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Photoreceptor regeneration occurs 
normally in microglia‑deficient irf8 
mutant zebrafish following acute 
retinal damage
Ping Song 1, Dhwani Parsana 1, Rupesh Singh 1, Lana M. Pollock 1, Bela Anand‑Apte 1,2,3 & 
Brian D. Perkins 1,2,3*

Microglia are resident immune cells in the central nervous system, including the retina that surveil the 
environment for damage and infection. Following retinal damage, microglia undergo morphological 
changes, migrate to the site of damage, and express and secrete pro‑inflammatory signals. In the 
zebrafish retina, inflammation induces the reprogramming and proliferation of Müller glia and the 
regeneration of neurons following damage or injury. Immunosuppression or pharmacological ablation 
of microglia reduce or abolish Müller glia proliferation. We evaluated the retinal architecture and 
retinal regeneration in adult zebrafish irf8 mutants, which have significantly depleted numbers of 
microglia. We show that irf8 mutants have normal retinal structure at 3 months post fertilization 
(mpf) and 6 mpf but fewer cone photoreceptors by 10 mpf. Surprisingly, light‑induced photoreceptor 
ablation induced Müller glia proliferation in irf8 mutants and cone and rod photoreceptor 
regeneration. Light‑damaged retinas from both wild‑type and irf8 mutants show upregulated 
expression of mmp-9, il8, and tnfβ pro‑inflammatory cytokines. Our data demonstrate that adult 
zebrafish irf8 mutants can regenerate normally following acute retinal injury. These findings suggest 
that microglia may not be essential for retinal regeneration in zebrafish and that other mechanisms 
can compensate for the reduction in microglia numbers.
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Unlike mammals, zebrafish possess the remarkable capacity for endogenous regeneration in response to acute 
retinal  damage1–3. Retinal injury induces a reprogramming event within a population of Müller glia and these 
cells adopt a state similar to retinal progenitors. The reprogrammed Müller glia re-enter the cell cycle and undergo 
asymmetric cell divisions to produce neuronal progenitor cells (NPCs). The NPCs amplify through additional 
cell divisions and migrate to the site of injury where they differentiate to replace lost  neurons3–5.

The successful regeneration of lost neurons in the zebrafish retina depends on the proper control of inflam-
matory signaling. Retinal injury triggers the release of several inflammatory cytokines and growth  factors2,6–8. 
Müller-glia derived NPCs release leptin and IL-6 family cytokines including il-11a, il-11b, clcf1, and crlf1a7. 
Microglia also upregulate expression of several inflammatory cytokines, including il1b, tnfa, tnfb, and granu-
lin-1, and -29. Many of these pro-inflammatory cytokines are necessary for Müller glia reprogramming and the 
proliferation of  NPCs6,7. Additional evidence that inflammation initiates regeneration comes from the use of the 
glucocorticosteroid dexamethasone to pharmacologically suppress inflammation prior to retinal damage. Dexa-
methasone reduces or abolishes the proliferation of Müller glia and neuronal progenitors in adult  zebrafish8,10–12. 
While inflammation is necessary to initiate Müller glia proliferation, resolving the inflammatory response must 
occur to ensure accurate regeneration. Matrix metalloproteinase-9 (Mmp-9) is an enzyme secreted by Müller 
glia that cleaves cytokines to resolve inflammation following  injury8. In the absence of Mmp-9, Müller glia 
hyperproliferate and overproduce new photoreceptors in response to injury; however, the regenerated cone 
photoreceptors rapidly degenerate due to excessive  inflammation8. Collectively, these data support a model 
where dynamic inflammatory signaling initiates and ensures successful regeneration.
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Microglia constitute the primary resident immune cell in the central nervous system, including the verte-
brate  retina13. In the healthy adult retina, microglia adopt a ramified morphology and are distributed in a planar 
fashion within the outer and inner plexiform layers to survey retinal synapses. Microglia are highly specialized 
macrophages that play several crucial roles within the adult retina, including maintaining synaptic integrity and 
contributing to the processing of cone-driven visual  information14. Depletion of microglia results in decreased 
electroretinogram (ERG) responses and synapse loss in mice, indicating microglia provide neurotrophic support 
for synapse  maintenance15.

In the diseased CNS, microglia react to an ever-changing environment that includes apoptotic cells and 
cellular debris, protein aggregates or plaques, and changes in extracellular ATP or superoxide  production16,17. 
In response to these stimuli, microglia adopt new states that are defined by the transcriptional and proteomic 
profiles, morphology, and  motility17. How microglia function will depend on the state of a particular popula-
tion. This may include the release of pro-inflammatory cytokines, such as TNFα and IL1β, and phagocytosis 
of synapses and cellular debris, or the release of anti-inflammatory cytokines such as IL10 to prevent neuronal 
 death17,18. In response to inherited retinal degeneration or photoreceptor injury, microglia initially respond to 
photoreceptor death by transitioning from a ramified to amoeboid morphology. In humans with retinal disease 
and mouse models of inherited retinal degeneration, microglia migrate from the plexiform layers to the outer 
nuclear layer and subretinal  space14,19. Historically termed “activated microglia”, these cells proliferate and show 
dynamic changes in gene expression. In response to injury or damage microglia initially downregulate homeo-
static genes and begin secreting pro-inflammatory  proteins9,14. Microglia subsequently adopt a protective role 
and downregulate genes associated with immune response pathways while upregulating antioxidant pathway 
 genes14. Evidence suggests that precise regulation of this dynamic inflammatory response plays a central role in 
the repair and regeneration of damaged or diseased  tissues2,20–22.

While microglia represent a significant source of pro-inflammatory signals that can induce regeneration, the 
function and necessity of microglia during regeneration have not been fully resolved. In zebrafish, both trans-
genic and pharmacological depletion of macrophage–microglia populations suppressed retinal regeneration. 
Adult zebrafish continuously treated with the CSF1R inhibitor PLX3397 prior to, and following laser-induced 
photoreceptor ablation showed no evidence of retinal  regeneration23. In larval zebrafish, the kinetics of regen-
eration were significantly delayed following metronidazole (MTZ)-induced co-ablation of rods and microglia 
in Tg(rho:NTR-YFP;mpeg1:NTR-YFP) double transgenic  zebrafish24. In contrast, PLX5562-mediated depletion 
of microglia in the mouse retina resulted in significantly more Müller glia-derived neurons following NMDA 
damage and Ascl1 overexpression, suggesting that microglia suppress regeneration in  mammals25. Given the 
centrality of microglia to the inflammatory response, it is important to consider different microglia depletion 
models and how this may impact the results of regeneration studies.

Here, we utilized the zebrafish irf8 mutant to investigate retinal regeneration in a genetic model of microglia 
 deficiency26. The Interferon regulatory factor 8 (Irf8) is a transcription factor that plays a critical role in mac-
rophage/monocyte fate and IRF8 deficiency in human, mouse, and zebrafish leads to a complete loss of embryonic 
 macrophages26 and a significant reduction in macrophages and microglia in the CNS of adult  zebrafish27. We 
confirmed that zebrafish irf8 mutant adults had a significant reduction in retinal microglia and find that older 
adults show reduced cone numbers. Unexpectedly, we found that photoreceptor degeneration caused by high-
intensity light damage or genetically-induced photoreceptor ablation triggered a robust regeneration response 
from Müller glia in irf8 mutants and that the inflammatory transcriptional response was similar between wild-
type and irf8 mutants. Taken together, these results suggest that microglia are not essential for pro-inflammatory 
signaling necessary to induce regeneration in the zebrafish retina.

Materials and methods
Animal maintenance
Adult zebrafish were housed in 3 L and 10 L tanks in an Aquatic Habitats recirculating system (Pentair; Apopka, 
FL, USA) with a 14:10 light–dark cycle and fed brine shrimp and commercial flake food. Zebrafish lines utilized 
in this study included the mutant  line26 irf8st95, the transgenic line Tg(rho:YFP-Eco.NfsB)gmc500 (herein referred 
to as Tg(rho:ntr-YFP)) used to ablate rod  photoreceptors28, and the transgenic line Tg(-3.5fabp10a:gc-EGFP)lri500 
(previously and herein referred to as Tg(l-fabp:DBP-eGFP)) to assess blood-retinal-barrier (BRB)  permeability29. 
Animals from irf8 lines were genotyped using high resolution melt analysis (HRMA) using specified primer sets 
(Extended Data Table 1-1). Homozygote, heterozygote, and wild-type siblings were identified for each cross. 
Transgenic lines were confirmed by PCR using primers specific for GFP or nfsB (Extended Data Table 1-1). 
Experiments included animals of both sexes and were used at the specified ages. All experiments involving ani-
mals were approved by the Institutional Animal Care and Use Committee (IACUC) at the Cleveland Clinic and 
in accordance with relevant guidelines and regulations, including the ARVO statement for the use of animals in 
research and the ARRIVE guidelines.

EdU labeling
To label proliferating cells, animals were anesthetized with tricaine methanesulfonate (0.4 mg/mL) and placed 
on a wet towel and injected intraperitoneally with 20 μL of a 20 mM EdU solution (PBS). Animals were injected 
and allowed to recover for the specified time period prior to euthanasia and enucleation. Eyes were subsequently 
processed for immunohistochemistry as described.

Immunohistochemistry
Adult zebrafish were euthanized by immersion in ice-cold water for 5 min and decapitated with a razor blade. 
Eyes were rapidly enucleated, immersed overnight in 4% paraformaldehyde/5% sucrose/0.8× PBS. Samples were 
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equilibrated through 3 washes in 5% sucrose/0.8× PBS for a total of 3 h at room temperature and transferred to 
30% sucrose/0.8× PBS for at least 3 h at room temperature. Eyes were washed in a 1:1 solution of PolarStat Plus 
and 30% sucrose/0.8× PBS for a minimum of 8–10 h at 4 °C. Eyes were then embedded for cryosectioning or 
stored at − 80 °C until sectioning.

Transverse cryosections sections (10 μm) were cut and mounted on Superfrost Plus slides and dried at room 
temperature overnight. Slides were washed 3 × 10 min in 0.8× PBS and then incubated in blocking solution (0.8× 
PBS + 2% BSA, 5% normal goat serum, 0.1% Tween-20, 0.1% DMSO) for 1 h. The following primary antibodies 
were used: mouse monoclonal Zpr1 (1:100, Zebrafish International Resource Center (ZIRC), Eugene, OR, USA), 
mouse monoclonal Zpr3 (1:200, ZIRC), mouse monoclonal 4C4 (1:1000), rabbit polyclonal L-plastin (1:1000, 
GeneTex, Irvine, CA, USA, GTX124420), rabbit polyclonal anti-GFP (1:500, Life Technologies, Carlsbad, CA, 
USA, A11122), mouse monoclonal PCNA (1:500, Sigma, St. Louis, MO, USA, clone PC-10), peanut agglutinin 
(PNA)-lectin conjugated to Alexa-568 (1:100, ThermoFisher, Waltham, MA, USA). EdU labeling was detected 
with the Click-iT Edu Alexa Fluor-555 Imaging Kit (ThermoFisher). Alexa-conjugated secondary antibodies were 
used at 1:500 in blocking buffer and incubated for at least 1 h. Slides were counterstained with 4,5-diamidino-
2-phenylindole (DAPI) to stain nuclei.

Light damage
Light damage experiments were performed using a protocol as previously  described10,30. Adult zebrafish were 
first dark adapted for up to 18 h. Animals were placed in a 250 mL glass beaker with system water that was seated 
inside a 1 L glass beaker with Milli-Q water. Animals were exposed to high-intensity light from a 120 W X-CITE 
series 120Q metal halide lamp (Excelitas) for 50 min and then exposed to 14,000 lx light from an illumination 
cage for 5 h. Animals were allowed to recover in system water for up to 30 days prior to enucleation.

Image acquisition and quantification
Projection images (z-stacks; 5–10 μm) of immunostained cryosections were obtained on a Zeiss Imager Z.2 
equipped with an ApoTome using 10× dry or 20× dry lenses (Zeiss). Images were acquired with Zen2 software 
and post-processed in ImageJ. All imaging and quantitative analysis was performed on dorsal retina sections, 
which contained or were immediately adjacent to the optic nerve. Quantification was performed manually. Cell 
or staining densities were calculated by measuring the curvilinear distance of retina in each section using ImageJ. 
Each data point represents the ratio or density from the dorsal region of a central retinal section from one eye.

Metronidazole treatment
To ablate photoreceptors using the Tg(rho:ntr-YFP) line, adult zebrafish were incubated in system water contain-
ing 10 mM metronidazole (Sigma) for 24 h in a 28 °C incubator. Animals were transferred to fresh system water 
and allowed to recover for 48 h prior to euthanasia. The eyes were removed and processed as described above.

N,N‑diethylaminobenzaldehyde (DEAB) treatments
Tg(l-fabp:DBP-eGFP) adult fish at 6 mpf were placed in system water containing 5 μM DEAB and 0.6% DMSO 
for up to 48 h and evaluated for vascular breakdown as previously  described31.

Confocal scanning laser ophthalmoscopy (cSLO) imaging
cSLO instrumentation and imaging was performed as previously  described32 with a SPECTRALIS ophthal-
mascope (Heidelberg Engineering) used for all imaging. Briefly, adult animals were anesthetized with buffered 
tricaine and placed in a custom  holder33.

qRT‑PCR
Light damage treatments were conducted on 6 mpf irf8 mutants and wild-type siblings (n = 6) as described above. 
Following light exposure, animals were allowed to recover for 6 h post injury (hpi), 48 hpi, 72 hpi, or 1 week post 
injury and subsequently euthanized. Except for the 6 hpi time point, animals were dark adapted for 24 h prior 
to euthanasia. Retinas were rapidly dissected in sterile 0.8× PBS, separated from the RPE, and flash frozen in 
a methanol/dry ice bath. For each time point, a total of 4 biological samples, each containing 3 pooled retinas, 
were collected (12 total retinas per genotype). RNA was extracted using Trizol and chloroform and precipitated 
with isopropanol using GlycoBlue as a co-precipitant. The resulting RNA was resuspended in nuclease-free 
water, treated with DNase and precipitated with LiCl and isopropanol and GlycoBlue. The purified RNA was 
resuspended in nuclease-free water. The yield and purity was assessed by TapeStation and Qubit analysis at the 
Lerner Research Institute Genomics Core. A total of 500 ng of purified RNA was used for reverse transcription 
and qPCR. Reverse transcription and qPCR were done per manufacturer’s instructions using the Bio-Rad iScript 
cDNA synthesis kit and the Bio-Rad SsoFast EvaGreen Supermix kit, respectively. Reactions were run on a Bio-
Rad CFX96 Touch Real-Time PCR detection system and analyzed using CFX Manager. Primer sequences are 
listed in Extended Data Table 1-1. For qPCR reactions, 3 technical replicates were performed on all 4 biological 
samples. Fold changes were calculated by the ΔΔC(t) method, with 18S rRNA used for normalization.

Statistics and data analysis
All data was analyzed and graphed using GraphPad Prism (v8). Data sets were first tested for normal distribu-
tion using Prism. Normally distributed data sets were subsequently analyzed by Student’s t-tests with Welch’s 
correction or one-way ANOVA with Dunnet T3 correction for multiple comparisons. Where necessary, non-
parametric Kruskal–Wallis tests were used.



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20146  | https://doi.org/10.1038/s41598-024-70859-9

www.nature.com/scientificreports/

Results
Zebrafish irf8 mutants have reduced numbers of microglia but normal retinal architecture
We investigated the role of microglia in the adult zebrafish retina using the irf8st95 mutant, which is a null allele 
resulting from a frameshift deletion located three amino acids 3′ from the translation start  codon26. Adult irf8 
mutants were reported to have a significant reduction in macrophages and microglia in the  CNS27 and we 
previously noted reduced numbers of 4C4+ microglia in retinal flat-mounts of adult  retinas10; however, the 
long-term consequences of microglia depletion in the zebrafish retina remains undescribed. Microglia were 
stained with the monoclonal antibody 4C4, which recognizes the protein encoded by the microglia-specific 
gene galectin 3 binding protein b (lgals3bpb)34, and the pan-leukocyte marker L-plastin (Lcp1). In wild-type 
retinas, microglia reside in the subretinal space (SRS) between the photoreceptor outer segments and the retinal 
pigment epithelium (RPE), the outer plexiform layer (OPL), and the proximal and distal surfaces of the inner 
plexiform layer (IPL). All 4C4+ cells colocalized with L-plastin (Fig. 1A). We next quantified the number and 
location of 4C4+ microglia in transverse retinal sections of zebrafish at 3 months post fertilization (mpf), 6 mpf, 
and 10 mpf (Fig. 1B). At 3 mpf, the irf8 mutants had 80% fewer microglia in the IPL as compared to wild-type 
siblings (1.83 ± 1.6 vs. 9.06 ± 4.1 4C4+ cells/1000 µm; p ≤ 0.005). At both 6 mpf and 10 mpf, irf8 mutants had 
70% fewer microglia in the IPL compared to wild-type siblings (2.5 ± 1.8 vs. 7.9 ± 2.2; p ≤ 0.05 and 3.1 ± 3.5 vs. 
10.4 ± 3.5; p ≤ 0.005 4C4+ cells/1000 µm, respectively) (Fig. 1C). Within the OPL, the irf8 mutants had 63% 
fewer microglia at 3 mpf compared to wild-type siblings (4.4 ± 1.4 vs. 11.7 ± 2.5; p ≤ 0.0001), 50% fewer microglia 
at 6 mpf (5.6 ± 3.3 vs. 11.0 ± 4.1; p ≤ 0.05) and 54% fewer microglia at 10 mpf (6.5 ± 3.6 vs. 14.1 ± 3.3; p ≤ 0.005) 
(Fig. 1D). In the SRS, the irf8 mutants had 77% fewer microglia than wild-type siblings at 3 mpf (3.1 ± 2.9 vs. 
13.1 ± 2.9; p ≤ 0.0001), and 6 mpf (2.6 ± 1.9 vs. 11.1 ± 4.0; p ≤ 0.0005) and 65% fewer microglia at 10 mpf (5.8 ± 4.2 
vs. 16.4 ± 6.5; p ≤ 0.05) (Fig. 1E). When comparing the overall number of microglia in transverse sections, the 
irf8 mutants had 75% fewer microglia than wild-type siblings at 3 mpf (9.1 ± 4.8 vs. 35.8 ± 6.8; p ≤ 0.0001), 65% 
fewer microglia at 6 mpf (10.6 ± 4.5 vs. 30.0 ± 5.6; p ≤ 0.0001) and 60% fewer microglia at 10 mpf (16.2 ± 9.4 vs. 
40.8 ± 10.3; p ≤ 0.005) (Fig. 1E). Although the number of microglia varied among individual animals, no statisti-
cally significant age-dependent changes were found in either wild-type animals or irf8 mutants. Taken together, 
the data indicate that irf8 mutants showed a 50–80% reduction in microglia density throughout the retina, with 

Fig. 1.  Adult irf8 mutants have a significantly fewer retinal microglia. (A) 4C4 (magenta) and L-plastin (yellow) 
immunoreactivity in 6 mpf wild-type retinas to label microglia. (B) Immunohistochemistry of 3 mpf, 6 mpf, 
and 10 mpf wild-type (top row) and irf8 mutants (bottom row) with 4C4 (magenta) and L-plastin (yellow). 
(C–F) Quantification of 4C4+ cells in the inner plexiform layer (IPL) outer plexiform layer (OPL), subretinal 
space (SRS), and total retina of wild-type and irf8 mutants with age. Data are plotted as means ± SD and p-values 
were generated by Welch’s ANOVA test with Dunnett’s T3 multiple comparisons test (ONL, SRS, total) or 
Kruskal–Wallis test with Dunn’s correction for multiple comparisons (INL). *p < 0.05, **p < 0.01, ***p < 0.005, 
****p < 0.0001. SRS subretinal space, ONL outer nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, 
IPL inner plexiform layer, RGC  retinal ganglion cell layer. Scale bars, 50 μm (A,B).
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the greatest reduction seen in the IPL and SRS. Furthermore, in both wild-type and irf8 animals, the number of 
microglia does not significantly change with age.

Microglia provide neurotrophic support to the developing CNS and maintain homeostasis and normal syn-
aptic function in the uninjured retina. Retinal structure and retinal thickness were not impacted by sustained 
depletion of microglia; however, significant deficits in the electroretinograms (ERG) a-wave and b-wave responses 
correlated with synaptic degeneration in the outer plexiform layer of mice lacking  microglia15. To determine if 
reduced microglial numbers influenced retinal structure in zebrafish, we compared cone density in irf8 mutants 
and wild-type siblings at different ages (Fig. 2A–F). We quantified both cone outer segments using peanut 
agglutinin (PNA) and cone inner segments and cell bodies with the monoclonal antibody Zpr1 (Fig. 2G,H). 
Cone density in irf8 mutants was comparable to that of wild-type animals at both 3 mpf and 6 mpf. At 10 mpf, 
however, cone density was reduced by 15% in the irf8 mutants compared to wild-type siblings (207.5 ± 24 vs. 
242.7 ± 10.4 Zpr1+ cones/1000 µm; **p < 0.01). When PNA+ cone outer segments (COS) were quantified, 35% 
fewer were found in irf8 mutants (97.9 ± 48.7 vs 150.5 ± 48.8 PNA+ COS/1000 µm; *p < 0.05) although greater 

Fig. 2.  Cone photoreceptors degenerate in 10 mpf adult irf8 mutants. (A–F) Immunohistochemistry with Zpr1 
(magenta) and peanut agglutinin (PNA; yellow) on retinal cryosections from wild-type (A–C) and irf8 mutants 
(D–E) at 3 mpf, 6 mpf, and 10 mpf. (G) Quantification of Zpr1+ cell density in the dorsal retina of wild-type and 
irf8 mutants with age. (H) Quantification of PNA+ cone outer segments in the dorsal retina of wild-type and 
irf8 mutants with age. Data are plotted as means ± SD and p-values were generated by Welch’s ANOVA test with 
Dunnett’s T3 multiple comparisons test (Zpr1) or an unpaired t-test (PNA). *p < 0.05, **p < 0.01. COS cone outer 
segments, ONL outer nuclear layer, INL inner nuclear layer, RGC  retinal ganglion cell layer. Scale bar, 50 μm.
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variation existed between samples in both wild-type and irf8 groups. From these results, we conclude that the 
loss of microglia leads to a slow, but progressive loss of cone photoreceptors.

Wild-type and irf8 mutant retinas at different ages were immunostained with an anti-PCNA antibody to label 
proliferating cells (Fig. 3A–F). PCNA+ cells were quantified in the outer nuclear layer (ONL) to assess prolifera-
tion of rod progenitors (Fig. 3G), and the inner nuclear layer (INL), which should measure proliferation of Müller 
glia (Fig. 3H). We observed similar numbers of proliferating rod progenitors in the ONL when comparing wild-
type animals to irf8 mutants (Fig. 3G). The number of proliferating cells in the ONL was highest at 3 mpf, likely 
due to ongoing growth of the eye and retina, which slows as the fish  ages35. Few PCNA+ cells were observed in 
the ONL at 6 mpf or 10 mpf and no statistical difference was found between wild-type or irf8 mutants. Very few 
PCNA+ cells in the INL Müller glia were observed at 3 mpf and 6 mpf in wild-type or irf8 mutants. At 10 mpf, 
however, a significant increase in PCNA+ cells in the INL was found in irf8 mutants as compared to wild-type 
siblings (Fig. 3H). This correlated with the age when cone loss was observed (Fig. 2), although the number of 
inflammatory cells remained limited and did not increase in irf8 mutants (Fig. 1). Overall, there was no significant 
difference in the total number of PCNA+ cells between wild-type and irf8 mutant (Fig. 3I), although a difference 
was seen in the number of PNCA+ cells in the INL (Fig. 3H). Taken together, these results suggested that the 

Fig. 3.  Proliferation of cells in the INL increases in 10 mpf irf8 mutants. (A–F) Immunohistochemistry with 
anti-PCNA antibodies (magenta) on retinal cryosections from wild-type (A–C) and irf8 mutants (D,E) at 3 mpf, 
6 mpf, and 10 mpf. (G–I) Quantification of PCNA+ cell density in the ONL, INL, and total PCNA density of 
wild-type and irf8 mutants with age. Data are plotted as means ± SD and individual points represent data from 
one retina (n = 8–12). All data were assessed for normal distributions and equal standard deviations. All p-values 
were generated by unpaired t-tests or unpaired t-tests with Welch’s correction; **p < 0.01. ONL outer nuclear 
layer, INL inner nuclear layer, RGC  retinal ganglion cell layer. Scale bar, 50 μm.
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microglia deficiency in irf8 mutants leads to cone loss in older animals and this induced a modest regenerative 
response involving Müller glia proliferation.

Acute light damage induces proliferation of Müller glia and regeneration of photoreceptors in 
irf8 mutants
In response to damage, microglia release a number of pro-inflammatory  cytokines9 and microglia are believed 
to be necessary for Müller glia-dependent regeneration following both acute injury and in chronic retinal 
 degeneration2,23. Experimental ablation of microglia or pre-treatment with the anti-inflammatory steroid dexa-
methasone prior to acute retinal injury significantly reduces the number of proliferating Müller glia and prevents 
retinal  regeneration8,11,23,24. To determine if zebrafish irf8 mutants would show a similar deficiency in injury-
induced Müller glia proliferation, photoreceptors in 6 mpf irf8 mutants and wild-type siblings were ablated by 
high-intensity light and retinas were stained with anti-PCNA antibodies at 24, 48, and 72 h post injury (hpi) 
(Fig. 4A,B). At 24 hpi, a small number of PCNA+ cells were observed in both the INL and ONL of wild-type 
retinas, consistent with proliferation of both Müller glia and rod precursor cells (Fig. 4A). The number of PCNA+ 
cells increased in the INL and ONL at 48 hpi and by 72 hpi, columns of proliferating precursors were found 
in the INL. Surprisingly, PCNA+ cells were observed in a similar pattern in the INL and ONL of irf8 mutants 
following light damage (Fig. 4B). When the number of PCNA+ cells were quantified in the INL, ONL, and full 
retina at 24, 48, and 72 hpi, no statistical difference was found between wild-type and irf8 mutants (Fig. 4C–E).

To determine if the Müller glia-derived progenitors could differentiate and regenerate photoreceptors, 6 mpf 
wild-type and irf8 mutants were light-damaged and allowed to recover for 1 month. To mark the area of regenera-
tion, animals were injected with EdU at 48 hpi and subsequently assessed for proliferation at 3 days post injury 
(dpi) or stained with Zpr1 and PNA at 30 dpi (see  also10 for details). At 3 dpi, light damage had ablated cones in 
the dorsal retina and a number of EdU+ proliferating progenitors were observed in the INL of both wild-type 
and irf8 mutants (Fig. 5A,B; middle row). After 30 dpi, cones had fully regenerated and the Müller glia-derived 
progenitors that had migrated to the ONL and differentiated into photoreceptors were labeled with EdU. Light 
damage ablates photoreceptors in the central region of the dorsal retina, leaving the peripheral retina undam-
aged and providing an internal control of pre-lesion cone  densities10,36. Cone densities were quantified in the 
damaged and undamaged areas of wild-type and irf8 mutants at 30 dpi. Cone density was similar between the 
regenerated (i.e. “damaged”) region and undamaged region in both wild-type animals and irf8 mutants (Fig. 5C). 
Importantly, the number of regenerated cones was similar between wild-type and irf8 mutants. Taken together, 
these data indicate that microglia deficiency did not affect the generation of Müller glia-derived progenitors or 
the subsequent regeneration of cone photoreceptors in irf8 mutants.

The robust damage-induced photoreceptor regeneration observed in irf8 mutants led us to ask whether light 
damage triggered proliferation of microglia. Immediately following light damage, irf8 mutants and wild-type 
siblings were injected with EdU and eyes were collected 24 hpi. To identify cells that actively passed through 
S-phase between 24–48 hpi and 48–72 hpi, animals were given a single injection of EdU at 24 hpi or 48 hpi and 
subsequently collected the following day. Retinal sections were co-labeled with EdU and 4C4 to identify micro-
glia (4C4+) that underwent proliferation in the previous 24 h. As the vast majority of 4C4+ cells were located in 
the subretinal space (SRS) at all time points, quantification of 4C4+ and EdU+ cells was limited to those found 
within the SRS (Fig. 6). At 24 hpi, less than one EdU+ cell on average was seen in the SRS of either wild-type or 
irf8 mutants (Fig. 6A,D,G). Microglia were 3.5-fold more abundant in the SRS of wild-type retinas compared 
to irf8 mutants at 24 hpi (Fig. 6H). By 48 hpi, the number of EdU+ cells in the SRS of wild-type animals was 
13-fold higher than that of irf8 mutants (Fig. 6G; 74.8 ± 11.6 vs 5.6 ± 2.6). Between 24 and 48 hpi the number 
of 4C4+ cells in the SRS increased significantly by approximately twofold in wild type retinas (43.8 ± 14 vs. 
90 ± 12.7; p < 0.02) but was not significantly increased in irf8 mutants (12.5 ± 5.6 vs 19.8 ± 6.9) during the same 
period. Moreover, the number of 4C4+ cells were 4.5-fold higher in wild-type compared to irf8 mutants at 48 
hpi (Fig. 6H; 90.0 ± 12.7 vs 19.8 ± 6.9, respectively). By 72 hpi, the number of 4C4+ microglia increased slightly 
in wild-type retinas, although not significantly and with more variability (95.0 ± 36.7). Although the number of 
4C4+ cells increased in irf8 mutants between 48 and 72 hpi (19.8 ± 6.9 vs. 31.33 ± 18.14), the overall increase was 
not considered statistically significant and there were far fewer 4C4+ microglia were observed in irf8 mutants 
compared to wild-type. When comparing the overall increase between 24 and 72 hpi, the increase in 4C4+ 
microglia within the SRS was considered statistically significant and was approximately 2.5-fold (12.5 ± 5.6 vs 
31.3 ± 18.1; p < 0.05). While the number of microglia in both wild-type and irf8 mutant retinas increased by 
2- to 2.5-fold following injury, the increase occurred within the first 48 hpi in wild-type retinas compared to 
the slower increase observed in irf8 mutants. The 4C4+ microglia in irf8 mutants did, however, adopt ameboid 
morphologies in response to photoreceptor damage. This suggested that these microglia retained at least partial 
function. To determine if 4C4+ microglia were proliferating, the percentage of EdU+ cells that were also 4C4+ 
(i.e. EdU+/4C4+) cells was quantified at each time point. With only 0–1 cell on average labeling with EdU in 
the SRS at 24 hpi, each section contained either a 100% EdU+/4C4+ cells or 0% EdU+/4C4+ cells, resulting in a 
binary distribution (Fig. 6I). At 48 hpi, more than 96% of all EdU+ cells were 4C4+ in wild-type retinas, whereas 
only 83.9% of EdU+ cells were 4C4+ in irf8 mutants. By 72 hpi, the percentage of EdU+/4C4+ cells remained at 
92.0 ± 7.8% in wild-type retinas but had declined to 66.3 ± 24.5% in irf8 mutants. In other words, irf8 mutants 
had a lower percentage of EdU+/4C4+ cells (Fig. 6I) than wild-type animals after injury and far fewer 4C4+ cells 
overall than wild-type animals (Fig. 6H). Collectively, these data support several findings. First, 4C4+ microglia 
respond rapidly to light damage and mobilize to the SRS in wild-type retinas but do not proliferate within the 
first 24 h post injury. Second, microglia proliferate in response to damage sometime between 24–48 hpi and 
continue to proliferate and accumulate at the site of damage through 72 hpi. Importantly, more than 90% of all 
EdU+ cells were 4C4+ (Fig. 6I), indicating that microglia are the most abundant proliferating cell population in 
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the SRS. In contrast, the limited number of 4C4+ cells in irf8 mutants showed limited capacity for proliferation. 
Although the percentage of EdU+/4C4+ cells in the irf8 mutants was > 66% (Fig. 6I), the absolute number of 
EdU+ cells remained small (Fig. 6G). From this, we conclude that light damage of irf8 mutants does not induce 
a significant increase of 4C4+ microglia via proliferation and that the robust regenerative response from Müller 
glia does not correlate with microglia proliferation in irf8 mutants.

Light‑induced photoreceptor death does not damage the blood‑retinal‑barrier (BRB)
We next asked whether acute light injury could disrupt the blood-retinal-barrier (BRB) and allow access to cir-
culating factors that respond to damage and induce Müller glia proliferation. In mammalian models of retinal 
degeneration, infiltrating monocytes enter the retina from the intraretinal vasculature but not the  choroid37. 

Fig. 4.  Light damage induces proliferation of Müller glia and generation of neural progenitors in irf8 mutants. 
(A,B) Immunohistochemistry with anti-PCNA antibodies (magenta) on retinal cryosections from 6 mpf wild-
type and irf8 mutants at 24, 48, and 72 h post light injury (hpi). At 24 hpi, proliferating Müller glia are seen in 
the INL of both wild-type and irf8 mutants. At 48 hpi, clusters of neurogenic progenitors appear and by 72 hpi 
these clusters continue to proliferate and have migrated to the ONL of both wild-type and irf8 mutants. (C–E) 
Quantification of PCNA+ cell density in the INL and ONL and total density of PCNA+ cells in the dorsal retinas 
of wild-type and irf8 mutants at times after light damage. No statistical difference was found between wild-type 
and irf8 mutants at any time point. Data are plotted as means ± SD and individual points represent data from 
one retina (n = 10–13). Wild-type and irf8 data were compared by unpaired Welch’s t-tests for individual time 
points. No statistical difference was observed between any groups. SRS subretinal space, ONL outer nuclear 
layer, INL inner nuclear layer, RGC  retinal ganglion cell layer. Scale bar, 50 μm.
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Zebrafish lack this intraretinal vasculature and, therefore, the choroid or hyaloid vasculature represent the only 
potential source of circulating monocytes. To test the effect of light damage on BRB maintenance, we conducted 
light damage experiments on Tg(l-fabp:DBP-EGFP) transgenic zebrafish. This transgenic line expresses a EGFP-
tagged vitamin D binding protein in blood plasma, thereby permitting visualization of BRB integrity in vivo 
using fluorescence microscopy or confocal scanning laser ophthalmoscopy (cSLO)29,32. Imaging with cSLO allows 
repeated imaging of zebrafish vasculature in the same animal across multiple time points. In DMSO-treated 
control fish, the BRB remained intact over a period of 48 h of imaging (Fig. 7A). Retinoid acid signaling is nec-
essary for the maintenance of the  BRB31. To demonstrate the use of cSLO to visualize BRB breakdown, animals 
were treated with DEAB, an antagonist of retinaldehyde dehydrogenase (RALDH), and subsequently imaged at 
multiple time points over two consecutive days. The extravascular space (EVS) mean signal intensity of GFP was 
quantified at each time point and was found to increase significantly by 24 h (Fig. 7D). DEAB treatment resulted 
in BRB breakdown and leakage of EGFP into the retina within 24 h of treatment (Fig. 7B,D). Following light 
damage, no leakage of GFP into the retina was observed in Tg(l-fabp:DBP-EGFP) transgenic zebrafish (Fig. 7C) 
and the mean GFP signal intensity was not statistically different from DMSO-control fish (Fig. 7D). Consistent 
with these findings, all L-plastin+ cells observed in the retina following light damage were also 4C4+ (Supple-
mental Fig. 1). This strongly suggests that microglia are the only L-plastin+ macrophage population found in 
the zebrafish retina following light damage. As light damage can induce Müller glia proliferation within 24 hpi 
and no changes in BRB integrity are observed by 48 hpi, these results strongly suggest that light damage does 
not compromise the BRB. Thus, the proliferation of Müller glia in irf8 mutants likely does not result from the 
infiltration of immune cells to the retina following light-damage induced vasculature injury.

To confirm that localized cell death was sufficient to induce Müller glia driven regeneration, we asked whether 
irf8 mutants were responsive to the selective ablation of rod photoreceptors using the Tg(rho:YFP-NTR) trans-
genic  line24. This line expresses a YFP-nitroreductase fusion protein specifically in rod photoreceptors, thereby 
permitting the selective death of rods upon exposure to metronidazole (MTZ). Adult zebrafish (6 mpf) were 

Fig. 5.  Photoreceptors regenerate in irf8 mutants following acute light damage. (A,B) Immunohistochemistry 
with Zpr1 (cyan), PNA (yellow), and EdU (magenta) on retinal cryosections from undamaged wild-type and 
irf8 mutants (top row) and at 3 days post injury (dpi; middle row) or 30 dpi (bottom row). Light damage fully 
ablated cones in the central region of the dorsal retina at 3 dpi and photoreceptors regenerated by 30 dpi. (C) 
Quantification of cone outer segment density in damaged and undamaged areas of the retina. Data are plotted 
as means ± SD and individual points represent data from one retina (n = 8–9). Data were analyzed by Welch’s 
ANOVA test with Dunnett T3 correction for multiple comparisons. No statistical difference was observed 
between any groups. COS cone outer segments, CIS cone inner segments, ONL outer nuclear layer, INL inner 
nuclear layer, RGC  retinal ganglion cell layer. Scale bar, 50 μm.
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immersed in 10 mM MTZ for ~ 24 h to induce rod ablation and subsequently injected with EdU to label pro-
liferating cells. Fish allowed to recover for either 48 h or up to 30 days (Fig. 8A). At 48 h of recovery, immu-
nohistochemistry with anti-GFP antibodies, which detected the YFP-NTR fusion protein, showed that rod 
photoreceptors were almost completely ablated, with only fragments of YFP+ nuclei and outer segments present 
in the ONL (Fig. 8B). Importantly, EdU staining identified proliferating Müller glia in both wild-type and irf8 
mutants. By 30 dpf, regenerated rods had fully repopulated the ONL in both wild-type and irf8 mutants (Fig. 8C).

To characterize the molecular inflammatory response to light damage in irf8 mutants, qPCR was used to 
assess several inflammatory genes (Fig. 9). The expression of matrix metalloproteinase 9 (mmp-9), chemokine 
ligand 8a (cxcl8, also known as il8), tumor necrosis factor b (tnfβ), interleukin 1 beta (il1b), purinergic receptor 
P2Y12 (p2ry12), and interleukin 10 (il-10) were previously demonstrated to rapidly increase following NMDA 
and/or light  damage8,11,38. Whereas mmp-9 expression is specific to Müller  glia8,38 and p2ry12 is expressed in 
macrophages and/or  microglia39, il8, tnfβ, and il1b are expressed in multiple cell types, including the RPE and 
endothelial cells. Similar to prior  studies8,11, we found that expression of mmp-9, il8, tnfβ, and il10 increased 
significantly after light damage in both wild-type and irf8 mutants (Fig. 9). Expression of mmp-9 and tnfβ peaked 
between 48–72 hpi in both wild-type and irf8 mutants. Interestingly, the expression of il8 was significantly higher 
in irf8 mutants than wild-type siblings at 6 hpi, when expression of il8 peaks. Only a modest increase in the 

Fig. 6.  Light damage does not induce microglia proliferation in irf8 mutants. (A–F) Immunohistochemistry 
with EdU (magenta) to label proliferating cells and 4C4 (yellow) to label microglia/macrophages on retinal 
cryosections from wild-type and irf8 mutants at 24, 48, and 72 h post injury (hpi). (G) Quantification of EdU+ 
cells in the SRS at times after light damage. (H) Quantification of 4C4+ cells in the SRS at times after light 
damage. (I) The ratio of Edu+/4C4+ cells within the SRS was calculated for each time point after light damage. 
SRS subretinal space, ONL outer nuclear layer, INL inner nuclear layer, RGC  retinal ganglion cell layer. Scale bar, 
50 μm.
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expression of il1b and il10 was observed in wild-type animals and irf8 mutants, with no statistical differences 
between wild-type or irf8 mutants. Surprisingly, we did not see any significant change in expression of p2ry12 

Fig. 7.  Light damage does not disrupt the blood-retinal-barrier. (A–C) Longitudinal confocal scanning laser 
ophthalmoscopy (cSLO) images from 6 mpf Tg(l-fabp:DBP-eGFP) zebrafish before and at 4–48 h after treatment 
with DMSO, DEAB, or with light damage. (D) Quantification of extravascular space (EVS) mean signal intensity 
determined from cSLO images at different time points after treatment. Data were analyzed with a two-way 
ANOVA with Tukey’s correction for multiple comparisons. ***p < 0.0005; ****p < 0.0001.
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following light damage to either wild-type or irf8 mutants, although this gene was previously shown to increase 
following NMDA  damage11. These results indicate that damage induces expression of several pro-inflammatory 
cytokines even in microglia-deficient retinas.

Discussion
Inflammatory signaling represents a crucial step in initiating retinal regeneration in zebrafish. Both acute and 
chronic degeneration of retinal neurons triggers a robust inflammatory response characterized by the accumula-
tion of microglia/macrophages to the site of the lesion and within the subretinal  space10,11,30,40. This microglial 
response correlates with the release of pro-inflammatory factors that bind receptors on Müller glia and activate 
intracellular signaling pathways that result in Müller glia  reprogramming2. Indeed, microglia in regenerat-
ing retinas express several pro-inflammatory genes known to promote  regeneration9. While the cellular and 
molecular response of microglia to retina injury has attracted significant attention, the necessity of microglia 
to retinal regeneration remains unclear. We investigated retina regeneration in irf8 mutant zebrafish, which 
have a significant depletion of retinal microglia. We showed that acute injury induced proliferation of Müller 
glia and neuronal progenitors in irf8 mutants and led to the transcriptional upregulation of several known pro-
inflammatory cytokines at levels that matched or even exceeded that observed in wild-type animals.

Fig. 8.  Regeneration after metronidazole-induced rod ablation in irf8;Tg(zOPS:ntrB-EGFP)gm500 animals. (A) 
Schematic illustrating experimental paradigm and treatment regimen. (B,C) Immunohistochemistry with anti-
GFP antibodies (green) and EdU (magenta) on retinal cryosections from wild-type and irf8 mutants at 48 h post 
MTZ treatment or 30 days post MTZ treatment. MTZ treatment fully ablated rod photoreceptors and induced 
Müller glia proliferation at 48 h post treatment and rod fully regenerated by 30 dpi. ROS rod outer segments, 
ONL outer nuclear layer, INL inner nuclear layer, RGC  retinal ganglion cell layer. Scale bar, 50 μm.
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Prior to our studies, several lines of evidence suggested that microglia mediated inflammation was neces-
sary for Müller glia reprogramming and retinal regeneration. Multiple groups have used dexamethasone to 
suppress inflammatory signaling and observed a concomitant reduction in Müller glia proliferation and total 
 microglia10–12,24. Treatment with the CSF1R inhibitor, PLX3397, before and following laser-mediated photo-
receptor ablation resulted in depletion of retina microglia and prevented regeneration of the outer nuclear 
 layer23. Utilizing a genetic approach, Zhang and colleagues used the mpeg1 promoter to drive expression of a 
nitroreductase-mCherry fusion protein specifically in microglia and macrophages and ablate those cells prior 
to retinal injury. This significantly suppressed Müller glia reprogramming following a needle-poke  injury12. In 
contrast, we report that regeneration occurs normally in irf8 mutants with significantly reduced numbers of 
microglia. Several reasons could potentially explain these apparently conflicting results.

One possibility is that only a small number of microglia are sufficient to produce an inflammatory response 
capable of inducing Müller glia reprogramming and proliferation. While the irf8 mutants completely lack micro-
glia during larval  stages27 a small number of partially recovered 4C4+ microglia can be seen in adult irf8 mutants 
(Fig. 1). The source of these microglia is unclear, but they have phenotypes consistent with  macrophages41 and 
likely develop independent of irf8. In response to damage, however, the 4C4+ cells found in irf8 mutants do not 
re-enter the cell cycle and proliferate in number in the same manner as wild-type 4C4+ cells (this study  and40). 
This suggests that the 4C4+ cells in irf8 mutants may not exhibit a normal inflammatory response to acute injury. 
We cannot, however, completely exclude the possibility that the remaining 4C4+ cells are sufficient for regenera-
tion in the zebrafish irf8 adult retina.

A second possibility is that other cells compensate for the drastic reduction of microglia in irf8 mutants. Mül-
ler  glia38,  photoreceptors6, and the  RPE42,43 all release pro-inflammatory cytokines in response to injury. Damage 
to photoreceptors triggers release of TNFα and Mmp-9 is exclusively released by Müller glia and Müller glia-
derived  progenitors8. Under wild-type conditions, paracrine signaling from microglia most certainly contributes 
to the pro-inflammatory response of photoreceptors and Müller glia; however, these cells are also capable of 
autonomously secreting cytokines that can induce  regeneration44,45. We observed a significant increase in expres-
sion of mmp-9, il8, and tnfb, in both wild-type and irf8 mutant retinas, suggesting that other cells continue to 
mount a robust pro-inflammatory response even with a substantial reduction in microglia. In irf8 mutant larvae, 
the Müller glia compensate for the loss of microglia by engulfing dying cells and increasing phagocytic  load46. It 
is not entirely surprising that a compensation mechanism exists in an attempt to maintain retinal homeostasis.

Genetic approaches that block the formation of microglia (e.g. irf8 mutations) and transgene-mediated abla-
tion of  microglia12 may differ from pharmacological-depletion of  microglia23. Blocking microglia differentiation 
during development or eliminating microglia in younger animals could result in chronic changes to retinal 
homeostasis in the adult retina. For example, tamoxifen-induced depletion of microglia in the retinas of young 
adult mice resulted in altered synaptic architecture and reduced visual function without changing overall retinal 
 structure15. Interestingly, microglia-depleted animals exhibited a small, but significant increase (1.3- to 1.6-fold) 
in expression of markers associated with Müller glia gliosis and astrocyte activation. We found that zebrafish irf8 
mutants exhibited cone photoreceptor loss in older animals. These results indicate that microglia play important 
roles in maintaining retinal physiology. The chronic absence or reduction in microglia could induce a gliotic 
response that is associated with regeneration in zebrafish. In contrast, pharmacological agents that broadly sup-
press inflammation (e.g. dexamethasone) or ablate microglia may also have secondary effects beyond microglia. 

Fig. 9.  Dynamics of inflammatory signaling following light damage in 6 mpf irf8 mutants and wild-type 
siblings. The change in gene expression of inflammatory genes following light damage is plotted as a function 
of time after damage to wild-type or irf8 mutants. Expression is represented as the log fold change calculated 
using the  ddCt method and compared against gene expression in undamaged retinas. ***p < 0.0005; **p < 0.01; 
*p < 0.05.
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Extended administration of CSF1R inhibitors commonly used to deplete microglia (e.g. PLX3397) was shown 
to have deleterious off-target effects on neural progenitor  cells47 and mature myeloid cells in the circulation and 
bone marrow, some cells of which do not express  CSF1R48. The failure to regenerate photoreceptors following 
laser injury in PLX3397-treated animals may reflect an impact on Müller -glia derived progenitor cell prolifera-
tion within the inner nuclear layer in addition to the depletion of microglia.

In conclusion, we show that photoreceptor regeneration occurs in zebrafish irf8 mutants following light dam-
age. The irf8 mutants have normal retinal architecture up through 6 mpf and then undergo a slow cone degenera-
tion by 10 mpf. Expression of pro-inflammatory cytokines occurs normally within the retinas of irf8 mutants. 
Proper regeneration in zebrafish requires an initial pro-inflammatory signaling response following an injury and 
multiple cell types, including microglia, serve as the source of those pro-inflammatory molecules. The results 
of this study should not be interpreted that microglia do not participate in the inflammatory response or regen-
eration. Studies clearly indicate that microglia migrate to the source of damage and express factors associated 
with  regeneration9,38,40. Differing conclusions regarding the role of microglia likely reflect differences in genetic 
background and/or methodologies for blocking or ablation microglia function, dosing and pharmacokinetics of 
various drugs, and even injury paradigms. As such, caution is warranted when comparing and interpreting results 
from studies that use different approaches. Additional work is needed to determine if the irf8 mutant represents 
an ideal model for assessing microglia absence on neural regeneration in adult zebrafish.

Data availability
All data is provided within the manuscript or supplementary information.  The datasets used and/or analyzed 
during the current study are available from the corresponding author on reasonable request.
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