for Studying Spinal 
Cord Regeneration in Zebrafish Larvae. J Vis Exp. 2021;22(177).

	106. 	 Pose-Mendez S, Schramm P, Winter B, Meier JC, Ampatzis K, Koster RW. 
Lifelong regeneration of cerebellar Purkinje cells after induced cell abla-
tion in zebrafish. Elife. 2023;12:e79672.

	107. 	 Wojcinski A, Lawton AK, Bayin NS, Lao Z, Stephen DN, Joyner AL. Cer-
ebellar granule cell replenishment postinjury by adaptive reprogram-
ming of Nestin(+) progenitors. Nat Neurosci. 2017;20(10):1361–70.

	108. 	 Ohnmacht J, Yang Y, Maurer GW, Barreiro-Iglesias A, Tsarouchas TM, 
Wehner D, Sieger D, Becker CG, Becker T. Spinal motor neurons are 
regenerated after mechanical lesion and genetic ablation in larval 
zebrafish. Development. 2016;143(9):1464–74.

	109. 	 Godoy R, Noble S, Yoon K, Anisman H, Ekker M. Chemogenetic ablation 
of dopaminergic neurons leads to transient locomotor impairments in 
zebrafish larvae. J Neurochem. 2015;135(2):249–60.

	110. 	 Shimizu Y, Ito Y, Tanaka H, Ohshima T. Radial glial cell-specific ablation in 
the adult zebrafish brain. Genesis. 2015;53(7):431–9.

	111. 	 Skaggs K, Goldman D, Parent JM. Excitotoxic brain injury in adult 
zebrafish stimulates neurogenesis and long-distance neuronal integra-
tion. Glia. 2014;62(12):2061–79.

	112. 	 Anguita-Salinas C, Sanchez M, Morales RA, Ceci ML, Rojas-Benitez D, 
Allende ML. Cellular dynamics during spinal cord regeneration in larval 
zebrafish. Dev Neurosci. 2019;41(1–2):112–22.

	113. 	 Li Y, He X, Kawaguchi R, Zhang Y, Wang Q, Monavarfeshani A, Yang Z, 
Chen B, Shi Z, Meng H, et al. Microglia-organized scar-free spinal cord 
repair in neonatal mice. Nature. 2020;587(7835):613–8.

	114. 	 Kitade K, Kobayakawa K, Saiwai H, Matsumoto Y, Kawaguchi K, Iida K, 
Kijima K, Iura H, Tamaru T, Haruta Y, et al. Reduced neuroinflammation 
via astrocytes and neutrophils promotes regeneration after spinal cord 
injury in neonatal mice. J Neurotrauma. 2023;40(23–24):2566–79.

	115. 	 Domowicz M, Wadlington NL, Henry JG, Diaz K, Munoz MJ, Schwartz 
NB. Glial cell responses in a murine multifactorial perinatal brain injury 
model. Brain Res. 2018;1681:52–63.

	116. 	 Ruven C, Kaiser J, Patel P, Serraino F, Kawaguchi R, Sahni V: Revisiting 
Long-Distance Axon Growth Ability in the Developing Spinal Cord 
using a Novel Lesion Paradigm. bioRxiv https://​doi.​org/​10.​1101/​2022.​
03.​20.​484375.

	117. 	 Bertels H, Vicente-Ortiz G, El Kanbi K, Takeoka A. Neurotransmitter phe-
notype switching by spinal excitatory interneurons regulates locomo-
tor recovery after spinal cord injury. Nat Neurosci. 2022;25(5):617–29.

	118. 	 Geoffroy CG, Hilton BJ, Tetzlaff W, Zheng B. Evidence for an age-
dependent decline in axon regeneration in the adult mammalian 
central nervous system. Cell Rep. 2016;15(2):238–46.

	119. 	 Chawla RS, Zuchner M, Mastrangelopoulou M, Lambert FM, Glover JC, 
Boulland JL. Cellular reactions and compensatory tissue re-organization 
during spontaneous recovery after spinal cord injury in neonatal mice. 
Dev Neurobiol. 2017;77(8):928–46.

https://doi.org/10.1101/2022.03.20.484375
https://doi.org/10.1101/2022.03.20.484375


Page 23 of 25Cellini et al. BMC Biology  (2025) 23:115	

	120. 	 Zuchner M, Kondratskaya E, Sylte CB, Glover JC, Boulland JL. Rapid 
recovery and altered neurochemical dependence of locomotor central 
pattern generation following lumbar neonatal spinal cord injury. J 
Physiol. 2018;596(2):281–303.

	121. 	 Chhor V, Moretti R, Le Charpentier T, Sigaut S, Lebon S, Schwendimann 
L, Ore MV, Zuiani C, Milan V, Josserand J, et al. Role of microglia in a 
mouse model of paediatric traumatic brain injury. Brain Behav Immun. 
2017;63:197–209.

	122. 	 Stokes BT. Experimental spinal cord injury: a dynamic and verifiable 
injury device. J Neurotrauma. 1992;9(2):129–31; discussion 131-124.

	123. 	 Nishiyama R, Nakagomi T, Nakano-Doi A, Kuramoto Y, Tsuji M, 
Yoshimura S. Neonatal brains exhibit higher neural reparative activi-
ties than adult brains in a mouse model of ischemic stroke. Cells. 
2024;13(6):519.

	124. 	 Foucault L, Capeliez T, Angonin D, Lentini C, Bezin L, Heinrich C, Parras 
C, Donega V, Marcy G, Raineteau O. Neonatal brain injury unravels 
transcriptional and signaling changes underlying the reactivation of 
cortical progenitors. Cell Rep. 2024;43(2): 113734.

	125. 	 Cui XP, Xing Y, Chen JM, Dong SW, Ying DJ, Yew DT. Wnt/beta-catenin is 
involved in the proliferation of hippocampal neural stem cells induced 
by hypoxia. Ir J Med Sci. 2011;180(2):387–93.

	126. 	 Dettman RW, Birch D, Fernando A, Kessler JA, Dizon MLV. Targeted 
knockdown of bone morphogenetic protein signaling within neural 
progenitors protects the brain and improves motor function following 
postnatal hypoxia-ischemia. Dev Neurosci. 2018;40(1):23–38.

	127. 	 Dizon ML, Maa T, Kessler JA. The bone morphogenetic protein antago-
nist noggin protects white matter after perinatal hypoxia-ischemia. 
Neurobiol Dis. 2011;42(3):318–26.

	128. 	 Scafidi J, Hammond TR, Scafidi S, Ritter J, Jablonska B, Roncal M, 
Szigeti-Buck K, Coman D, Huang Y, McCarter RJ Jr, et al. Intranasal epi-
dermal growth factor treatment rescues neonatal brain injury. Nature. 
2014;506(7487):230–4.

	129. 	 Shen J, Ishii Y, Xu G, Dang TC, Hamashima T, Matsushima T, Yamamoto 
S, Hattori Y, Takatsuru Y, Nabekura J, et al. PDGFR-beta as a posi-
tive regulator of tissue repair in a mouse model of focal cerebral 
ischemia. J Cereb Blood Flow Metab. 2012;32(2):353–67.

	130. 	 Tsuji S, Di Martino E, Mukai T, Tsuji S, Murakami T, Harris RA, Blomgren 
K, Aden U. Aggravated brain injury after neonatal hypoxic ischemia in 
microglia-depleted mice. J Neuroinflammation. 2020;17(1):111.

	131. 	 Bourget C, Adams KV, Morshead CM. Reduced microglia activation 
following metformin administration or microglia ablation is sufficient 
to prevent functional deficits in a mouse model of neonatal stroke. J 
Neuroinflammation. 2022;19(1):146.

	132. 	 Ferriero DM, Holtzman DM, Black SM, Sheldon RA. Neonatal mice 
lacking neuronal nitric oxide synthase are less vulnerable to hypoxic-
ischemic injury. Neurobiol Dis. 1996;3(1):64–71.

	133. 	 Bayin NS, Mizrak D, Stephen DN, Lao Z, Sims PA, Joyner AL. 
Injury-induced ASCL1 expression orchestrates a transitory cell 
state required for repair of the neonatal cerebellum. Sci Adv. 
2021;7(50):eabj1598.

	134. 	 Yang Z, Joyner AL. YAP1 is involved in replenishment of granule cell 
precursors following injury to the neonatal cerebellum. Dev Biol. 
2019;455(2):458–72.

	135. 	 Bayin NS, Wojcinski A, Mourton A, Saito H, Suzuki N, Joyner AL. Age-
dependent dormant resident progenitors are stimulated by injury to 
regenerate Purkinje neurons. Elife. 2018;7:e39879.

	136. 	 Maldonado KA, Alsayouri K. StatPearls [Internet]. StatPearls Publish-
ing; Treasure Island (FL): Physiology, Brain. 2023.

	137. 	 Evans J, Sumners C, Moore J, Huentelman MJ, Deng J, Gelband CH, 
Shaw G. Characterization of mitotic neurons derived from adult rat 
hypothalamus and brain stem. J Neurophysiol. 2002;87(2):1076–85.

	138. 	 Cheng MF. Hypothalamic neurogenesis in the adult brain. Front 
Neuroendocrinol. 2013;34(3):167–78.

	139. 	 Doetsch F, Alvarez-Buylla A. Network of tangential pathways for 
neuronal migration in adult mammalian brain. Proc Natl Acad Sci U S 
A. 1996;93(25):14895–900.

	140. 	 Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla A. 
Subventricular zone astrocytes are neural stem cells in the adult 
mammalian brain. Cell. 1999;97(6):703–16.

	141. 	 Seri B, Garcia-Verdugo JM, McEwen BS, Alvarez-Buylla A. Astrocytes 
give rise to new neurons in the adult mammalian hippocampus. J 
Neurosci. 2001;21(18):7153–60.

	142. 	 Altman J, Das GD. Autoradiographic and histological evidence 
of postnatal hippocampal neurogenesis in rats. J Comp Neurol. 
1965;124(3):319–35.

	143. 	 Adolf B, Chapouton P, Lam CS, Topp S, Tannhauser B, Strahle U, Gotz 
M, Bally-Cuif L. Conserved and acquired features of adult neurogen-
esis in the zebrafish telencephalon. Dev Biol. 2006;295(1):278–93.

	144. 	 Marz M, Chapouton P, Diotel N, Vaillant C, Hesl B, Takamiya M, Lam 
CS, Kah O, Bally-Cuif L, Strahle U. Heterogeneity in progenitor cell 
subtypes in the ventricular zone of the zebrafish adult telencepha-
lon. Glia. 2010;58(7):870–88.

	145. 	 Pellegrini E, Mouriec K, Anglade I, Menuet A, Le Page Y, Gueguen MM, 
Marmignon MH, Brion F, Pakdel F, Kah O. Identification of aromatase-
positive radial glial cells as progenitor cells in the ventricular layer of 
the forebrain in zebrafish. J Comp Neurol. 2007;501(1):150–67.

	146. 	 Than-Trong E, Kiani B, Dray N, Ortica S, Simons B, Rulands S, 
Alunni A, Bally-Cuif L. Lineage hierarchies and stochasticity ensure 
the long-term maintenance of adult neural stem cells. Sci Adv. 
2020;6(18):eaaz5424.

	147. 	 Than-Trong E, Ortica-Gatti S, Mella S, Nepal C, Alunni A, Bally-Cuif L. 
Neural stem cell quiescence and stemness are molecularly distinct 
outputs of the Notch3 signalling cascade in the vertebrate adult brain. 
Development. 2018;145(10):dev161034.

	148. 	 Alunni A, Bally-Cuif L. A comparative view of regenerative neurogenesis 
in vertebrates. Development. 2016;143(5):741–53.

	149. 	 Labusch M, Mancini L, Morizet D, Bally-Cuif L. Conserved and diver-
gent features of adult neurogenesis in zebrafish. Front Cell Dev Biol. 
2020;8:525.

	150. 	 Barbosa JS, Ninkovic J. Adult neural stem cell behavior underlying 
constitutive and restorative neurogenesis in zebrafish. Neurogenesis 
(Austin). 2016;3(1): e1148101.

	151. 	 Covey MV, Jiang Y, Alli VV, Yang Z, Levison SW. Defining the critical 
period for neocortical neurogenesis after pediatric brain injury. Dev 
Neurosci. 2010;32(5–6):488–98.

	152. 	 Lois C, Garcia-Verdugo JM, Alvarez-Buylla A. Chain migration of neu-
ronal precursors. Science. 1996;271(5251):978–81.

	153. 	 Lois C, Alvarez-Buylla A. Long-distance neuronal migration in the adult 
mammalian brain. Science. 1994;264(5162):1145–8.

	154. 	 Gage FH, Kempermann G, Palmer TD, Peterson DA, Ray J. Multi-
potent progenitor cells in the adult dentate gyrus. J Neurobiol. 
1998;36(2):249–66.

	155. 	 Kokoeva MV, Yin H, Flier JS. Evidence for constitutive neural cell 
proliferation in the adult murine hypothalamus. J Comp Neurol. 
2007;505(2):209–20.

	156. 	 Yoo S, Blackshaw S. Regulation and function of neurogenesis in the 
adult mammalian hypothalamus. Prog Neurobiol. 2018;170:53–66.

	157. 	 Sun D. Endogenous neurogenic cell response in the mature mam-
malian brain following traumatic injury. Exp Neurol. 2016;275 Pt 3(0 
3):405–10.

	158. 	 Chang EH, Adorjan I, Mundim MV, Sun B, Dizon ML, Szele FG. Traumatic 
brain injury activation of the adult subventricular zone neurogenic 
niche. Front Neurosci. 2016;10:332.

	159. 	 Obernier K, Alvarez-Buylla A. Neural stem cells: origin, heterogene-
ity and regulation in the adult mammalian brain. Development. 
2019;146(4):dev156059.

	160. 	 Hibi M, Matsuda K, Takeuchi M, Shimizu T, Murakami Y. Evolutionary 
mechanisms that generate morphology and neural-circuit diversity of 
the cerebellum. Dev Growth Differ. 2017;59(4):228–43.

	161. 	 Volkmann K, Chen YY, Harris MP, Wullimann MF, Koster RW. The 
zebrafish cerebellar upper rhombic lip generates tegmental hindbrain 
nuclei by long-distance migration in an evolutionary conserved man-
ner. J Comp Neurol. 2010;518(14):2794–817.

	162. 	 Kaslin J, Ganz J, Geffarth M, Grandel H, Hans S, Brand M. Stem cells in 
the adult zebrafish cerebellum: initiation and maintenance of a novel 
stem cell niche. J Neurosci. 2009;29(19):6142–53.

	163. 	 Kaslin J, Kroehne V, Ganz J, Hans S, Brand M. Distinct roles of neuroep-
ithelial-like and radial glia-like progenitor cells in cerebellar regenera-
tion. Development. 2017;144(8):1462–71.



Page 24 of 25Cellini et al. BMC Biology  (2025) 23:115

	164. 	 Kani S, Bae YK, Shimizu T, Tanabe K, Satou C, Parsons MJ, Scott E, 
Higashijima S, Hibi M. Proneural gene-linked neurogenesis in zebrafish 
cerebellum. Dev Biol. 2010;343(1–2):1–17.

	165. 	 Kaslin J, Kroehne V, Benato F, Argenton F, Brand M. Development and 
specification of cerebellar stem and progenitor cells in zebrafish: from 
embryo to adult. Neural Dev. 2013;8:9.

	166. 	 Myers PZ, Eisen JS, Westerfield M. Development and axonal out-
growth of identified motoneurons in the zebrafish. J Neurosci. 
1986;6(8):2278–89.

	167. 	 Satou C, Kimura Y, Higashijima S. Generation of multiple classes of V0 
neurons in zebrafish spinal cord: progenitor heterogeneity and tempo-
ral control of neuronal diversity. J Neurosci. 2012;32(5):1771–83.

	168. 	 Becker CG, Becker T. Neuronal regeneration from ependymo-radial glial 
cells: cook, little pot, cook! Dev Cell. 2015;32(4):516–27.

	169. 	 Reimer MM, Kuscha V, Wyatt C, Sorensen I, Frank RE, Knuwer M, Becker 
T, Becker CG. Sonic hedgehog is a polarized signal for motor neuron 
regeneration in adult zebrafish. J Neurosci. 2009;29(48):15073–82.

	170. 	 Grupp L, Wolburg H, Mack AF. Astroglial structures in the zebrafish 
brain. J Comp Neurol. 2010;518(21):4277–87.

	171. 	 Saraswathy VM, Zhou L, McAdow AR, Burris B, Dogra D, Reischauer S, 
Mokalled MH. Myostatin is a negative regulator of adult neurogenesis 
after spinal cord injury in zebrafish. Cell Rep. 2022;41(8): 111705.

	172. 	 Dias TB, Yang YJ, Ogai K, Becker T, Becker CG. Notch signaling controls 
generation of motor neurons in the lesioned spinal cord of adult 
zebrafish. J Neurosci. 2012;32(9):3245–52.

	173. 	 Barreiro-Iglesias A, Mysiak KS, Scott AL, Reimer MM, Yang Y, Becker CG, 
Becker T. Serotonin promotes development and regeneration of spinal 
motor neurons in zebrafish. Cell Rep. 2015;13(5):924–32.

	174. 	 Cigliola V, Becker CJ, Poss KD. Building bridges, not walls: spinal cord 
regeneration in zebrafish. Dis Model Mech. 2020;13(5):dmm044131.

	175. 	 Johansson CB, Momma S, Clarke DL, Risling M, Lendahl U, Frisen J. Iden-
tification of a neural stem cell in the adult mammalian central nervous 
system. Cell. 1999;96(1):25–34.

	176. 	 Pfenninger CV, Steinhoff C, Hertwig F, Nuber UA. Prospectively isolated 
CD133/CD24-positive ependymal cells from the adult spinal cord and 
lateral ventricle wall differ in their long-term in vitro self-renewal and 
in vivo gene expression. Glia. 2011;59(1):68–81.

	177. 	 Sabelstrom H, Stenudd M, Frisen J. Neural stem cells in the adult spinal 
cord. Exp Neurol. 2014;260:44–9.

	178. 	 Hamilton LK, Truong MK, Bednarczyk MR, Aumont A, Fernandes KJ. 
Cellular organization of the central canal ependymal zone, a niche of 
latent neural stem cells in the adult mammalian spinal cord. Neurosci-
ence. 2009;164(3):1044–56.

	179. 	 Sabourin JC, Ackema KB, Ohayon D, Guichet PO, Perrin FE, Garces A, 
Ripoll C, Charite J, Simonneau L, Kettenmann H, et al. A mesenchymal-
like ZEB1(+) niche harbors dorsal radial glial fibrillary acidic protein-
positive stem cells in the spinal cord. Stem Cells. 2009;27(11):2722–33.

	180. 	 Becker CG, Becker T, Hugnot JP. The spinal ependymal zone as a 
source of endogenous repair cells across vertebrates. Prog Neurobiol. 
2018;170:67–80.

	181. 	 Hugnot JP, Franzen R. The spinal cord ependymal region: a stem cell 
niche in the caudal central nervous system. Front Biosci (Landmark Ed). 
2011;16(3):1044–59.

	182. 	 Alfaro-Cervello C, Soriano-Navarro M, Mirzadeh Z, Alvarez-Buylla A, 
Garcia-Verdugo JM. Biciliated ependymal cell proliferation contributes 
to spinal cord growth. J Comp Neurol. 2012;520(15):3528–52.

	183. 	 Yamamoto S, Nagao M, Sugimori M, Kosako H, Nakatomi H, Yama-
moto N, Takebayashi H, Nabeshima Y, Kitamura T, Weinmaster G, 
et al. Transcription factor expression and Notch-dependent regula-
tion of neural progenitors in the adult rat spinal cord. J Neurosci. 
2001;21(24):9814–23.

	184. 	 Chen J, Leong SY, Schachner M. Differential expression of cell fate 
determinants in neurons and glial cells of adult mouse spinal cord after 
compression injury. Eur J Neurosci. 2005;22(8):1895–906.

	185. 	 Frisen J, Johansson CB, Torok C, Risling M, Lendahl U. Rapid, widespread, 
and longlasting induction of nestin contributes to the generation of 
glial scar tissue after CNS injury. J Cell Biol. 1995;131(2):453–64.

	186. 	 Xu Y, Kitada M, Yamaguchi M, Dezawa M, Ide C. Increase in bFGF-
responsive neural progenitor population following contusion injury of 
the adult rodent spinal cord. Neurosci Lett. 2006;397(3):174–9.

	187. 	 Rodrigo Albors A, Singer GA, Llorens-Bobadilla E, Frisen J, May AP, 
Ponting CP, Storey KG. An ependymal cell census identifies heterogene-
ous and ongoing cell maturation in the adult mouse spinal cord that 
changes dynamically on injury. Dev Cell. 2023;58(3):239-255 e210.

	188. 	 Weiss S, Dunne C, Hewson J, Wohl C, Wheatley M, Peterson AC, 
Reynolds BA. Multipotent CNS stem cells are present in the adult 
mammalian spinal cord and ventricular neuroaxis. J Neurosci. 
1996;16(23):7599–609.

	189. 	 Barnabe-Heider F, Goritz C, Sabelstrom H, Takebayashi H, Pfrieger FW, 
Meletis K, Frisen J. Origin of new glial cells in intact and injured adult 
spinal cord. Cell Stem Cell. 2010;7(4):470–82.

	190. 	 Li X, Floriddia EM, Toskas K, Fernandes KJL, Guerout N, Barnabe-Heider 
F. Regenerative potential of ependymal cells for spinal cord injuries over 
time. EBioMedicine. 2016;13:55–65.

	191. 	 Meletis K, Barnabe-Heider F, Carlen M, Evergren E, Tomilin N, Shupliakov 
O, Frisen J. Spinal cord injury reveals multilineage differentiation of 
ependymal cells. PLoS Biol. 2008;6(7): e182.

	192. 	 Sabelstrom H, Stenudd M, Reu P, Dias DO, Elfineh M, Zdunek S, 
Damberg P, Goritz C, Frisen J. Resident neural stem cells restrict tissue 
damage and neuronal loss after spinal cord injury in mice. Science. 
2013;342(6158):637–40.

	193. 	 Llorens-Bobadilla E, Chell JM, Le Merre P, Wu Y, Zamboni M, Bergen-
strahle J, Stenudd M, Sopova E, Lundeberg J, Shupliakov O, et al. A 
latent lineage potential in resident neural stem cells enables spinal cord 
repair. Science. 2020;370(6512):eabb8795.

	194. 	 Shah, P.T., et al., Single-Cell Transcriptomics and Fate Mapping of 
Ependymal Cells Reveals an Absence of Neural Stem Cell Function. Cell, 
2018. 173:1045-1057 e9.

	195. 	 Muthusamy, N., et al., Foxj1 expressing ependymal cells do not contrib-
ute new cells to sites of injury or stroke in the mouse forebrain. Sci Rep, 
2018. 8:1766.

	196. 	 Tsata V, Wehner D. Know how to regrow-axon regeneration in the 
zebrafish spinal cord. Cells. 2021;10(6):1404.

	197. 	 Hilton BJ, Griffin JM, Fawcett JW, Bradke F. Neuronal maturation and 
axon regeneration: unfixing circuitry to enable repair. Nat Rev Neurosci. 
2024;25(10):649–67.

	198. 	 Liu K, Lu Y, Lee JK, Samara R, Willenberg R, Sears-Kraxberger I, Tedeschi 
A, Park KK, Jin D, Cai B, et al. PTEN deletion enhances the regenerative 
ability of adult corticospinal neurons. Nat Neurosci. 2010;13(9):1075–81.

	199. 	 Liu D, Yu Y, Schachner M. Ptena, but not Ptenb, reduces regeneration 
after spinal cord injury in adult zebrafish. Exp Neurol. 2014;261:196–205.

	200. 	 Squair JW, Gautier M, Sofroniew MV, Courtine G, Anderson MA. Engi-
neering spinal cord repair. Curr Opin Biotechnol. 2021;72:48–53.

	201. 	 Wang XW, Yang SG, Hu MW, Wang RY, Zhang C, Kosanam AR, Ochuba 
AJ, Jiang JJ, Luo X, Guan Y, Qian J, Liu CM, Zhou FQ. Histone methyl-
transferase Ezh2 coordinates mammalian axon regeneration via regula-
tion of key regenerative pathways. J Clin Invest. 2023;134(3):e163145.

	202. 	 Lu Y, Brommer B, Tian X, Krishnan A, Meer M, Wang C, Vera DL, Zeng Q, 
Yu D, Bonkowski MS, et al. Reprogramming to recover youthful epige-
netic information and restore vision. Nature. 2020;588(7836):124–9.

	203. 	 Wang Z, Kumaran M, Batsel E, Testor-Cabrera S, Beine Z, Ribelles AA, 
Tsoulfas P, Venkatesh I, Blackmore MG: Injury distance limits the tran-
scriptional response to spinal injury. bioRxiv. 2024 https://​doi.​org/​10.​
1101/​2024.​05.​27.​596075.

	204. 	 Filous AR, Tran A, Howell CJ, Busch SA, Evans TA, Stallcup WB, Kang SH, 
Bergles DE, Lee SI, Levine JM, et al. Entrapment via synaptic-like con-
nections between NG2 proteoglycan+ cells and dystrophic axons in 
the lesion plays a role in regeneration failure after spinal cord injury. J 
Neurosci. 2014;34(49):16369–84.

	205. 	 Andrea Tedeschi, Sebastian Dupraz, Claudia J. Laskowski, Jia Xue, 
Thomas Ulas, Marc Beyer, Joachim L. Schultze, Frank Bradke, The Cal-
cium Channel Subunit Alpha2delta2 Suppresses Axon Regeneration in 
the Adult CNS. Neuron. 2016 ; 92(2) :419-434.

	206. 	 Hilton BJ, Husch A, Schaffran B, Lin TC, Burnside ER, Dupraz S, Schelski 
M, Kim J, Muller JA, Schoch S, et al. An active vesicle priming machin-
ery suppresses axon regeneration upon adult CNS injury. Neuron. 
2022;110(1):51-69 e57.

	207. 	 Bertuzzi M, Chang W, Ampatzis K. Adult spinal motoneurons change 
their neurotransmitter phenotype to control locomotion. Proc Natl 
Acad Sci U S A. 2018;115(42):E9926–33.

https://doi.org/10.1101/2024.05.27.596075
https://doi.org/10.1101/2024.05.27.596075


Page 25 of 25Cellini et al. BMC Biology  (2025) 23:115	

	208. 	 Voltes A, Hevia CF, Engel-Pizcueta C, Dingare C, Calzolari S, Terri-
ente J, Norden C, Lecaudey V, Pujades C. Yap/Taz-TEAD activity links 
mechanical cues to progenitor cell behavior during zebrafish hindbrain 
segmentation. Development. 2019;146(14):dev176735.

	209. 	 Hentig J, Cloghessy K, Lahne M, Jung YJ, Petersen RA, Morris AC, Hyde 
DR. Zebrafish blunt-force TBI induces heterogenous injury pathologies 
that mimic human TBI and responds with sonic hedgehog-dependent 
cell proliferation across the neuroaxis. Biomedicines. 2021;9(8):861.

	210. 	 Tong CK, Fuentealba LC, Shah JK, Lindquist RA, Ihrie RA, Guinto CD, 
Rodas-Rodriguez JL, Alvarez-Buylla A. A dorsal SHH-dependent domain 
in the V-SVZ produces large numbers of oligodendroglial lineage cells 
in the postnatal brain. Stem Cell Reports. 2015;5(4):461–70.

	211. 	 Yang R, Wang M, Wang J, Huang X, Yang R, Gao WQ. Cell division mode 
change mediates the regulation of cerebellar granule neurogenesis 
controlled by the sonic hedgehog signaling. Stem Cell Reports. 
2015;5(5):816–28.

	212. 	 Xie J, Li J, Ma J, Li M, Wang X, Fu X, Ma Y, Yang H, Li B. Saijilafu: Magne-
sium oxide/poly(l-lactide-coepsilon-caprolactone) scaffolds loaded 
with neural morphogens promote spinal cord repair through targeting 
the calcium influx and neuronal differentiation of neural stem cells. Adv 
Healthc Mater. 2022;11(15):e2200386.

	213. 	 Xie J, Li J, Ma J, Li M, Wang X, Fu X, Ma Y, Yang H, Li B. Saijilafu: Magne-
sium oxide/poly(l-lactide-co-epsilon-caprolactone) scaffolds loaded 
with neural morphogens promote spinal cord repair through targeting 
the calcium influx and neuronal differentiation of neural stem cells. Adv 
Healthc Mater. 2022;11(15):e2200386.

	214. 	 Li JH, Shi ZJ, Li Y, Pan B, Yuan SY, Shi LL, Hao Y, Cao FJ, Feng SQ. Bioin-
formatic identification of key candidate genes and pathways in axon 
regeneration after spinal cord injury in zebrafish. Neural Regen Res. 
2020;15(1):103–11.

	215. 	 Kriska J, Honsa P, Dzamba D, Butenko O, Kolenicova D, Janeckova L, 
Nahacka Z, Andera L, Kozmik Z, Taketo MM, et al. Manipulating Wnt 
signaling at different subcellular levels affects the fate of neonatal 
neural stem/progenitor cells. Brain Res. 2016;1651:73–87.

	216. 	 Cheng P, Liao HY, Zhang HH. The role of Wnt/mTOR signaling in spinal 
cord injury. J Clin Orthop Trauma. 2022;25: 101760.

	217. 	 Chang J, Dettman RW, Dizon MLV. Bone morphogenetic protein signal-
ing: a promising target for white matter protection in perinatal brain 
injury. Neural Regen Res. 2018;13(7):1183–4.

	218. 	 Parikh P, Hao Y, Hosseinkhani M, Patil SB, Huntley GW, Tessier-Lavigne 
M, Zou H. Regeneration of axons in injured spinal cord by activation 
of bone morphogenetic protein/Smad1 signaling pathway in adult 
neurons. Proc Natl Acad Sci U S A. 2011;108(19):E99-107.

	219. 	 Huang Y, Gao P, Qin T, Chu B, Xu T, Yi J, Wang Q, Yang Z, Jiang T, Fan J, 
et al. Delayed inhibition of collagen deposition by targeting bone mor-
phogenetic protein 1 promotes recovery after spinal cord injury. Matrix 
Biol. 2023;118:69–91.

	220. 	 Sireci S, Kocagöz Y, Alkiraz AS, Güler K, Dokuzluoglu Z, Balcioglu E, Mey-
danli S, Demirler MC, Erdogan NS, Fuss SH. HB-EGF promotes progeni-
tor cell proliferation and sensory neuron regeneration in the zebrafish 
olfactory epithelium. FEBS J. 2024;291(10):2098-2133.

	221. 	 Wan J, Ramachandran R, Goldman D. HB-EGF is necessary and sufficient 
for Muller glia dedifferentiation and retina regeneration. Dev Cell. 
2012;22(2):334–47.

	222. 	 Ghaddar B, Lubke L, Couret D, Rastegar S, Diotel N. Cellular mechanisms 
participating in brain repair of adult zebrafish and mammals after injury. 
Cells. 2021;10(2):391.

	223. 	 Zheng B, He Y, Yin S, Zhu X, Zhao Q, Yang H, Wang Z, Zhu R, Cheng L. 
Unresolved Excess Accumulation of Myelin-Derived Cholesterol Con-
tributes to Scar Formation after Spinal Cord Injury. Research (Wash D C). 
2023;6:0135.

	224. 	 Fernandez-Lopez D, Faustino J, Klibanov AL, Derugin N, Blanchard E, 
Simon F, Leib SL, Vexler ZS. Microglial cells prevent hemorrhage in 
neonatal focal arterial stroke. J Neurosci. 2016;36(10):2881–93.

	225. 	 Xie C, Shen X, Xu X, Liu H, Li F, Lu S, Gao Z, Zhang J, Wu Q, Yang D, et al. 
Astrocytic YAP promotes the formation of glia scars and neural regen-
eration after spinal cord injury. J Neurosci. 2020;40(13):2644–62.

	226. 	 Wang Y, Kong QJ, Sun JC, Yang Y, Wang HB, Zhang Q, Shi JG. Lenti-
virus-mediated silencing of the CTGF gene suppresses the forma-
tion of glial scar tissue in a rat model of spinal cord injury. Spine J. 
2018;18(1):164–72.

	227. 	 Li X, Li Y, Li S, Li H, Yang C, Lin J. The role of Shh signalling pathway 
in central nervous system development and related diseases. Cell 
Biochem Funct. 2021;39(2):180–9.

	228. 	 Meyers EA, Kessler JA. TGF-beta family signaling in neural and neuronal 
differentiation, development, and function. Cold Spring Harb Perspect 
Biol. 2017;9(8):a022244.

	229. 	 Dao DT, Anez-Bustillos L, Adam RM, Puder M, Bielenberg DR. 
Heparin-binding epidermal growth factor-like growth factor as 
a critical mediator of tissue repair and regeneration. Am J Pathol. 
2018;188(11):2446–56.

	230. 	 Kang J, Hu J, Karra R, Dickson AL, Tornini VA, Nachtrab G, Gemberling M, 
Goldman JA, Black BL, Poss KD. Modulation of tissue repair by regenera-
tion enhancer elements. Nature. 2016;532(7598):201–6.

	231. 	 Ando K, Ou J, Thompson JD, Welsby J, Bangru S, Shen J, Wei X, Diao Y, 
Poss KD. A screen for regeneration-associated silencer regulatory ele-
ments in zebrafish. Dev Cell. 2024;59(5):676-691 e675.

	232. 	 Goldman JA, Kuzu G, Lee N, Karasik J, Gemberling M, Foglia MJ, Karra R, 
Dickson AL, Sun F, Tolstorukov MY, et al. Resolving heart regeneration 
by replacement histone profiling. Dev Cell. 2017;40(4):392-404 e395.

	233. 	 Cao Y, Xia Y, Balowski JJ, Ou J, Song L, Safi A, Curtis T, Crawford GE, Poss 
KD, Cao J. Identification of enhancer regulatory elements that direct 
epicardial gene expression during zebrafish heart regeneration. Devel-
opment. 2022;149(4):dev200133.

	234. 	 Shu M, Hong D, Lin H, Zhang J, Luo Z, Du Y, Sun Z, Yin M, Yin Y, Liu L, 
et al. Single-cell chromatin accessibility identifies enhancer networks 
driving gene expression during spinal cord development in mouse. 
Dev Cell. 2022;57(24):2761-2775 e2766.

	235. 	 Yan R, Cigliola V, Oonk KA, Petrover Z, DeLuca S, Wolfson DW, Vekstein 
A, Mendiola MA, Devlin G, Bishawi M, et al. An enhancer-based gene-
therapy strategy for spatiotemporal control of cargoes during tissue 
repair. Cell Stem Cell. 2023;30(1):96-111 e116.

	236. 	 Griffith EC, West AE, Greenberg ME. Neuronal enhancers fine-tune 
adaptive circuit plasticity. Neuron. 2024;112(18):3043–57.

	237. 	 Raposo C, Graubardt N, Cohen M, Eitan C, London A, Berkutzki 
T, Schwartz M. CNS repair requires both effector and regula-
tory T cells with distinct temporal and spatial profiles. J Neurosci. 
2014;34(31):10141–55.

	238. 	 Ransohoff RM, El Khoury J. Microglia in health and disease. Cold Spring 
Harb Perspect Biol. 2015;8(1): a020560.

	239. 	 Gao C, Jiang J, Tan Y, Chen S. Microglia in neurodegenerative diseases: 
mechanism and potential therapeutic targets. Signal Transduct Target 
Ther. 2023;8(1):359.

	240. 	 Bellver-Landete V, Bretheau F, Mailhot B, Vallieres N, Lessard M, Janelle 
ME, Vernoux N, Tremblay ME, Fuehrmann T, Shoichet MS, et al. Microglia 
are an essential component of the neuroprotective scar that forms after 
spinal cord injury. Nat Commun. 2019;10(1):518.

	241. 	 Packer JM, Bray CE, Beckman NB, Wangler LM, Davis AC, Goodman EJ, 
Klingele NE, Godbout JP. Impaired cortical neuronal homeostasis and 
cognition after diffuse traumatic brain injury are dependent on micro-
glia and type I interferon responses. Glia. 2024;72(2):300–21.

	242. 	 Chen J, Poskanzer KE, Freeman MR, Monk KR. Live-imaging of astrocyte 
morphogenesis and function in zebrafish neural circuits. Nat Neurosci. 
2020;23(10):1297–306.

	243. 	 Nudo RJ, Milliken GW. Reorganization of movement representations in 
primary motor cortex following focal ischemic infarcts in adult squirrel 
monkeys. J Neurophysiol. 1996;75(5):2144–9.

	244. 	 Nudo RJ, Milliken GW, Jenkins WM, Merzenich MM. Use-dependent 
alterations of movement representations in primary motor cortex of 
adult squirrel monkeys. J Neurosci. 1996;16(2):785–807.

	245. 	 Nudo RJ, Wise BM, SiFuentes F, Milliken GW. Neural substrates for the 
effects of rehabilitative training on motor recovery after ischemic 
infarct. Science. 1996;272(5269):1791–4.

	246. 	 Lovely RG, Gregor RJ, Roy RR, Edgerton VR. Effects of training on the 
recovery of full-weight-bearing stepping in the adult spinal cat. Exp 
Neurol. 1986;92(2):421–35.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Blueprints for healing: central nervous system regeneration in zebrafish and neonatal mice
	Abstract 
	CNS injury, current study models of regeneration and therapeutic approaches
	Zebrafish and neonatal mice as models for innate CNS regeneration
	Guiding questions to study innate CNS regeneration
	Homeostatic and regenerative neurogenesis in zebrafish and neonatal mice
	Telencephalon
	Cerebellum
	Spinal cord
	Mechanisms of axon regeneration in zebrafish and neonatal mice

	Common signals promoting CNS regeneration in zebrafish and neonatal mice
	Hippo signaling
	Sonic Hedgehog signaling
	Wntβ-Catenin signaling
	Bone morphogenic protein signaling
	Heparin-binding epidermal growth factor signaling
	Extracellular matrix-related signaling
	Tissue regeneration enhancer elements

	Conserved immune cell contributions to CNS repair
	Neutrophils
	Blood-derived macrophages
	Microglia

	Conclusion and perspectives
	Acknowledgements
	References


