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Abstract 26 

Regeneration responses in animals are widespread across phyla. To identify molecular 27 

players that confer regenerative capacities to non-regenerative species is of key 28 

relevance for basic research and translational approaches. Here we report a differential 29 

response in retinal regeneration between medaka (Oryzias latipes) and zebrafish (Danio 30 

rerio). In contrast to zebrafish, medaka Müller glia (olMG) cells behave like progenitors 31 

and exhibit a restricted capacity to regenerate the retina. After injury, olMG cells 32 

proliferate but fail to self-renew and ultimately only restore photoreceptors. In our 33 

injury paradigm, we observed that in contrast to zebrafish, proliferating olMG cells do 34 

not maintain sox2 expression. Sustained sox2 expression in olMG cells confers 35 

regenerative responses similar to those of zebrafish MG (drMG) cells. We show that a 36 

single, cell-autonomous factor reprograms olMG cells and establishes a regeneration-37 

like mode. Our results position medaka as an attractive model to delineate key 38 

regeneration factors with translational potential.  39 
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Introduction 54 

The ability to regenerate individual cells, lost organs or even the structure of the entire 55 

body is widespread in the animal kingdom. The means by which certain species achieve 56 

remarkable feats of regeneration whereas others have restricted or no capacity to do so 57 

is poorly understood. Teleost fishes are widely used models to study development, 58 

growth and regeneration of the visual system (Centanin et al., 2011; Raymond et al., 59 

1988, 2006; Rembold et al., 2006). The retina of these fish undergoes lifelong 60 

neurogenesis, and the range of retinal cell types is generated from two sources. The first 61 

are the cells of the ciliary marginal zone (CMZ), which include retinal stem cells that give 62 

rise to progenitor cells and ultimately differentiated cell types of the growing neural 63 

retina (Centanin et al., 2011, 2014a; Raymond et al., 2006). A second source for new 64 

retinal cells are Müller glia (MG) cells, which generate new cell types during homeostasis 65 

and regeneration (Bernardos et al., 2007).   66 

Some teleost species, including goldfish (Carassius auratus) and zebrafish (Danio rerio) 67 

have been analyzed with respect to their ability to regenerate the retina and recover 68 

visual function after injuries (Bernardos et al., 2007; Braisted and Raymond, 1992; 69 

Raymond et al., 1988; Sherpa et al., 2008). Among these, zebrafish is the best-studied 70 

and has been shown to contain multipotent MG cells which can self-renew and 71 

regenerate all retinal neuronal and glial cell types after injuries. It is currently assumed 72 

that other teleost species possess the same regenerative capacities, however detailed 73 

analyses have been lacking.  74 
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To investigate MG cell-mediated retina regeneration in a distantly related teleost, we 75 

chose the Japanese ricefish medaka (Oryzias latipes), which is a well-established model 76 

organism that shared its last common ancestor with zebrafish between 200 and 300 77 

million years ago (Schartl et al., 2013). Few regeneration studies have been carried out 78 

in medaka, but the literature reveals some interesting differences to zebrafish. Whereas 79 

fins can be fully regenerated in adult medaka (Nakatani et al., 2007), the heart has no 80 

regenerative capacity (Ito et al., 2014; Lai et al., 2017). The development and growth of 81 

the neural retina of medaka has been studied (Centanin et al., 2011, 2014b; Martinez-82 

Morales et al., 2009), but regeneration studies are missing.  83 

After injuries, multipotent MG cells of the zebrafish retina have been shown to 84 

upregulate the expression of pluripotency factors including lin-28, oct-4, c-myc and sox2 85 

[Ramachandran et al., 2010].  Sox2 is well known for its role in maintaining the 86 

pluripotency of embryonic stem cells (Masui et al., 2007) and is one of the four original 87 

Yamanaka factors required for the generation of induced pluripotent stem cells 88 

(Takahashi et al., 2007). Sox2 has been frequently used in reprogramming studies, such 89 

as the conversion of mouse and human fibroblasts directly into induced neural stem 90 

cells (Ring et al., 2012), or the transformation of NG2 glia into functional neurons 91 

following stab lesions in the adult mouse cerebral cortex (Heinrich et al., 2014). In the 92 

regenerating zebrafish retina, sox2 expression is upregulated 2 days post injury (dpi) 93 

and is necessary and sufficient for the MG proliferation associated with regeneration 94 

(Ramachandran et al., 2010; Gorsuch et al., 2017).  95 

In the present study, we find that medaka MG (olMG) cells display a restricted 96 

regenerative potential after injury and only generate photoreceptors (PRCs). We 97 

observed that olMG cells can re-enter the cell cycle after injures but fail to divide 98 

asymmetrically or generate neurogenic clusters, two steps which are essential to full 99 
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regeneration. Using in vivo imaging, two-photon mediated specific cell ablations and 100 

lineage tracing, we find that olMG cells react preferentially to injuries of PRCs and are 101 

only able to regenerate this cell type. We demonstrate that sox2 is expressed in MG cells 102 

in the absence of injury but, in contrast to zebrafish, is not maintained in proliferating 103 

olMG cells after injury. We show that inducing targeted expression of sox2 in olMG cells 104 

is sufficient to shift olMG cells into a regenerative mode reminiscent of zebrafish, where 105 

they self-renew and regenerate multiple retinal cell types. 106 

 107 

 108 

 109 

110 
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Results 111 

 112 

olMG cells reenter the cell cycle after injury but do not generate neurogenic 113 

clusters 114 

In contrast to zebrafish and goldfish, where MG cells are described as the source of rod 115 

PRCs that gradually accumulate during the early larval period (Bernardos et al., 2007; 116 

Nelson et al., 2008), it has been shown previously that olMG cells are quiescent at 117 

comparable developmental stage in the hatchling (8dpf) retina (Lust et al., 2016). While 118 

the zebrafish retina massively increases its rod PRC number during post-embryonic 119 

growth (Figure 1 - figure supplement 1A-B''') via the proliferation of MG cells 120 

(Bernardos et al., 2007), the medaka retina maintains it rod PRC layer from embryonic 121 

to adult stages (Figure 1 - figure supplement  1C-D''') and rod PRCs are born from the 122 

CMZ (Figure 1 - figure supplement 2).  123 

In order to address the regenerative abilities of olMG cells we used the the rx2::H2B-124 

eGFP transgenic line that labels the CMZ, olMG cells and cone PRCs but no rods in 125 

hatchling (8dpf) and adult medaka  (Martinez-Morales et al., 2009, Reinhardt et al., 2015 126 

and Figure Figure 1 - figure supplement 3). To investigate the reaction of olMG cells and 127 

the retina upon injury, we performed needle injuries on rx2::H2B-eGFP transgenic fish. 128 

To label cells re-entering the cell cycle we subsequently analyzed the fish either by 129 

immunohistochemistry for the mitotic marker phospho-histone H3 (PH3) at 3 dpi or 130 

incubated them in BrdU for 3 days to label cells in S-phase. We detected proliferating 131 

cells in the central retina, on the basis of both labels PH3 (Figures 1A-1A’’  and BrdU 132 

(Figures 1B-1B’’) 3 days after a needle injury. These proliferating cells were also positive 133 

for rx2-driven H2B-eGFP, showing that the olMG cells had re-entered the cell cycle. 134 
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These results demonstrate that olMG cells in hatchling medaka are quiescent in an 135 

uninjured background (Lust et al., 2016), but begin to proliferate upon injury. 136 

The onset of MG proliferation in zebrafish has been observed between 1 and 2 dpi 137 

(Fausett and Goldman, 2006). To understand if olMG cells show a similar mode of 138 

activation, we performed BrdU incorporation experiments and analyzed time-points 139 

after injury ranging from 1 dpi until 3 dpi. At 1 dpi, no BrdU-positive cells were detected 140 

in the retina (data not shown). At 2 dpi, the first BrdU positive cells were detected in the 141 

INL and the outer nuclear layer (ONL) of the central retina (Figure 1 - figure supplement 142 

4A-B'''). Co-localization with GFP showed that these cells are olMG cells or olMG-derived 143 

cells (Figure 3A’' and S4B’’ .  144 

In response to injury olMG cells initiate DNA synthesis and divide maximally once as 145 

indicated by the appearance of single or a maximum of two BrdU-positive cells next to 146 

each other in the INL at both 2 dpi and 3 dpi (Figures 1C and 1C').  147 

In contrast, the injury response of zebrafish MG (drMG) cells at comparable stages 148 

(4dpf) is characterized by the formation of large nuclear, neurogenic clusters in the INL 149 

(Figures 1D and 1D'). This is consistent with the response of adult drMGs to injury in 150 

which a single asymmetric division produces a MG cell and a progenitor cell that divides 151 

rapidly to generate neurogenic clusters (Nagashima et al., 2013).  152 

These results show that olMG cells start re-entering the cell cycle between 1 and 2 dpi 153 

but do not generate neurogenic clusters. 154 

 155 

olMG cells react preferentially to PRC injuries by apical migration 156 

For proper regeneration to occur, the appropriate cell types must be produced. This 157 

requires not only the regulation of the proliferation of stem or progenitor cells, but also 158 

the proper control of lineage decisions in the progenitors. If and when fate decisions are 159 
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made by the MG cells or proliferating progenitors during regeneration is largely 160 

unknown. To study whether different injury sites (PRC or retinal ganglion cell (RGC) 161 

injury) result in a differential response of olMG cells, we used two-photon mediated 162 

ablations and consecutive imaging (Figure 2 - figure supplement 1A-D) and addressed 163 

their behavior in immediate (up to 30 hpi) and late (until 6dpi) response to injury.  164 

We induced PRC injuries in medaka and observed that MG nuclei below the wound site 165 

started migrating apically at 17 hours post injury (hpi) (Figures 2A-2A''', see also Movie 166 

S1). These migrations were not coordinated between individual cells. Some nuclei 167 

migrated into the ONL, whereas others stayed at the apical part of the INL. Nuclei farther 168 

from the wound site did not migrate in response to the injuries. In contrast, after RGC 169 

injuries, there was no migration of MG nuclei, either apically or basally toward the 170 

wound, within the first 30 hpi (Figures 2B-2B''', see also Movie S1).  171 

To investigate whether medaka MG nuclei migrate back at later time-points after PRC 172 

injuries or show any migratory behavior after RGC injuries, we re-imaged the injury site 173 

at two-day intervals to follow an injured retina up to 6 dpi. At 2 dpi, retinae with PRC 174 

injuries showed a gap in the INL below the injury site, at a position where MG nuclei are 175 

normally found, reflecting the migration MG nuclei towards the ONL from this location 176 

(Figures 2C-2C''). The gap in the INL persisted until 6 dpi (Figure 2C''). The reaction of 177 

olMG cells in retinae with RGC injuries differed. Here, we neither observed an apical nor 178 

basal migration of olMG nuclei (Figures 2D-2D'') and in fact no migration of olMG nuclei 179 

was observed at all until 6 dpi. To rule out that this is due to too little damage in the RGC 180 

layer we increased the injury size. This lead to swelling and secondary cell death in PRCs 181 

and activated olMG cells to migrate apically (Figure 2 - figure supplement 2A-B), 182 

indicating further that their preferential reaction is towards PRC injuries. 183 

Taken together, these results show that olMG cell nuclei migrate towards PRC injury 184 
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sites within 24 hpi and remain in this location up until 6 days, whereas they display no 185 

discernible reaction towards RGC injuries. This indicates a clear preferential reaction of 186 

olMG nuclei to refill the injured PRC layer.  187 

 188 

olMG nuclei but not their cell bodies are depleted after PRC injuries  189 

Long-term in vivo imaging of fish that were injured in the ONL made it apparent that 190 

olMG nuclei migrate apically into the wound site but remain there which might indicate 191 

a complete remodeling of the soma of these neuroepithelial cells. To understand 192 

whether cell bodies of the olMG cells remain intact during this nuclear migration, we 193 

analyzed nuclear movements (transgenic line rx2::H2B-eGFP) in the context of the olMG 194 

cell body (transgenic line rx2::lifeact-eGFP). We imaged the double transgenic animals at 195 

two-day intervals following ONL injuries. As previously observed, olMG nuclei migrated 196 

out of the INL into the wound site (Figures 3A-3A''). The Rx2::lifeact-eGFP labelled cell 197 

bodies of the olMG cells spanning the entire apico-basal distance remained intact until 6 198 

dpi in the absence of an apparent (labelled) nucleus in the INL (Figure 3A''). The earlier 199 

position of the nucleus was still recognizable by a slight enlargement of the soma.  200 

Additionally, to extend the range of analysis, we performed immunohistochemistry on 201 

injured fish at 3 and 10 dpi. After injury, incubation in BrdU for 3 days and direct 202 

fixation at 3 dpi we found that at the site of injury the GFP-positive cell bodies, labelled 203 

by rx2::lifeact-eGFP, did not contain a nucleus anymore while the neighboring, more 204 

distant  205 

GFP-positive cell bodies contained elongated olMG nuclei (Figure 3B-B'''', see also Movie 206 

S3).  207 

After incubation in BrdU for 3 days and fixation at 10 dpi, we observed similar results 208 

(Figures 3C-3C''). Here, we used immunohistochemistry to detect the MG cell bodies via 209 
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an anti GS-staining (Figure 3C). BrdU-positive cells in the ONL mark the site of the injury 210 

(Figure 3C''). In the region directly underneath the site of injury, the majority of MG 211 

nuclei, which had been labelled by rx2::H2B-eGFP, were absent from the INL (Figure 212 

3C''). GS-positive cell bodies remained spanning the entire apico-basal height, but 213 

without the apparent presence of nuclei. In contrast, unaffected GS-positive olMG cells 214 

located on either side of the wound site still contained their nuclei, as easily detected by 215 

the large size of the soma. This data shows that the cell bodies of injury-activated olMG 216 

cells are still intact despite the migration of their nuclei into the ONL.   217 

 218 

olMG cells divide in the INL with an apico-basal distribution 219 

Since the injury response of olMG cells apparently does not involve self-renewal of olMG 220 

cells we wondered about the position and orientation of the cell division plane, a factor 221 

which has been associated with cell fate in various systems.  222 

We first addressed the apico-basal position of dividing olMG cells by PH3 223 

immunohistochemistry after injury. We detected PH3-positive cells only in the INL 224 

(Figures 4A-4A''). Some dividing cells were located more apically (Figures 4A-4A''), 225 

while others were located more basally (Figure 4 - figure supplement 1A-B). This is in 226 

contrast to findings in zebrafish where, in a light injury paradigm, PH3-positive MG cells 227 

can be found in the ONL 2 days after injury (Nagashima et al., 2013) 228 

To address the cleavage plane of dividing olMG cells we employed in vivo imaging of 229 

rx2::H2BeGFP fish, which permits visualizing the separation of chromatin and thus gives 230 

a measurement of the orientation of division. The first injury-triggered olMG divisions 231 

were observed at 44 hpi (Figures 4B-4B''', see also Movie S4). They occurred in the INL, 232 

both in the center and close to the ONL (Figure 4 - figure supplement 1C-C'''). The mode 233 

of division was preferentially apico-basal (5 out of 6 divisions in 5 out of 6 animals), 234 
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while only a single horizontal division was observed (1 out of 6 divisions in 1 out of 6 235 

animals). In contrast drMG cells are reported to predominantly divide with a horizontal 236 

division plane (Lahne et al., 2015). These results show that injury induced olMG cell 237 

divisions occur in different positions in the INL and have a strong preference to occur 238 

apico-basally. 239 

 240 

olMG cells are lineage restricted 241 

In zebrafish drMG cells are able to regenerate all neuronal cell types and self-renew 242 

after injury (Nagashima et al., 2013; Powell et al., 2016). We followed a BrdU-based 243 

lineage tracing approach successfully applied in zebrafish (Fausett and Goldman, 2006; 244 

Powell et al., 2016) to address the potency of olMG cells. Transgenic rx2::H2B-eGFP fish 245 

retinae were injured either by two-photon laser ablation of PRCs or RGCs specifically or 246 

using a needle ablating all cell types. The injured fish were incubated in BrdU for 3 days 247 

to label proliferating cells. This allows to efficiently detect all injury triggered S-phase 248 

entry of olMG cells (Figure 5 - figure supplement 1A-D). For lineaging, fish were grown 249 

until 14 dpi to allow a regeneration response and subsequently analyzed for BrdU-250 

positive cells in the different retinal layers (Figure 5A). PRC injuries led to the detection 251 

of 97% of all BrdU-positive cells in the ONL, mostly in the rod nuclear layer, indicative 252 

for PRC fate (Figures 5B and 5E). No BrdU-positive cells could be detected in the INL. 253 

Additionally, we found that the INL below the injury site was devoid of olMG cell nuclei, 254 

both consistently arguing for the absence of injury triggered olMG self-renewal. 255 

Strikingly, RGC injuries did not trigger BrdU-uptake in olMG cells or any other 256 

differentiated cell type (data not shown). Needle injuries affecting all retinal cell types 257 

triggered the same response as the specific lesions in the PRC layer. 97% of all BrdU-258 

positive cells were present in the ONL, and only a single BrdU-positive olMG cell was 259 
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found in 1 of 10 fish (Figures 5C and 5E). Also later application of BrdU after injury (4 to 260 

7 dpi) did not result in BrdU-positive MG cells (Figure 5 - figure supplement 2A-C). 261 

Importantly, BrdU-positive nuclei were not positive for GS, indicating that they were not 262 

MG cells anymore (Figure 5D), but were positive for Recoverin, a PRC marker (Figure 263 

5E). These results demonstrate that olMG cells do not self-renew and rather function as 264 

mono-potent repair system restricted to the generation of PRCs, most of which belong to 265 

the rod lineage. 266 

 267 

Sox2 expression is not maintained in proliferating olMG cells after injury 268 

The previous results show that olMG cells re-enter the cell cycle after injuries 269 

introduced by needle to the complete retina or by 2-photon ablation to the PRC layer. 270 

They regenerate PRC but do not undergo self-renewal. This suggests that olMG cells lack 271 

intrinsic factors that trigger self-renewal and multi-potency upon injury. One 272 

transcription factor which is well known for its involvement in the self-renewal of stem 273 

cells – particularly neural stem cells – is Sox2 (Sarkar and Hochedlinger, 2013). It has 274 

been shown that cells expressing sox2 are capable of both self-renewal and the 275 

production of a range of differentiated neuronal cell types (Sarkar and Hochedlinger, 276 

2013). Data from zebrafish have shown that a ubiquitous gain of Sox2 expression 277 

triggers a proliferative response of the drMGs in the absence of injury (Gorsuch et al., 278 

2017). 279 

To investigate the expression of sox2 in MG cells, we performed immunohistochemistry 280 

on uninjured retinae in medaka and zebrafish. In the medaka retina, Sox2 protein is 281 

detected the in amacrine cells (ACs) and olMG cells in the central retina (Figure 6A-282 

6A'''). In zebrafish, the pattern was similar: Sox2 protein was present in ACs and drMG 283 

cells in the central retina (Figure 6B-6B'''). This data is consistent with data from other 284 
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vertebrates including human, whose MG cells also maintain sox2 expression (Gallina et 285 

al., 2014). 286 

To investigate the expression of sox2 in those olMG and drMG cells responding to injury 287 

by proliferation, we performed needle injuries, incubated the fish in BrdU and fixed 288 

them at 3 dpi. We could detect BrdU-positive MG cells both in medaka and zebrafish. The 289 

vast majority of proliferating olMG cells did not express sox2 anymore at 3 dpi (Figures 290 

6C-6D, 6% of all BrdU-positive cells were Sox2-positive). We saw a similar scenario in 291 

response to either PRC or RGC injury, where 9% and 10% respectively, of all BrdU-292 

positive cells were Sox2-positive. Conversely, in zebrafish, sox2 expression was still 293 

detected after 3 days in drMG cells that proliferated in response to needle injury 294 

(Figures 6E-6F, 84% of all BrdU-positive cells were Sox2-positive). These findings 295 

strongly argue that the downregulation of sox2 expression in proliferating olMG cells 296 

restricts their regenerative properties. 297 

 298 

Sustained Sox2 expression restores olMG driven regeneration  299 

The results presented above indicate that after injury, olMG cells and olMG-derived 300 

progenitors do not maintain an expression of sox2, in contrast to the situation in 301 

zebrafish. We hypothesize that the prolonged sox2 expression facilitates drMG cells to 302 

undergo self-renewal and to generate neurogenic clusters and ultimately all cell-types 303 

necessary to regenerate a functional retina. To test this hypothesis, we chose the 304 

inducible LexPR transactivation system (Emelyanov and Parinov, 2008) targeted to 305 

olMG cells (rx2::LexPR OP::sox2, OP::H2B-eGFP) to sustain sox2 expression. In 306 

mifepristone treated retinae we detected increased levels of Sox2 protein in induced 307 

olMG cells (Figure 7A-B''). To address the proliferative behaviors of Sox2-sustaining 308 

olMG cells in response to injury we treated fish with mifepristone and BrdU for two 309 
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days, performed a needle injury, maintained the fish in mifepristone and BrdU until 3 310 

dpi and analyzed immediately (Figure 7C). We observed increased formation of 311 

proliferating clusters as well as the distribution of BrdU-positive cell in all layers of the 312 

retina after needle injury (4 out of 6 fish) (Figure 7D-E'). To address the long term-313 

potential of Sox2-induced olMG cells we ablated all retinal cell types by a needle injury 314 

and performed BrdU mediated lineage tracing as described above. We induced sox2 315 

expression for two days and provided BrdU in parallel, performed a needle injury and 316 

maintained the expression of sox2 until 3 dpi.  After a chase until 14 dpi the retinae and 317 

regenerated cell types were analyzed (Figures 8A and 8B). In needle injured wildtype 318 

fish which were also treated with mifepristone as well as in as well as transgenic fish 319 

(rx2::LexPR OP::sox2, OP::H2B-eGFP) which were not treated with mifepristone, olMG 320 

cells did not self-renew and gave predominantly rise to PRCs, mostly rod PRCs (Figure 321 

8F). In contrast, olMG cells experiencing persistent expression of sox2 showed self-322 

renewal and differentiation into different cell types in the ONL and INL as indicated by 323 

BrdU lineage tracing. In particular, the olMG cells maintaining sox2 expression after the 324 

injury regenerated olMG cells (Figure 8C-C'',8F) and exhibited a significant increase in 325 

regenerated ACs and RGCs, which were positive for HuC/D (Figure 7D-E'',8F). 326 

Furthermore, a slight increase in cone PRCs and a decrease in rod PRCs was observed 327 

after sox2-induction (Figures 8C-F). These data indicate that a targeted maintenance of 328 

sox2 expression after injury is sufficient to induce self-renewal and increase potency in 329 

MG cells in the medaka retina turning a mono-potent repair system into a regeneration 330 

system with increased potency.  331 
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Discussion 332 

Here, we have characterized a differential regenerative response between two teleost 333 

fish and used it as a framework to address the molecular determinants of regeneration 334 

during evolution. By using a combination of in vivo imaging, targeted cell type ablation 335 

and lineage tracing, we investigated the dynamics of the injury response in the medaka 336 

retina. We focused on MG cells, which play a prominent role in zebrafish retinal 337 

regeneration. While upon injury olMG cells re-enter the cell cycle, they fail to undergo 338 

self-renewal. Furthermore, olMG cells do not generate the neurogenic clusters which 339 

arise in zebrafish, nor do they produce all neuronal cell types in the retina. We traced 340 

this effect prominently to Sox2, the expression of which is maintained in proliferating 341 

drMG cells after injury, but not in olMG cells. We demonstrated that the sustained 342 

expression of sox2 is sufficient to convert an olMG into a dr-like MG. The fact that this 343 

response is acquired cell autonomously and in the context of a non-regenerative retina 344 

can be relevant for putative translational approaches. 345 

 346 

Since olMG cells did not self-renew after injuries and only had the capacity to regenerate 347 

PRC, olMG cells are not true multipotent retinal stem cells. Instead, olMG cells should be 348 

considered lineage-restricted progenitors. They re-entered the cell cycle between 1 and 349 

2 dpi, similar to the re-entry observed in zebrafish. This indicates that the signals that 350 

are essential for cell-cycle re-entry are present in medaka and are activated in a window 351 

of time similar to that of zebrafish. After retinal injures olMG nuclei migrate into the PRC 352 

layer; the cell bodies of nuclei-depleted olMG cells are maintained in the retina.  This 353 

could be important  since MG cell bodies play a crucial role in mechanical stability of the 354 

retina (MacDonald et al., 2015) as well as light guiding through the retina (Franze et al., 355 

2007). After retinal injures olMG cell bodies were maintained in the absence of a nucleus 356 
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in the INL reflecting the necessity to preserve this structural and optical element. 357 

 358 

In the uninjured retina, olMG cells express sox2, as is the case for many other 359 

vertebrates, including humans. However, sox2 expression in olMG cells is downregulated 360 

in response to injury, in contrast to the injury response of drMG cells, which upregulate 361 

sox2 (Gorsuch et al., 2017). We speculate that this upregulation is due to epigenetic 362 

modifications of the sox2 locus. A recent study in the mouse retina showed that the 363 

expression of oct4 is upregulated shortly after injury and then downregulated at 24 hpi 364 

(Reyes-Aguirre and Lamas, 2016). This correlates with a decrease in the expression of 365 

DNA methyltransferase 3b and its subsequent upregulation at 24 hpi, triggering a 366 

decrease in methylation and subsequent re-methylation of oct4. Furthermore, a recent 367 

study on zebrafish regeneration discovered the existence of so-called tissue 368 

regeneration enhancer elements (TREEs) (Kang et al., 2016). One TREE was associated 369 

with leptin b, which is expressed in response to injuries of the fin and heart. This TREE 370 

acquires open chromatin marks after injury, can be divided into tissue-specific modules 371 

and can drive injury-dependent expression in mouse tissue. This raises the possibility 372 

that the sox2 locus in olMG cells experiences epigenetic modifications after injury which 373 

differ from modifications in zebrafish. The fact that sox2 expression is detected in all 374 

vertebrate MG cells analyzed to date in the absence of injury raises the question whether 375 

a decrease in sox2 expression after injury might be a common feature of non-376 

regenerative species, like chicken, mouse and even humans. Data from a conditional sox2 377 

knockout in mouse shows that Sox2 is necessary for maintenance of MG morphology 378 

and quiescence (Surzenko et al., 2013). While its expression is maintained in response to 379 

the injection of growth factors after retinal damage (Karl et al., 2008) its regulation in 380 

response to injury alone has not been described. Data obtained in cultures of human MG 381 
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cells (Bhatia et al., 2011) provide additional important insights. Strikingly similar to 382 

medaka, silencing the expression of sox2 caused MG cells to lose stem and progenitor 383 

cell markers and adopt a neural phenotype (Bhatia et al., 2011). These findings align 384 

well with the results from medaka presented here und suggest that olMG cells and their 385 

behavior as progenitor cells can serve as a model for mammalian and in particular 386 

human MG cells. 387 

 388 

The results shown here may provoke an evolutionary question: is retinal regeneration 389 

an ancestral or derived feature within the infraclass of teleosts? The question might be 390 

resolved by investigations of this capacity in other fish species more closely related to 391 

medaka, such as Xiphophorus maculatus, whose last common ancestor with medaka 392 

lived around 120 million years ago (Schartl et al., 2013).  Additionally, species like the 393 

spotted gar, whose lineage diverged from teleosts before teleost genome duplication 394 

(Braasch et al., 2016), might provide insights about the ancestral mode of retinal 395 

regeneration. Recently, the retinal architecture of the spotted gar has been analyzed 396 

(Sukeena et al., 2016).  Here, proliferative cells have been detected in the central retina 397 

likely representing proliferating MG cells, which generate rod PRCs during homeostasis 398 

as seen in zebrafish, suggesting that regeneration is indeed an ancestral feature in the 399 

ray-finned fish lineage.  400 

Additionally, one wonders whether the ability of MG cells to regenerate injured retinal 401 

cells is directly related to their involvement in rod genesis during post-embryonic 402 

growth.  and conversely whether the lack of regenerative abilities by MG cells is a result 403 

of the lack of rod genesis?  The differences in rod layer increase in zebrafish and medaka 404 

as well as the differences in rod genesis by MG cells might be due to the natural habitats 405 

and photic environment of the fish. While larval zebrafish live near the water surface, 406 
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adults live in deeper waters where rods become more important for visual function 407 

(Lenkowski and Raymond, 2014). Medaka on the other hand are surface fish their entire 408 

life, since they live in shallow waters like rice paddies (Kirchmaier et al., 2015) which 409 

decreases the need for a massive increase in rods.  410 

 411 

With a potential translational perspective, regenerating and non-regenerating systems 412 

can now be systematically compared to delineate the underlying factors and 413 

mechanisms.  414 

To date, our cumulative results show that the regenerative potential of olMG cells in the 415 

context of homeostasis and injury in medaka resemble that of mammals and birds more 416 

than zebrafish. We propose that this provides an added value to medaka as a model 417 

species for regeneration studies that bridge the differences between zebrafish and 418 

mammals. Studies of heart regeneration that have compared zebrafish and medaka lend 419 

additional support this statement (Ito et al., 2014; Lai et al., 2017). As re-programmable 420 

multipotent retinal stem cells, MG cells harbor a great potential for treating 421 

degenerative retinal diseases. Our work indicates that the addition of a single re-422 

programming factor facilitates a regeneration-like response mediated by olMG cells. 423 

Their multiple resemblances of features of mammalian and human MG cells position 424 

them as an ideal model for the development of new treatments preventing the 425 

degeneration and initiating the regeneration of the retina. 426 

  427 
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Key 
Resources 
Table 

    

Reagent 
type 

(species) 
or resource 

Designation Source 
or 

referen
ce 

Identifier
s 

Additional information 

          

strain 

(Oryzias 

latipes) 

Cab other  medaka Southern wild type population 

strain 

(Oryzias 

latipes) 

rx2::H2B-eGFP this 

paper 

  

strain 

(Oryzias 

latipes) 

rx2::lifeact-eGFP this 

paper 

  

strain 

(Oryzias 

latipes) 

rx2::H2B-eGFP QuiH this 

paper 

  

strain 

(Oryzias 

latipes) 

rx2::LexPR OP::sox2 

OP::H2B-eGFP 

cmlc2::CFP 

this 

paper 

  

strain 

(Oryzias 

latipes) 

GaudíRSG  PMID: 

251424

61 

  

strain 

(Oryzias 

latipes) 

rx2::CreERT2 PMID: 

259088

40 

  

strain (Danio 

rerio) 

AB other  Wildtype zebrafish strain 

strain (Danio 

rerio) 

Albino other   

antibody anti-BrdU (rat) AbD 

Serotec 

BU1/75, 

RRID: 

AB_60956

6 

1: 200 

antibody anti-eGFP (chicken/IgY, 

polyclonal) 

Life 

Technol

ogies 

(now 

Thermo 

Fisher) 

A10262, 

RRID: 

AB_25340

23 

1: 500 

antibody anti-HuC/D (mouse, 

monoclonal) 

Life 

Technol

ogies 

(now 

Thermo 

Fisher) 

A21271, 

RRID: 

AB_22144

8 

1: 200 

antibody anti-GS (mouse, 

monoclonal, clone GS-

6) 

Chemico

n 

MAB302, 

RRID: 

AB_21106

56 

1: 500 

antibody anti-pH3 (Ser10) 

(rabbit, polyclonal) 

Millipor

e 

06-570, 

RRID: 

AB_31017

7 

1: 500 

antibody anti-Recoverin (rabbit, 

polyclonal) 

Millipor

e 

AB5585, 

RRID: 

AB_22536

22 

1: 200 

antibody anti-Sox2 (rabbit, 

polyclonal) 

Genetex GTX10150

6, RRID: 

AB_20378

10 

1: 100 

antibody anti-Zpr-1 (mouse, 

Imonoclonal) 

ZIRC  RRID: 

AB_10013

803 

1: 200 

antibody anti-chicken Alexa Fluor 

488 (donkey) 

Jackson 703-485-

155 

1: 750 

antibody anti-mouse Alexa Fluor Life  A-11030 1: 750 



    22 

 454 

Animals and transgenic lines  455 

Medaka (Oryzias latipes) and zebrafish (Danio rerio) used in this study were kept as 456 

closed stocks in accordance to Tierschutzgesetz 111, Abs. 1, Nr. 1 and with European 457 

Union animal welfare guidelines. Fish were maintained in a constant recirculating 458 

system at 28°C on a 14 h light/10 h dark cycle (Tierschutzgesetz 111, Abs. 1, Nr. 1, 459 

Haltungserlaubnis AZ35–9185.64 and AZ35–9185.64/BH KIT). The following stocks and 460 

546 (goat) Technol

ogies 

(now 

Thermo 

Fisher) 

antibody anti-mouse Cy5 

(donkey) 

Jackson 715-175-

151 

1: 750 

antibody anti-rabbit DyLight549 

(goat) 

Jackson 112-505-

144 

1: 750 

antibody anti-rabbit Alexa Fluor 

647 (goat) 

Life 

Technol

ogies 

(now 

Thermo 

Fisher) 

A-21245 1: 750 

antibody anti-rat DyLight549 

(goat) 

Jackson 112-505-

143 

1: 750 

antibody anti-rat Alexa Fluor 633 

(goat) 

Life 

Technol

ogies 

(now 

Thermo 

Fisher) 

A-21094 1: 750 

recombinant 

DNA reagent 

rx2::H2B-eGFP 

(plasmid) 

this 

paper 

 Vector with I-SceI meganuclease sites 

recombinant 

DNA reagent 

rx2::lifeact-eGFP 

(plasmid) 

this 

paper 

 Vector with I-SceI meganuclease sites 

recombinant 

DNA reagent 

rx2::LexPR OP::sox2 OP 

(plasmid) 

this 

paper 

 Vector with I-SceI meganuclease sites 

recombinant 

DNA reagent 

OP::H2B-eGFP 

cmlc2::CFP (plasmid) 

this 

paper 

 Vector with I-SceI meganuclease sites 

sequence-

based 

reagent 

PRC primer for medaka 

sox2 

  fwd with BamHI site: TAATGGATCCATGTATAACATGATGGAGACTGAAC, 

rev with NotI site: TAATGCGGCCGCTTACATGTGTGTTAACGGCAGCGTGC 

chemical 

compund, 

drug 

5-Bromo-2′-
deoxyuridine (BrdU) 

Sigma 

Aldrich 

B5002  

chemical 

compund, 

drug 

Mifepristone Cayman 84371-65-

3  

 

chemical 

compund, 

drug 

1-phenyl-2-thiourea  

(PTU) 

Sigma 

Aldrich 

P7629  

chemical 

compund, 

drug 

Tamoxifen Sigma 

Aldrich 

T5648  

chemical 

compund, 

drug 

Tricaine Sigma 

Aldrich 

A5040-

25G 

 

other DAPI Roth 28718-90-

3 

1:500 dilution in 1xPTW of 5mg/ml stock 
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transgenic lines were used: wild-type Cabs, rx2::H2B-eGFP, rx2::lifeact-eGFP, rx2::H2B-461 

eGFP QuiH, rx2::LexPR OP::sox2 OP::H2B-eGFP cmlc2::CFP, rx2::CreERT2, GaudíRSG 462 

(Reinhardt et al., 2015), AB zebrafish and Albino zebrafish. All transgenic lines were 463 

created by microinjection with Meganuclease (I-SceI) in medaka embryos at the one-cell 464 

stage, as previously described (Thermes et al., 2002). 465 

 466 

BrdU incorporation 467 

For BrdU incorporation, fish were incubated in 2.5 mM BrdU diluted in 1x Embryo 468 

Rearing Medium (ERM) or 1x Zebrafish Medium for respective amounts of time.  469 

 470 

Induction of the LexPR system and induction of Cre/lox system 471 

For induction of the LexPR system, fish were induced by bathing them in a 5 µM to 10 472 

µM mifepristone solution in Embryo Rearing Medium (ERM) for respective times.  473 

For induction of the Cre/lox system, fish were treated with a 5 µM tamoxifen solution in 474 

Embryo Rearing Medium (ERM) over night.  475 

 476 

In vivo imaging and laser ablations 477 

For in vivo imaging fish in a Cab background were kept in 5x 1-phenyl-2-thiourea (PTU) 478 

in 1x ERM from 1 dpf until imaging to block pigmentation. Fish in a QuiH background 479 

could be imaged without any treatment. Fish were anesthetized in 1x Tricaine diluted in 480 

1xERM and mounted in glass bottomed Petri dishes (MatTek Corporation, Ashland, MA 481 

01721, USA) in 1% Low Melting Agarose. The specimens were oriented lateral, facing 482 

down, so that the right eye was touching the cover-slip at the bottom of the dish. 483 

Imaging and laser ablations were performed on a Leica SP5 equipped with a Spectra 484 

Physics Mai Tai® HP DeepSee Ti:Sapphire laser, tunable from 690-1040nm and Leica 485 
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Hybrid Detectors. A wound was introduced using the bleach point function or the region 486 

of interest function, together with the high energy 2-photon laser tuned to 880nm. The 487 

wound size was defined between 40 and 60 µm diameter for medium sized wounds. 488 

Wounds bigger than 60 µm diameter were defined as larges wounds. Rx2::H2B-eGFP or 489 

rx2::lifeact-eGFP fish were used for the ablations. Since rx2 is expressed during retinal 490 

development residual GFP could be visualized in rod PRCs as well as in RGCs when 491 

increasing the gain of the Hybrid Detectors. Follow-up imaging was performed using 492 

same laser at 880nm and a 40x objective. 493 

 494 

Retinal needle injuries 495 

Larvae (zebrafish 5dpf, medaka 8dpf) were anesthetized in 1x Tricaine (A5040, Sigma-496 

Aldrich) in 1x ERM and placed on a wet tissue. Under microscopic visualization, the right 497 

retina was stabbed multiple times in the dorsal part with a glass needle (0.05 mm 498 

diameter). Left retinae were used as controls. 499 

 500 

Immunohistochemistry on cryosections 501 

Fish were euthanized using Tricaine and fixed over night in 4% PFA, 1xPTW at 4°C. After 502 

fixation samples were washed with 1x PTW and cryoprotected in 30% sucrose in 503 

1xPTW. To improve section quality, the sections were incubated in a half/half mixture of 504 

30% sucrose and Tissue Freezing Medium for at least 3 days. 16 µM thick serial sections 505 

were obtained on a cryostat. Sections were rehydrated in 1x PTW for 30 min at room 506 

temperature. Blocking was performed for 1-2 h with 10% NGS (normal goat serum) in 507 

1xPTW at room temperature. The respective primary antibodies were applied diluted in 508 

1% NGS o/n at ˚C. The secondary antibody was applied in % NGS together with DAP) 509 
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(1:500 dilution in 1xPTW of 5mg/ml stock) for 2-  h at ˚C. Slides were mounted with 510 

60% glycerol and kept at 4°C until imaging. 511 

 512 

Antibodies 513 

primary Antibody Species Concentration Company 

anti-BrdU rat 1:200 AbD Serotec, BU1/75 

anti-eGFP chicken 1:500 Life Technologies, A10262 

anti-HuC/D mouse 1:200 Life Technologies, A21271 

anti-GS mouse 1:500 Chemicon, MAB302 

anti-pH3 (Ser10) rabbit 1:500 Millipore, 06-570 

anti-Recoverin rabbit 1:200 Millipore, AB5585 

anti-Sox2 rabbit 1:100 Genetex, GTX101506  

anti-Zpr-1 mouse 1:200 ZIRC 

 514 

secondary Antibody Species Concentration Company 

anti-chicken DyLight488 donkey 1:750 Jackson, 703-485-155 

anti-mouse Alexa546 goat 1:750 Life Technologies, A-11030 

anti-mouse Cy5 donkey 1:750 Jackson, 715-175-151 

anti-rabbit DyLight549 goat 1:750 Jackson, 112-505-144 

anti-rabbit 647 goat 1:750 Life Technologies, A-21245 

anti-rat DyLight549 goat 1:750 Jackson, 112-505-143 

anti-rat Alexa633 goat 1:750 Life Technologies, A-21094 

 515 

BrdU immunohistochemistry  516 

BrdU antibody staining was performed with an antigen retrieval step. After all antibody 517 

stainings, except for BrdU and DAPI staining, were complete a fixation for 30 min was 518 

performed with 4% PFA. Slides were incubated for 1 h at 37°C in 2 N HCl solution, and 519 

pH was recovered by washing with a 40% Borax solution before incubation with the 520 

primary BrdU antibody. 521 
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TUNEL staining 522 

TUNEL stainings on cryosections were performed after all other antibody stainings were 523 

completed using the In Situ Cell Death Detection Kit TMR Red by Roche. Stainings were 524 

performed according to the manufacturers protocol with the following modifications. 525 

Washes were performed with 1x PTW instead of PBS. 526 

 527 

Immunohistochemistry imaging  528 

All immunohistochemistry images were acquired by confocal microscopy at a Leica TCS 529 

SPE with either a 20x water objective or a 40x oil objective.  530 

 531 

Image processing and statistical analysis 532 

Images were processed via Fiji image processing software. Statistical analysis and 533 

graphical representation of the data were performed using the Prism software package 534 

(GraphPad). Box plots show the median, 25th and 75th percentiles; whiskers show 535 

maximum and minimum data points. Unpaired t-tests were performed to determine the 536 

statistical significances. The p-value p<0.05 was considered significant and p-values are 537 

given in the figure legends. Sample size (n) and number of independent experiments are 538 

mentioned in every figure legend. No statistical methods were used to predetermine 539 

sample sizes, but our sample sizes are similar to those generally used in the field. The 540 

experimental groups were allocated randomly, and no blinding was done during 541 

allocation. 542 

 543 

 544 

Multimedia Files 545 

Figure 2 - video 1. In vivo imaging of olMG nuclei reactions to a PRC injury 546 

Figure 2 - video 2. In vivo imaging of olMG nuclei reactions to a RGC injury 547 

Figure 3 - video 1. Z-Stack of an injured rx2::lifeact-eGFP retina at 3dpi  548 

Figure 4 - video 1. In vivo imaging of an olMG division after PRC injury 549 
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Figure Legends 671 

 672 

Figure 1. olMG cells re-enter the cell cycle after injury but do not generate 673 

neurogenic clusters. 674 

 (A-A’’’  Cryosections of a needle-injured hatchling medaka retina of the transgenic line 675 

rx2::H2B-eGFP. PH3 stainings (magenta) on the hatchling medaka retinae 3 days post 676 

needle injury show mitotic cells present in the central retina (arrowhead), co-localizing 677 

with the rx2 nuclear reporter expression (green). (n=4 fish, data obtained from two 678 

independent experiments). 679 

(B-B’’’  Cryosection of a needle-injured hatchling medaka retina of the transgenic line 680 

rx2::H2B-eGFP. A 3-day pulse of BrdU marks proliferating cells in the central retina after 681 

needle injury (arrowheads). BrdU staining (magenta) co-localizes with rx2 nuclear 682 

reporter expression (green), indicating that olMG cells re-entered the cell cycle. (n=6 683 

fish, data obtained from three independent experiments).  684 

(C, C') Cryosection of a needle-injured hatchling medaka retina. BrdU-positive (magenta) 685 

single cells are present in the INL and ONL. (n=6 fish, data obtained from two 686 

independent experiments).  687 

(D, D') Cryosection of a needle-injured zebrafish retina. BrdU-positive (magenta) 688 

neurogenic clusters are present in the INL. Additionally, BrdU-positive proliferating cells 689 

can be detected in the ONL (n=3 fish, data obtained from two independent experiments). 690 Scale bars are  μm. 691 

 692 

Figure 2. olMG cells react preferentially to PRC injuries by apical migration. 693 

(A-B’’’  In vivo imaging of hatchling rx2::H2B-eGFP medaka retinae which were either 694 

injured in the ONL or the GCL (asterisks) using a two-photon laser and imaged 695 
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consecutively until 30 hpi (n>10 fish each, data obtained from >10 independent 696 

experiments each).  697 

(A-A’’’  After PRC injuries olMG nuclei (arrowheads) start migrating apically towards the 698 

ONL layer from 17 hpi on. The migration is not coordinated among different migrating 699 

nuclei. 700 

(B-B’’’  After RGC injuries no migration of olMG nuclei can be detected until 30 hpi. Scale 701 bars are  μm. 702 

(C-D’’  In vivo imaging of hatchling rx2::H2B-eGFP medaka retinae which were either 703 

injured in the ONL or the GCL (asterisks) using a two-photon laser and imaged every 704 

second day after injury (n>10 fish each, data obtained from >10 independent 705 

experiments each). 706 

(C-C’’  PRC injuries result in an apical migration of olMG nuclei into the injury site. The 707 

following days until 6 dpi the nuclei do not migrate back towards the INL resulting in a 708 

gap of MG nuclei in the INL. 709 

(D-D’’  After RGC injuries no migration of olMG nuclei can be detected until 6 dpi. Scale 710 bars are  μm. 711 

 712 

Figure 3. olMG nuclei are depleted after PRC injuries without cell body loss. 713 

(A-A’’  In vivo imaging of a hatchling rx2::H2B-eGFP, rx2::lifeact-eGFP medaka retina 714 

which was injured in the ONL (asterisk) and imaged every second day after injury. Close 715 

to the injury site an olMG cell body without a nucleus can be detected at 2 dpi (A, empty 716 arrowhead . The empty process remains until  dpi A”  n=  fish, data obtained from 717 three independent experiments . Scale bar is  μm. 718 

(B-B’’’’) Maximum projection (B) and single planes of a cryosection of the injured 719 

hatchling medaka retina of the transgenic line rx2::lifeact-eGFP. The fish were injured, 720 
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incubated in BrdU for 3 days and fixed at 3dpi. Both GFP-positive cell bodies (green) 721 

which contain (arrowheads) and do not contain (empty arrowheads) a nucleus anymore 722 

are present. (n=6 fish, data obtained from two independent experiments). Scale bar is 10 723 μm. 724 

(C-C’’) Maximum projection of a cryosection of the injured hatchling medaka retina of 725 

the transgenic line rx2::H2BeGFP. The fish were injured in the ONL (asterisk), incubated 726 

in BrdU for 3 days and fixed at 10dpi. Many GFP-positive nuclei (green) are located in 727 

the ONL, some co-localizing with BrdU (magenta). In the INL few GFP-positive nuclei are 728 

present. Many GS-positive (turquoise) olMG cell bodies below the injury site do not 729 

contain a GFP-positive nucleus (empty arrowheads). Next to the empty cell bodies GFP-730 

positive nuclei can be detected within GS-positive cell bodies (arrowheads) (n=4 fish, 731 

data obtained from two independent experiments . Scale bar is  μm. 732 

 733 

Figure 4. olMG cells divide in the INL with an apico-basal spindle orientation. 734 

(A-A’’  Cryosection of an injured hatchling medaka retina of the transgenic line 735 

rx2::H2B-eGFP. PH3 stainings (magenta) on hatchling medaka retinae 3 days post PRC 736 

injury show mitotic olMG cells present in the INL (arrowhead), co-localizing with the rx2 737 

nuclear reporter expression (green) (n=4 fish, data obtained from three independent 738 experiments . Scale bars are  μm. 739 

(B-B’’’  In vivo imaging of hatchling rx2::H2B-eGFP medaka retinae which were injured 740 

in the ONL and imaged starting at 44 hpi. OlMG nuclei which start to condense their 741 

chromatin can be detected in the INL (arrowheads). The divisions occur in an apico-742 

basal manner (n=6 fish, data obtained from six independent experiments, 5 out of 6 743 

imaged divisions were apico-basal . Scale bars are  μm. 744 

 745 
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Figure 5. Lineage tracing after injuries reveals the preferential regeneration of 746 

PRCs. 747 

(A) Scheme outlining the experimental procedure. Hatchling medaka were injured in the 748 

retina with a two-photon laser ablating either PRCs or RGCs or with a needle ablating all 749 

cell types. The fish were incubated in BrdU for 3 days and analysed at 14 dpi. 750 

(B-C) PRC injuries result in BrdU-positive cells in the ONL, mostly in the rod layer. No 751 

BrdU-positive olMG cells are present and fewer GFP-positive MG cells are found in the 752 

INL (n=4 fish, data obtained from two independent experiments). Needle injuries result 753 

in BrdU-positive cells in the ONL, mostly in the rod layer. Except for 1 BrdU-positive 754 

olMG cell in 1 fish, no BrdU-positive olMG cells are detected. GFP-positive olMG nuclei 755 

are largely depleted from the INL (n=10 fish, data obtained from three independent 756 

experiments).  757 

(D-D'') After needle injuries BrdU-positive cells (magenta) in the ONL are not co-labelled 758 

with GS (cyan), indicating that they are not MG cells (n=8 fish, data obtained from two 759 

independent experiments). 760 

(E-E'') After needle injuries BrdU-positive cells (magenta) in the ONL are co-labelled 761 

with Recoverin (cyan), indicating that they PRCs (n=5 fish, data obtained from one 762 experiments . Scale bars are  μm. 763 

(F) Quantification of the location of BrdU-positive reveals that in all injury types BrdU-764 

positive cells are predominantly located in the ONL (PRC injury: 54 cells in 4 retinae, 765 

needle injury: 550 cells in 10 retinae). ****p<0.0001. Box plots: median, 25th and 75th 766 

percentiles; whiskers show maximum and minimum data points. 767 

 768 

 769 

 770 
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Figure 6. Sox2 is present in MG cells of the hatchling medaka and zebrafish retina 771 

but not maintained after injury in medaka. 772 

(A-A’’’  Cryosection of an uninjured hatchling medaka retina. Sox2 (green) labeled cells 773 

with round nuclei are present in the INL and the GCL. Sox2-labeled cells with round 774 

nuclei are ACs present in the INL and the GCL (asterisks). Sox2-positive cells with 775 

elongated nuclei are present in the INL (arrowheads). Co-labeling with GS (magenta) 776 

proves that cells with elongated nuclei are olMG cells. Additional staining, which is likely 777 

unspecific staining since sox2 mRNA cannot be detected there (Reinhardt et al., 2015), 778 

can be detected in the ONL.  779 

(B-B’’’  Cryosection of an uninjured zebrafish retina at 9 dpf. Sox2 (green) labeled cells 780 

with round nuclei are present in the INL and the GCL. Sox2-labeled cells with round 781 

nuclei are ACs present in the INL and the GCL (asterisks). Sox2-positive cells with 782 

elongated nuclei are present in the INL (arrowheads). Co-labeling with GS (magenta) 783 

proves that cells with elongated nuclei are drMG cells. Scale bars are  μm. 784 

(C-C’’  Cryosection of an injured hatchling medaka retina at 3 dpi. BrdU (magenta, 785 

arrowheads) labeled cells are not co-labeled with Sox2 (green, arrowheads). Sox2-786 

positive cells with elongated nuclei, indicating non-proliferative olMG cells, are found in 787 

the INL (open arrowheads). Sox2-labeled cells with round nuclei are ACs present in the 788 

INL and the GCL (asterisks) (n=3 fish, data obtained from two independent 789 

experiments). 790 

(D) Quantification of the amount of Sox2-positive and negative proliferating cells of 791 

BrdU-positive cells at 3 dpi in medaka (74 cells in 3 retinae). ****p<0.0001. Box plots: 792 

median, 25th and 75th percentiles; whiskers show maximum and minimum data points. 793 

 (E-E’’  Cryosection of an injured zebrafish retina at  dpi. BrdU magenta  and Sox  794 

(green) double positive cells can be detected in the INL (arrowheads). BrdU-positive 795 
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Sox2-negative cells can rarely be detected (open arrowhead). Sox2-labeled cells with 796 

round nuclei are ACs present in the INL and the GCL (asterisks) (n=3 fish, data obtained 797 

from two independent experiments). Scale bars are  μm. 798 

(F) Quantification of the amount of Sox positive and negative proliferating cells of BrdU-799 

positive cells at 3 dpi in zebrafish (68 cells in 3 retinae). ****p<0.0001. Box plots: 800 

median, 25th and 75th percentiles; whiskers show maximum and minimum data points. 801 

 802 

Figure 7. Expression of sox2 via the LexPR system increases Sox2 protein levels in 803 

olMG cells and triggers proliferating cluster formation after injury in medaka. 804 

(A) Genetic construct used for sox2 induction. 805 

(B-B'') Cryosection of a retina of a mifepristone induced rx2::LexPR OP::sox2, OP::H2B-806 

eGFP transgenic fish at 5 days after induction. Nuclear-localized GFP (green) labels 807 

positively induced cells, which contain an increased amount of Sox2 protein (magenta, 808 

arrowheads) in comparison to non-induced cells (asterisks) (n=6 fish, data obtained 809 

from two independent experiments).  810 

(C) Induction scheme for sox2 induction. 811 

(D-E') Cryosections of mifepristone induced rx2::LexPR OP::sox2, OP::H2B-eGFP 812 

transgenic fish at 3 days after needle injury. BrdU-positive (magenta) cells can be 813 

detected in all retinal layers and some BrdU-positive clusters are present in the INL and 814 

between INL and GCL (n=4 fish, data obtained from one experiment).  815 Scale bars are  μm. 816 

 817 

Figure 8. Sox2 induces a regeneration response in olMG cells. 818 

 (A-B) Induction scheme and construct (B) used for sox2 induction. 819 

(C-C’’  Cryosection of an sox2-induced hatchling medaka retina. BrdU-positive (magenta) 820 
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olMG cells, which are labelled by GS (cyan) can be detected in the INL (arrowheads). 821 

Additional BrdU-positive cells are located in the ONL, in the location of both rods and 822 

cones (open arrowheads). 823 

(D-E'') Cryosections of sox2-induced hatchling medaka retina. BrdU-positive (magenta) 824 

ACs, which are labelled by HuC/D (cyan) can be detected in the INL (D-D''' arrowheads) 825 

and GCL (E-E''', arrowheads). Additional BrdU-positive cells are located in the ONL, in 826 

the location of both rods and cones (open arrowheads) (n=7 sox2 OE fish and n=8 827 

control fish, data obtained from two independent experiments each). Scale bars are 10 828 μm. 829 

(F) Quantification of the location of BrdU-positive in sox2-induced fish (607 cells in 14 830 

retinae) versus wildtype control fish treated with mifepristone (341 cells in 8 retinae) 831 

and transgenic rx2::LexPR OP::sox2, OP::H2B-eGFP fish not treated with mifepristone 832 

(218 cells in 4 retinae) reveals an increase in BrdU-positive olMG cells, ACs and RGCs as 833 

well as a decrease in rod PRCs in sox2-induced fish. Wildtype control vs Sox2 OE: Rod 834 

PRC **p=0.0031, Cone PRC ns p=0.678, AC *p=0.0434, RGC *p=0.0445, MG **p=0.0083. 835 

Non treated transgenic vs Sox2 OE: Rod PRC ***p=0.0004, Cone PRC ns p=0.528, AC 836 

*p=0.0445, RGC *p=0.0445, MG **p=0.0061. Box plots: median, 25th and 75th 837 

percentiles; whiskers show maximum and minimum data points. 838 

(G) OlMG cells respond to injuries by proliferation without self-renewal and restriction 839 

towards PRC fate. Targeted expression of sox2 induces self-renewal and increased 840 

potency to olMG cells. 841 

 842 

 843 

 844 

 845 
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 846 

 847 

Supplemental Figures: 848 

Figure 1 - figure supplement 1. Rod photoreceptor density is increased during 849 

postembryonic growth of zebrafish but not medaka. 850 

(A-B''') Cryosections of wildtype hatchling zebrafish and adult zebrafish retina. The ONL 851 

of the zebrafish retina is comprised of two nuclear layers, which contain only Zpr-1-852 

positive (green) PRCs. The ONL of the adult zebrafish retina is comprised of four nuclear 853 

layers: one Zpr-1-positive (green) layer and three Recoverin-positive (magenta) layers.  854 

(C-D''') Cryosections of wildtype hatchling medaka and adult medaka retina. The ONL of 855 

the hatchling medaka retina is comprised of two nuclear layers: one Zpr-1-positive and 856 

one Recoverin-positive (magenta) layer. The ONL of the adult medaka retina is 857 

comprised of two nuclear layers: one Zpr-1-positive and one Recoverin-positive 858 

(magenta) layer.  859 Scale bars are  μm. 860 

 861 

Figure 1 - figure supplement 2. Rx2-positive CMZ cells generate rod 862 

photoreceptors during post-embryonic growth. 863 

(A-A') Cryosection of a retina of the transgenic line Rx2::ERT2Cre, GaudíRSG. Hatchling 864 

fish were induced to recombine with tamoxifen and grown for 10 days. GFP-positive 865 

clones (green) close to the CMZ, which are derived from rx2-positive CMZ stem cells 866 

contain both rod (arrowheads) and cone PRCs. Scale bar is 10 µm.  867 

 868 

Figure 1 - figure supplement 3. Rx2-reporter labels olMG cells, cone PRCs and CMZ 869 

cells in the hatchling medaka retina. 870 
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(A-B’’’  Cryosections of a hatchling medaka fish of the transgenic line rx2::H2B-eGFP. 871 

GFP-positive nuclei (green) are located in the INL, the ONL and the CMZ. GFP-positive 872 

nuclei 873 

in the INL overlap with Glutamine Synthetase (GS)-labeling (magenta, arrowheads), 874 

indicating that these cells are olMG cells. GFP-positive nuclei in the ONL are only present 875 

in the outer most nuclear layer (open arrowhead), indicating that these are cone PRCs. 876 

The inner layer of the ONL, where rod PRCs are located, is not labelled (asterisk). Scale 877 

bars are  μm A-A''') and  μm (B-B'''). 878 

 879 

Figure 1 - figure supplement 4.  Injury-induced timing of olMG cell cycle re-entry. 880 

 (A-B’’’  Cryosections of either a needle-injured hatchling medaka retina (A-A''') or a 881 

PRC-injured hatchling medaka retina (B-B''') of the transgenic line rx2::H2B-eGFP. At 2 882 

dpi, the first BrdU-positive (magenta) cells are detected in the central retina. BrdU co-883 

localizes with rx2-driven GFP (green) in the INL and ONL (n=3 fish each, data obtained 884 

from two independent experiments each). Scale bars are  μm. 885 

 886 

Figure 2 - figure supplement 1.  Two-photon mediated laser ablation enables 887 

targeted cell ablation in the retina resulting in specific cell death signatures. 888 

(A-B) In vivo imaging of hatchling rx2::H2B-eGFP medaka retinae which were either 889 

injured in the ONL or the GCL (asterisks) using a two-photon laser. Targeted cell type 890 

ablation can be achieved; PRCs (A) as well as cells of the GCL (B) can be ablated. 891 

(C-D) Cryosections of hatchling medaka retinae which were either injured in the ONL or 892 

the GCL and fixed 16 hpi. TUNEL stainings (magenta) to detect programmed cell death 893 show specific cell death of either ONL C  or GCL D . Scale bars are  μm. 894 

 895 
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Figure 2 - figure supplement 2. Increased RGC injuries lead to swelling and 896 

secondary cell death in the PRC layer. 897 

(A-B) In vivo imaging of hatchling rx2::H2B-eGFP medaka retinae which were either 898 

injured in the GCL (asterisks) using a two-photon laser and imaged 2 days later (n =10 899 

fish, data obtained from five independent experiments). Large RGC injuries induce 900 

swelling and cell death in the PRC layer (arrowheads). olMG nuclei are largely depleted 901 

from the INL. Scale bars are 10 µm. 902 

 903 

Figure 4 - figure supplement 1. olMG cells divide in various positions in the the INL 904 

with an apico-basal spindle orientation 905 

(A-B) Cryosections of an injured hatchling medaka retina. PH3 stainings (magenta) at 3 906 

days post needle injury show mitotic olMG cells present in different positions in the INL 907 

(arrowheads) (n=4 fish, data obtained from two independent experiments). Scale bars 908 are  μm. 909 

(C-C’’’  In vivo imaging of hatchling rx2::H2B-eGFP medaka retinae which were injured in 910 

the ONL and imaged starting at 44 hpi. An olMG nuclei which starts to condense its 911 

chromatin can be detected in the INL (arrowheads). The divisions occur in an apico-912 

basal manner (n=6 fish, data obtained from six independent experiments, 5 out of 6 913 

imaged divisions were apico-basal . Scale bars are  μm. 914 

 915 

Figure 5 - figure supplement 1.  PRC and needle injuries trigger proliferation of 916 

olMG cells. 917 

(A) Scheme outlining the experimental procedure. Hatchling medaka were injured in the 918 

retina with a two-photon laser, ablating either PRCs or RGCs. The fish were incubated in 919 

BrdU for 3 days and analysed subsequently. 920 
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(B) PRC injuries induce cell cycle re-entry of olMG cells detected by BrdU uptake. BrdU-921 

positive nuclei are located in the INL (arrowheads) and below or in the ONL 922 

(arrowheads). Scale bar is  μm. 923 

(C) Counting of BrdU-positive nuclei and assigning them to different categories (ONL, 924 

olMG cells or other cell types) reveals individual profiles of the different injury types. 925 

BrdU-positive cells are mostly located in the ONL after PRC injuries (80%) and needle 926 

injuries (60%) (PRC injury: 215 cells in 4 retinae, needle injury: 114 cells in 4 retinae), 927 

whereas no BrdU-positive cells are detected after RGC injuries. **p=0.0019, 928 

****p<0.0001. Box plots: median, 25th and 75th percentiles; whiskers show maximum 929 

and minimum data points. (n=4 fish each, data obtained from three independent 930 

experiments each). 931 

 932 

Figure 5 - figure supplement 2. Late BrdU application after injury labels the same 933 

cell population as early BrdU application. 934 

(A) Scheme outlining the experimental procedure. Hatchling medaka were injured in the 935 

retina with a needle ablating all cell types. The fish were incubated in BrdU from 4 dpi 936 

until 7 dpi and analysed at 14 dpi. 937 

(B-C) BrdU-positive cells are located in the ONL, 1 out of 5 fish contained 1 BrdU-938 

positive MG cell. GFP-positive olMG nuclei are depleted from the INL (139 cells in 5 939 

retinae). ****p<0.0001. Box plots: median, 25th and 75th percentiles; whiskers show 940 

maximum and minimum data points (n=5 fish, data obtained from two independent 941 

experiments). Scale bar is  μm. 942 
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