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Zebrafish have superior regenerative capacity in the central nervous system (CNS)
compared to mammals. In contrast, medaka were shown to have low regenerative
capacity in the adult heart and larval retina, despite the well-documented high tissue
regenerative ability of teleosts. Nevertheless, medaka and zebrafish share similar brain
structures and biological features to those of mammals. Hence, this study aimed
to compare the neural stem cell (NSC) responses and regenerative capacity in the
optic tectum of adult medaka and zebrafish after stab wound injury. Limited neuronal
differentiation was observed in the injured medaka, though the proliferation of radial glia
(RG) was induced in response to tectum injury. Moreover, the expression of the pro-
regenerative transcriptional factors ascl1a and oct4 was not enhanced in the injured
medaka, unlike in zebrafish, whereas expression of sox2 and stat3 was upregulated in
both fish models. Of note, glial scar-like structures composed of GFAP+ radial fibers
were observed in the injured area of medaka at 14 days post injury (dpi). Altogether,
these findings suggest that the adult medaka brain has low regenerative capacity with
limited neuronal generation and scar formation. Hence, medaka represent an attractive
model for investigating and evaluating critical factors for brain regeneration.

Keywords: radial glia, stab wound injury, optic tectum, neuronal differentiation, reactive gliosis, zebrafish,
medaka

INTRODUCTION

Zebrafish have a superior ability to regenerate various tissues, including the central nervous system
(CNS) and heart, compared with mammals (Becker et al., 1997; Poss et al., 2002; Raymond et al.,
2006; März et al., 2011). Recently, to better understand the molecular mechanisms underlying the
high regenerative capacity of zebrafish, comparative analyses of tissue regeneration in the retina
and heart between zebrafish and mice have been performed, given their similarities in cell type
and tissue structure (Kang et al., 2016; Hoang et al., 2020; Simões et al., 2020). Comparative
studies using next-generation sequencing technology have revealed differences in the immune
response or expression of transcriptional factors associated with tissue regeneration (Hoang et al.,
2020; Simões et al., 2020). In contrast, the brain structure and cell types between zebrafish and
mice are quite different (Kizil et al., 2012; Alunni and Bally-Cuif, 2016; Diotel et al., 2020;
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Labusch et al., 2020). Despite the efforts made to explore and
compare the brain regeneration mechanisms in zebrafish and
mice, comparative studies with omics approaches have not been
well examined (Llorens-Bobadilla et al., 2015; Zhong et al.,
2016; Arneson et al., 2018; Yu and He, 2019; Demirci et al.,
2020). To investigate the mechanisms that contribute to the high
regenerative capacity of the zebrafish brain, non-regenerative
animal models with similar brain structures and biological
features are warranted.

Medaka (Oryzias latipes) is a popular experimental model
among freshwater teleosts that has been extensively used
for tissue regeneration analysis. Despite its high regenerative
capacity in the fin and pancreas (Akimenko et al., 1995;
Katogi et al., 2004; Moss et al., 2009; Otsuka and Takeda,
2017), similar to zebrafish, medaka have a low capacity for
heart and retina regeneration (Ito et al., 2014; Lai et al.,
2017; Lust and Wittbrodt, 2018). Comparative analysis of
heart regeneration between adult medaka and zebrafish, cardiac
cryoinjury results in less cardiomyocyte proliferation and scar
formation in medaka (Ito et al., 2014; Lai et al., 2017),
whereas zebrafish show induced cardiomyocyte proliferation
and injured tissues are filled with newborn cardiomyocytes,
with little or no scar tissue formation (Poss et al., 2002;
Kikuchi and Poss, 2012). Regenerative capacity in the retina
has also been compared between larval medaka and zebrafish,
indicating that retinal injury induces Müller glia proliferation
in both models; however, Müller glia in medaka have less
multipotency, with photoreceptors being generated, but not
retinal ganglion cells (Lust and Wittbrodt, 2018). Moreover,
overexpression of sox2 in Müller glia was found to promote
the regenerative potential of these cells in the medaka retina.
However, the CNS regenerative capacity in the adult medaka
remains unclear.

Medaka and zebrafish have similar brain structures and
niches of adult neural stem cells (NSCs) (Adolf et al., 2006;
Grandel et al., 2006; Alunni et al., 2010; Kuroyanagi et al.,
2010). Stab wound injury models affecting various regions of
the adult zebrafish brain, including the optic tectum, have been
developed to investigate brain regeneration (Kroehne et al., 2011;
März et al., 2011; Kishimoto et al., 2012; Kaslin et al., 2017;
Shimizu et al., 2018; Lindsey et al., 2019; Yu and He, 2019). The
optic tectum of both zebrafish and medaka harbors two types
of NSCs—neuroepithelial-like stem (NE) and radial glia (RG)
cells—that express stem cell markers, such as sox2 and msi1.
NE cells are proliferative cells that produce neurons, RG, and
oligodendrocytes, whereas most of RG are quiescent (Alunni
et al., 2010; Ito et al., 2010; Takeuchi and Okubo, 2013; Galant
et al., 2016; Dambroise et al., 2017). Previous studies showed
that RG proliferation and differentiation into newborn neurons
are induced in response to injury in young adult zebrafish (2–
4 months old) (Shimizu et al., 2018; Ueda et al., 2018; Yu and He,
2019; Kiyooka et al., 2020). In contrast, the regenerative responses
in the medaka tectum remain to be elucidated.

Herein, the proliferation and differentiation of RG and
NE in injured medaka and zebrafish were examined to
evaluate the regenerative capacity of the medaka brain. The
present study highlights the potential of medaka as a useful

experimental non-regenerative model to investigate and identify
pro-regenerative factors that mediate CNS regeneration.

MATERIALS AND METHODS

Animals
Medaka (O. latipes) and zebrafish (Danio rerio), specifically the
Kyoto-Cab and RIKEN Wako wild-type strains, respectively,
were maintained at 27.0 ± 1◦C under a 14/10 h light/dark cycle.
All experimental protocols were approved by the Institutional
Animal Care and Use Committee of the National Institute
of Advanced Industrial Science and Technology (2021-0276).
Animals with 3–7 months old were used for all experiments,
except for the analysis of newborn neurons after tectum injury,
which 3–5-months-old medaka and zebrafish were used.

Stab Wound Injury Protocol
To induce a stab wound injury in the adult optic tectum, medaka
and zebrafish were anesthetized with 0.02% tricaine (pH 7.0;
Nacalai Tesque, Kyoto, Japan) and a 30 G needle was vertically
inserted into the medial region of the right hemisphere, as
previously described (Shimizu et al., 2018). The contralateral
uninjured hemisphere was used as internal control for each
animal. For quantitative real-time polymerase chain reaction
(PCR) analysis, both hemispheres were injured.

5-Bromo-2-Deoxyuridine (BrdU)
Administration
To label proliferating cells, injured medaka and zebrafish were
kept in 5 mM BrdU (Wako, Osaka, Japan). Injured medaka and
zebrafish were treated with BrdU for 48 h, from 1 to 3 days
post injury (dpi).

Histological and Immunohistochemical
Analysis
Medaka and zebrafish were anesthetized using 0.02% tricaine and
intracardially perfused with phosphate-buffered saline. Brains
were dissected and stored in 4% paraformaldehyde (Wako)
solution overnight at 4◦C. The fixed brains were stored in
30% sucrose solution overnight at 4◦C, and whole brains were
then embedded in a 2:1 mixture of 30% sucrose and Tissue-
Tek O.C.T. compound (Sakura Finetek Japan, Tokyo, Japan).
For fluorescence immunohistochemistry, 14 µm cryosections
were prepared using a Leica CM1960 cryostat (Leica Biosystems,
Wetzlar, Germany). Fluorescence immunohistochemistry was
performed as described previously, using the following primary
antibodies: mouse anti-HuC (1:100 dilution, A21271; Invitrogen,
Waltham, MA, United States) as a pan-neuronal marker,
mouse anti-proliferating cell nuclear antigen (PCNA) (1:200,
sc-56; Santa Cruz Biotechnology, Dallas, TX, United States)
as a proliferating cell marker, mouse anti-glial fibrillary acid
protein (GFAP) (1:500, G3893; Sigma-Aldrich, St. Louis, MO,
United States), and rabbit anti-brain lipid binding protein (BLBP)
(1:500, ABN14; Millipore, Burlington, MA, United States) as
RG cell markers, and sheep anti-BrdU (1:500, ab1893; Abcam,
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Cambridge, United Kingdom). Alexa Fluor 488- and 546-
conjugated subclass-specific antibodies (1:500, Invitrogen) were
used as secondary antibodies. For PCNA antigen retrieval,
sections were incubated with 10 mM sodium citrate for 30 min
at 85◦C prior to primary antibody incubation. For BrdU antigen
retrieval, sections were incubated with 2N HCl (Wako) for 30 min
at 37◦C. For nuclear staining, the sections were incubated with
Hoechst 33258 (1:500; Dojindo, Kumamoto, Japan) for 30 min
following immunohistochemistry.

Quantitative Real-Time PCR (qRT-PCR)
For qRT-PCR, both hemispheres of the optic tectum were injured.
After anesthesia with 0.02% tricaine, both hemispheres of the
optic tectum were dissected from one fish and homogenized
in TRIzol reagent (Invitrogen). Total RNA was purified using
the Directozol RNA Miniprep (Zymo Research, Irvine, CA,
United States), and cDNA was synthesized using RevaTra Ace
(Toyobo, Osaka, Japan). The gene-specific primers used for
ascl1a, oct4, sox2, stat3, and tbp are listed in Supplementary
Table 1. The expression of tbp was used as endogenous control.

Cell Quantification
To quantify proliferating RG after the stab injury, the number of
BLBP+PCNA+ cells was counted in 5–10 sections, including the
center of the injury. To quantify NE proliferation, the number of
PCNA+ cells located in the tectal marginal zone was counted in
5–10 sections, including the center of the injury. To quantify the
number of newborn neurons after the stab injury, the number
of BrdU+HuC+ cells in five sections, including the center of
the injury, was counted. The number of BrdU+HuC+ cells in
the tectal marginal zone was also counted in five sections after
the tectum injury. The corresponding contralateral regions were
examined as internal controls.

Statistical Analysis
All data are expressed as the mean ± standard error of the mean
(SEM), and sample numbers are indicated in each figure legend.
Statistical analysis in two experimental groups was performed
using paired and unpaired Student’s t-tests. In three or more
groups, one-way analysis of variance was performed, followed
by Tukey’s post hoc test. P-values were calculated using Prism
software (GraphPad Software, San Diego, CA, United States) and
statistical significance was defined as ∗∗∗ and † † † if P < 0.001;
∗∗ and †† if P < 0.01; ∗ and † if P < 0.05.

RESULTS

Increase in the Proliferation of Radial
Glia in Response to Stab Injury
In the adult zebrafish optic tectum, most RG are quiescent
under physiological conditions, but stab wound injury can
induce their proliferation (Shimizu et al., 2018; Lindsey et al.,
2019; Yu and He, 2019). To examine that this regenerative
mechanism was also present in medaka, stab wound injury
was induced in the right hemisphere of the optic tectum of

medaka and RG proliferation was quantified by counting BLBP
(RG marker), and PCNA (proliferating cell marker) double-
positive cells. At 2 dpi, the number of proliferative RG cells
(BLBP+PCNA+ cells) was significantly increased in the injured
hemisphere than in the contralateral (internal control) uninjured
side (Figures 1A,B). Additional analysis between 6 h post injury
(hpi) to 7 dpi (Figures 1C–F) further revealed that the number of
proliferative RG significantly increased from 1 dpi and peaking
at around 2 dpi, with no significant difference being observed
at 7 dpi (Figure 1G), which follows the same response trend
observed in the injured zebrafish (Shimizu et al., 2018; Yu
and He, 2019). Moreover, we quantified BLBP−PCNA+ cells
except for proliferative NE known as PCNA+ cells located in the
tectal marginal zone to analyze the cell proliferation of another
type of cell. These BLBP−PCNA+ cells which may include
oligodendrocytes, microglia, neutrophils, and endothelial cells
also significantly increased in response to the injury (Figure 1H).
Although the contribution of NE to tectum regeneration is
controversial (Shimizu et al., 2018; Lindsey et al., 2019),
NE proliferation after stab wound injury was also evaluated
by counting the PCNA+ cells in the tectal marginal zone
(Supplementary Figures 1A–L). This analysis confirmed that the
stab wound injury had no significant effect on the proliferation
of NE (Supplementary Figure 1M), which is consistent with
previous injured zebrafish (Shimizu et al., 2018). Taken together,
these results suggest that RG in the medaka and zebrafish tectum
have similar proliferative potential after injury.

Limited Generation of Newborn Neurons
After Stab Injury of Optic Tectum
Previous studies showed that newborn neurons around the
injured site after the tectum injury in young adult zebrafish
are mainly derived from RG (Shimizu et al., 2018; Yu and
He, 2019). To analyze whether newborn neurons were similarly
generated in tectum injured medaka, BrdU-labeled proliferative
cells (including RG and NE) in the injured zebrafish and medaka
were evaluated at 7 dpi (Figure 2A). We confirmed that RG
incorporated BrdU at 3 dpi (Supplementary Figures 2A–E).
Then, the number of newborn neurons (BrdU+HuC+ cells)
at 7 dpi was quantified (Figures 2B,C), revealing that were
not significantly increased in the injured hemisphere in the
medaka unlike in the zebrafish (Figure 2D). BrdU+ cells
around the injured periventricular gray zone (PGZ) in the
medaka optic tectum are BLBP+ (Supplementary Figures 2F–
I). Moreover, the number of BrdU+ cells observed in PGZ
was not significantly different in both fish models (Figure 2E).
These results suggest that post-proliferating RG in injured
medaka have limited capacity for neuronal differentiation. As
NE can also generate neuronal cells in the optic tectum, the
differentiation potential of BrdU+ cells in the tectal marginal
zone after tectum injury was also evaluated (Supplementary
Figure 3A). However, no significant differences were observed in
the BrdU+HuC+ cells around the tectal marginal zone between
injured and uninjured hemispheres in both medaka and zebrafish
(Supplementary Figures 3B–G). Overall, these results suggest
that post-proliferating RG in the injured medaka tectum have

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 June 2021 | Volume 9 | Article 686755

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-686755 June 29, 2021 Time: 11:11 # 4

Shimizu and Kawasaki Limited Regenerative Capacity in Medaka Tectum

FIGURE 1 | Proliferation of radial glia (RG) is increased in response to stab wound injury. Representative images of proliferative RG (BLBP+PCNA+ cells) in the
uninjured (A) and injured (B) hemispheres at 2 days post injury (dpi). (A’,B’) Magnified images of the boxed area in (A,B). (C–F) Representative images of proliferative
RG in the injured hemisphere at 6 h post injury (hpi) and at 1, 4, and 7 dpi. White arrowheads indicate BLBP+PCNA+ cells, and dashed lines indicate injured areas.
Scale bar: 50 µm in (A–F) and (A’,B’). Schematic drawing of the stab injury in the right hemisphere of the optic tectum and cross-section. (G) Quantification of
proliferative RG in both uninjured and injured hemispheres at 6 (n = 5) and 12 (n = 3) hpi, and 1 (n = 5), 2 (n = 5), 3 (n = 4), 4 (n = 5), and 7 (n = 4) dpi.
(H) Quantification of proliferative cells (BLBP-PCNA+ cells) except NE in both uninjured and injured hemispheres at 6 (n = 5) and 12 (n = 3) hpi, and 1 (n = 5), 2
(n = 5), 3 (n = 4), 4 (n = 5), and 7 (n = 4) dpi. Statistical analyses between uninjured and injured hemispheres at each time point were evaluated using paired
Student’s t-tests. Statistical significance was defined as *P < 0.05; **P < 0.01; ***P < 0.001.

limited neuronal differentiation, whereas stab wound injury in
the optic tectum does not affect NE differentiation into neurons.

Differential Expression of Transcriptional
Factors Between Medaka and Zebrafish
After Tectum Injury
Molecular mechanisms related to ascl1a during zebrafish retina
regeneration have been well studied (Fausett et al., 2008;
Ramachandran et al., 2010). In particular, the expression of

this pro-regenerative transcriptional factor was shown to be
induced the optic tectum of zebrafish. Moreover, induction of
sox2, stat3, and oct4 expression was also shown to be required
for NSC proliferation and differentiation into neurons (Fausett
et al., 2008; Ramachandran et al., 2010; Nelson et al., 2012;
Zhao et al., 2014; Gorsuch et al., 2017; Sharma et al., 2019).
Herein, the expression of these transcriptional factors was also
evaluated to assess potential changes induced in response to the
tectum injury. Thus, ascl1a, oct4 (pou5f1 in medaka and pou5f3
in zebrafish), sox2, and stat3 were evaluated at 6, 24, 96, and
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FIGURE 2 | Generation of newborn neurons in the injured medaka is limited compared with zebrafish. (A) Schematic drawing of bromodeoxyuridine (BrdU)-labeling
and stab injury in the right hemisphere of the optic tectum. Representative images of newborn neurons (BrdU+HuC+ cells) in both injured zebrafish (B) and medaka
(C). White arrowheads indicate BrdU+HuC+ cells, and dashed lines indicate the injured areas. Scale bar: 50 µm. (D) Quantification of BrdU+HuC+ cells in the
uninjured and injured hemispheres in zebrafish (n = 4) and medaka (n = 4). (E) Quantification of total BrdU+ cells in both uninjured and injured zebrafish (n = 4) and
medaka (n = 4). Statistical analyses were evaluated using one-way analysis of variance followed by Tukey’s post hoc test. Statistical significance was defined as
*P < 0.05.

168 hpi. Expression changes of sox2 and stat3 showed similar
patterns, significantly increasing from 6 hpi (Figures 3A,B).
At 168 hpi, stat3 expression in zebrafish remained significantly
elevated though stat3 expression in medaka returned to baseline.
Interestingly, upregulation of ascl1a and oct4 was observed
in the injured zebrafish (Figures 3C,D), whereas it was not
induced in the injured medaka. Expression of oct4 was decreased
at 6 hpi in both injured medaka and zebrafish, subsequently
increasing in the injured zebrafish at 24 and 96 hpi, but not
in the injured medaka (Figure 3D). These results suggest that
differential expression of pro-regenerative factors may contribute
for the limited neuronal differentiation potential of RG in medaka
during tectum regeneration.

Glial Scar-Like Structures Persist in the
Injured Medaka Tectum
In the adult mammalian brain, stab wound injury increases
GFAP immunoreactivity in astrocytes, called reactive gliosis,
and these reactive astrocytes are shown to contribute to the
GFAP+ scar formation, called glial scar (Feeney et al., 1981;
Hozumi et al., 1990; Smith et al., 1995; Xiong et al., 2013;
Burda et al., 2016). Although stab wound injury in the zebrafish
telencephalon also increases GFAP immunoreactivity in the

injured hemisphere, scar formation has not been observed
(Kroehne et al., 2011; März et al., 2011; Baumgart et al., 2012;
Kishimoto et al., 2012). Hence, the reactive gliosis after the tectum
injury was herein assessed by comparing GFAP immunoreactivity
in injured medaka and zebrafish at 7, 14, and 30 dpi (Figures 4A–
H). At 7 dpi, GFAP expression increased in both injured
fishes (Figures 4B,F). In particular, the GFAP immunoreactivity
remained activated in the injured zebrafish at 14 dpi (Figures 4I–
P), compared with the uninjured tectum (Figure 4C); however,
its levels were relatively weak and no obvious scar-like structure
was observed at 30 dpi (Figure 4D). Surprisingly, GFAP+ scar-
like structures were formed in the injured medaka at 14 dpi
(Figure 4G), which persisted at 30 dpi (Figure 4H). Moreover,
at 14 dpi (Figures 4I–P), the injured medaka lacked cell layer
in the injured PGZ indicated by dashed lines (Figure 4N),
and GFAP+ fibers covered the area of this missing cell layer
(Figure 4O). This GFAP+ scar-like structure elongated from
the basal layer of the PGZ to the apical side (Figure 4O) and
this injury-induced GFAP+ structures were co-expressed with
BLBP (Figures 4O,P), suggesting that RG in the medaka optic
tectum could form this scar-like structure in response to injury.
Of note, in the injured zebrafish optic tectum, a disturbed
cell layer due to the injury was also observed (Figure 4J),
but no obvious lack of layer and no accumulation of GFAP+
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FIGURE 3 | Pro-regenerative transcriptional factors are differentially expressed between the injured medaka and zebrafish. Quantitative polymerase chain reaction
analysis of the pro-regenerative transcriptional factors ascl1a (A), oct4 (B), sox2 (C), and stat3 (D). Graphs indicate the relative gene expression in the injured tectum
from 6 to 168 h post injury (hpi) compared to the uninjured tectum (n = 4). Statistical analyses between the uninjured and injured hemispheres at each time point
were evaluated by unpaired Student’s t-tests. We used * for zebrafish and † for medaka to indicate significant difference. Statistical significance was defined as * and
†P < 0.05; ** and ††P < 0.01; *** and ††† P < 0.001.

or BLBP+ radial fibers around the injured area were noted
(Figures 4J–L). These results suggest that RG with GFAP+
scar-like structures in the injured medaka tectum have reactive
astrocytic characteristics.

DISCUSSION

Zebrafish have higher CNS regeneration capacity, including of
the brain, retina, and spinal cord, compared with mammals
(Kizil et al., 2012; Alunni and Bally-Cuif, 2016). Medaka and
zebrafish share similar biological features, such as brain structure,
body size, and lifespan; nevertheless, medaka have different
regenerative capacities in heart and retina (Ito et al., 2014; Lai
et al., 2017; Lust and Wittbrodt, 2018). The present study showed
that stab wound injury could induce the proliferation of RG in
the medaka, but with limited generation of newborn neurons in
the injured site compared with the response observed in similarly
injured zebrafish. Therefore, this is the first report indicating the
limited capacity of neuronal regeneration in the teleost young
adult brain. We also confirmed that there was no induction of
transcriptional factors, ascl1a and oct4 in the injured medaka.
Moreover, we observed injury-induced GFAP+ radial fibers from
RG at 14 dpi and found that this glial scar-like structure covered
the injured area with lack of cell layer in medaka. Taken together,
our findings suggest that medaka have low regenerative ability
in the tectum compared to zebrafish because RG in the injured
medaka tectum may have reactive astrocytic characteristics rather
than neurogenic NSCs.

In the adult zebrafish CNS, the optic tectum and retina
share similar features regarding NSCs. For example, RG in
the optic tectum and Müller glia in the retina are quiescent
under physiological conditions, whereas proliferation and
differentiation of these NSCs are activated upon injury (Raymond
et al., 2006; Ito et al., 2010; Shimizu et al., 2018). The optic
tectum and retina also have NE cells that continuously proliferate
and generate newborn neurons throughout life (Raymond
et al., 2006; Ito et al., 2010). Comparative analyses of retinal
regeneration showed that Müller glia in the larval medaka have
limited neuronal differentiation compared with larval zebrafish
despite the proliferative response induced by retinal injury (Lust
and Wittbrodt, 2018), which is consistent with here observed
limited capacity of RG in the medaka tectum. Furthermore,
although Müller glia in the medaka only contribute for the
generation of photoreceptors, induction of sox2 expression in
Müller glia after retinal injury can restore their multi-potency.
Although sox2 and stat3 expression increased in both medaka
and zebrafish after the tectum injury, that of ascl1a and oct4
did not increase in the injured medaka. In the zebrafish,
the transcriptional factors ascl1a (also known as Ascl1/Mash1
in mammals) and oct4 are known to play important roles
in retinal regeneration (Fausett et al., 2008; Ramachandran
et al., 2010; Sharma et al., 2019). Furthermore, during zebrafish
retinal regeneration from light damage, stat3 expression may
precede ascl1a expression (Nelson et al., 2012; Goldman, 2014),
whereas N-methyl-d-asparate-injured mouse retina showed
the lack of Ascl1 expression (Karl et al., 2008) despite
the upregulation of phosphorylated Stat3 (Jorstad et al., 2020).
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FIGURE 4 | Persistent glial scar-like structure is observed in the injured medaka tectum. (A–H) Representative images of immunostaining with anti-GFAP and
anti-BLBP antibodies on the uninjured (A: zebrafish and B: medaka) and injured hemisphere at 7, 14, and 30 days post injury (dpi) [(B–D): zebrafish and (E–H):
medaka]. (I–P) Magnified images of the boxed area at 14 dpi [(I–L): zebrafish and (M–P): medaka]. The dashed lines indicate the injured areas. Scale bar: 100 (A–H)
and 50 (I,M) µm.

These findings suggest that upregulation of STAT3-mediated
signaling is a shared feature in both injured medaka and
zebrafish, but that lack of ascl1a expression in the injured
medaka may result in low neurogenic capacity of RG in the
medaka tectum.

In addition to limited neuronal generation after medaka
tectum injury, persistent GFAP+BLBP+ scar-like structures were
clearly observed from 14 to 30 dpi. In contrast, in the zebrafish
adult brain, stab wound injury in the telencephalon induced
reactive gliosis with upregulation of GFAP immunoreactivity, but
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no scar formation was observed (März et al., 2011; Baumgart
et al., 2012; Kishimoto et al., 2012). In the injured zebrafish optic
tectum, although upregulation of GFAP immunoreactivity was
also observed, obvious scar formation like medaka has not been
observed. These findings suggest that scar-like structures with
radial fibers in the injured medaka tectum are similar to glial scar
formed by reactive astrocytes in the damaged mammalian CNS
(Burda et al., 2016). Glial scar in the injured rodent CNS includes
GFAP and other extracellular matrices, such as chondroitin
sulfate proteoglycan and collagen IV (McKeon et al., 1991). The
role of glial scar in the tissue regeneration is well investigated,
but the findings remain inconclusive (Anderson et al., 2016;
Adams and Gallo, 2018; Yang et al., 2020). Glial scar is shown
to prevent acute inflammation spreading; however, large scar is
an obstacle for neuronal and axonal regeneration. Whether glial
scar-like structure in the injured medaka shares these features
remain to be explored. Furthermore, Stat3 activation in astrocytes
is involved in glial scar formation after spinal cord injury in mice
(Herrmann et al., 2008; Anderson et al., 2016), suggesting that the
activated stat3 signaling in the medaka RG may contribute to scar
formation rather than neuronal generation unlike zebrafish.

Teleost species are shown to have a high regenerative
capacity of various tissues, including the CNS. In addition
to zebrafish, goldfish (Carassius auratus) and brown ghost
knifefish (Apteronotus leptorhynchus) are known to have high
CNS regeneration potential (Bernstein, 1964; Stevenson and
Yoon, 1978; Zupanc, 1999; Sîrbulescu et al., 2009). In addition
to these teleosts, recently, various other species including
salmonoids (masu and chum salmon) (Pushchina et al., 2017,
2020) and killifish (mummichog, Aphaniops hormuzensis, and
Nothobranchius furzeri) (Bisese et al., 2019; Soltani et al., 2020;
Van houcke et al., 2021) have been explored as models to
assess the mechanisms regulating the CNS regenerative potential.
Previous studies showed that only medaka have low CNS
regenerative potential, regardless of age and health condition
(Lust and Wittbrodt, 2018). For comparative analyses of tissue
regeneration, compatible injury models and similar biological
properties, except regenerative capacity, are important. Hence,

medaka represent an attractive non-regenerative model to
investigate and identify pro-regenerative factors that mediate
CNS regeneration.
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