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Abstract

Sox2 is a well-established neuronal stem cell-associated transcription factor that regulates neural 

development and adult neurogenesis in vertebrates, and is one of the critical genes used to 

reprogram differentiated cells into induced pluripotent stem cells. We examined if Sox2 was 

involved in the early reprogramming-like events that Müller glia undergo as they upregulate many 

pluripotency- and neural stem cell-associated genes required for proliferation in light-damaged 

adult zebrafish retinas. In the undamaged adult zebrafish retina, Sox2 is expressed in Müller glia 

and a subset of amacrine cells, similar to other vertebrates. Following 31 hours of light damage, 

Sox2 expression significantly increased in proliferating Müller glia. Morpholino-mediated 

knockdown of Sox2 expression resulted in decreased numbers of proliferating Müller glia, while 

induced overexpression of Sox2 stimulated Müller glia proliferation in the absence of retinal 

damage. Thus, Sox2 is necessary and sufficient for Müller glia proliferation. We investigated the 

role of Wnt/β-catenin signaling, which is a known regulator of sox2 expression during vertebrate 

retinal development. While β-catenin 2, but not β-catenin 1, was necessary for Müller glia 

proliferation, neither β-catenin paralog was required for sox2 expression following retinal damage. 

Sox2 expression was also necessary for ascl1a (neurogenic) and lin28a (reprogramming) 

expression, but not stat3 expression following retinal damage. Furthermore, Sox2 was required for 

Müller glial-derived neuronal progenitor cell amplification and expression of the pro-neural 

marker Tg(atoh7:EGFP). Finally, loss of Sox2 expression prevented complete regeneration of cone 

photoreceptors. This study is the first to identify a functional role for Sox2 during Müller glial-

based regeneration of the vertebrate retina.
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INTRODUCTION

Adult zebrafish can regenerate a multitude of tissues and organ systems following damage, 

including the brain, spinal cord and retina (Vihtelic and Hyde, 2000; Fausett and Goldman, 

2006; Bernardos et al., 2007; Kassen et al., 2007; Kroehne et al., 2011; Dias et al., 2012). 

Retinal regeneration in zebrafish is driven by damage-induced reprogramming of Müller glia 

that divide to produce a population of neuronal progenitor cells (NPCs), which continue to 

proliferate and migrate to the site of neuronal damage and differentiate into the neuronal 

types that were lost (Vihtelic and Hyde, 2000; Fimbel et al, 2007; Yurco and Cameron, 

2007; Ramachandran et al, 2010; Ramachandran et al, 2011; Nelson et al, 2012; Wan et al, 

2012).

It is likely that Müller glia reprogramming and cell cycle reentry are the rate limiting steps 

for zebrafish retinal regeneration. Not surprisingly, many of the genes required for somatic 

cell reprogramming to produce induced pluripotent stem cells (iPSCs; Takahashi et al., 

2006), such as sox2, klf4, oct4, myc and nanog, are also expressed in the damaged zebrafish 

retina (Ramachandran et al., 2010). However, their spatial expression pattern and potential 

functional role in Müller glia reprogramming during retinal regeneration has not been 

examined.

Of these reprogramming factors, Sox2 (Sry-box 2) is particularly interesting, as it is 

expressed in the developing vertebrate nervous system from its earliest origins (Okuda et al., 

2006) and is widely considered an adult neural stem cell (NSC) marker in neurogenic 

regions of the adult brain (Favaro et al., 2009). In the developing vertebrate retina, Sox2 

maintains both the neurogenic and gliogenic potential of retinal progenitor cells in a dose-

dependent manner (Taranova et al., 2006; Agathocleous et al., 2009).

In the mature vertebrate retina, Sox2 is expressed in the Müller glia and a subset of amacrine 

cells (Taranova et al., 2006; Lin et al., 2009; Surzenko et al., 2013). Müller glia in the 

postnatal mouse retina require Sox2 to prevent their terminal mitotic division (Surzenko et 

al., 2013). Conditional ablation of Sox2 in Müller glia causes loss of radial morphology, loss 

of quiescence and global disruption of retinal morphology (Surzenko et al., 2013). 

Maintaining these progenitor qualities in Müller glia is the fundamental basis of retinal 

regeneration in zebrafish.

We report a key role for Sox2 in Müller glia reprogramming during zebrafish retinal 

regeneration. While basal Sox2 expression is maintained in amacrine cells and Müller glia of 

the mature zebrafish retina, Sox2 expression significantly increased in reprogrammed Müller 

glia as they began proliferating in the regenerating retina. Further, Sox2 expression was 

necessary, and ectopic Sox2 was sufficient, for Müller glia proliferation. Sox2 expression 

was also required for maximal ascl1a expression, most likely through induction of lin28a-

dependent repression of let7 miRNA biogenesis. In addition, Sox2 was required for 

amplification of Müller glial-derived NPCs and expression of the pro-neural marker atoh7 in 

late-stage NPCs. These data demonstrate a key role for Sox2 in regulating Müller glia-

dependent regeneration of retinal neurons in zebrafish and provide a foundation for future 

comparative studies with the damaged mammalian retina.
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MATERIALS AND METHODS

Zebrafish maintenance and light-lesion protocol

Wild-type AB, albinob4, albinob4; Tg(gfap:EGFP)nt11 (Kassen et al., 2007), 

Tg(hsp70l:sox2)x21 (Millimaki et al., 2010), and Tg(atoh7:EGFP)rw021 (Masai et al., 2003; 

Fimbel et al., 2007) zebrafish lines were maintained in the Center for Zebrafish Research at 

the University of Notre Dame Freimann Life Science Center. Adult zebrafish used for these 

studies were between 6–12 months old (4–5 cm) and maintained under a standard 14 hour 

light-10 hour dark cycle at 28.5°C (Westerfield, 1993). Rod and cone cell death was induced 

according to established protocols (Vihtelic and Hyde, 2000; Vihtelic et al., 2006). Briefly, 

adult fish were dark adapted for 14 days, then transferred to clear polycarbonate tanks 

placed between four fluorescent bulbs (15,000–20,000 lux) for up to 4 days. At various time 

points during or after light treatment, fish were euthanized by anesthetic overdose of 0.2% 2-

phenoxyethanol and eyes were enucleated for further processing. All experimental protocols 

were approved by the animal use committee at the University of Notre Dame and are in 

compliance with the National Institutes of Health guide for the care and use of Laboratory 

animals (NIH Publications No. 8023, revised 1978).

Heat shock

Adult Tg(hsp70l:sox2) x21 transgenic zebrafish and wild-type siblings were genotyped using 

the following primers: sox2 R (5′-CTTCAGCTCGGTTTCCATCATG-3′) and hsp70l F (5′-

CTCCTCTCAATGACAGCTG-3′). Fish were heat shocked daily at 38°C for two to four 

days. Fish were transferred to 3-inch diameter polycarbonate tubes (3–4 fish per tube) with 

mesh screen bottoms in a circulating water bath. Water temperature was set to 28°C and 

gradually ramped up to 38°C over the course of 30 minutes. Fish were maintained at 38°C 

for one hour before being transferred back to plastic tanks filled with 38°C water. Water 

temperature was allowed to cool slowly to ambient temperature before being placed back on 

the system.

Pharmacological treatment

Injections of RO4929097 and recombinant zebrafish TNFα were performed as previously 

described (Conner et al., 2014). Briefly, adult AB zebrafish were injected intraperitoneally 

with 25 μL of 1 mM RO4929097 using a 30-gauge beveled needle. Recombinant TNFα 
(0.5–1 μL at ~1 mg/mL concentration; Conner et al., 2014) was intravitreally injected into 

left eyes with a Hamilton syringe (World Precision Instruments) and a 30-gauge blunt end 

needle after using a sapphire blade (World Precision Instruments) to cut a small hole in the 

cornea. Control fish were intraperitoneally injected with 10% DMSO and left eyes injected 

with Ni-NTA elution buffer (50 mM Na2HPO4, 300 mM NaCl, 250 mM imidazole, pH 8.0; 

used to purify the recombinant TNFα). Injections were carried out every 12 hours for three 

days.

Injection and electroporation of morpholinos into adult zebrafish retinas

Morpholino-mediated knockdown of protein expression in adult zebrafish retinas was 

performed as previously described (Thummel et al., 2008; Thummel et al., 2011). Briefly, a 
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1 mM solution of lissamine-tagged morpholinos was intravitrially injected into the left eye 

of dark-adapted albino zebrafish prior to the initiation of light treatment. In a subset of 

experiments, electroporated Tg(gfap:EGFP) zebrafish retinas were maintained under 

standard light-dark cycle (14 hours/10 hours) for 2 to 5 days. The following morpholinos 

(MOs) were used in this study: standard control MO (GeneTools; Philomath, OR), ctnnb1 
MO (5′-ATCAAGTCAGACTGGGTAGCCATGA-3′; previously validated by Gingerich et 

al., 2005), ctnnb2 MO (5′-AGCCATCGTTGCGTCAATCCTTTAG -3′; Xiong et al., 2006; 

Bellipanni et al., 2006), sox2 MO3 (5′-GAAAGTCTACCCCACCAGCCGTAAA-3′; 

Kamachi et al., 2008), ascl1a MO (5′-ATCTTGGCGGTGATGTCCATTTCGC-3′; 

Ramachandran et al., 2010), lin28a MO (5′-TGAGATGCGGATTTGCCGGGGGCAT-3′; 

Ramachandran et al., 2010). All the morpholinos used in this study were previously 

validated to confirm that they knockdown the expression of the desired target protein. 

Platinum plate electrode tweezers (CUY650-P3, Protech International Inc., San Antonio, 

TX) were used to deliver two 50 ms pulses (75 V with a 1 second pause between pulses) to 

the left eye using a CUY21 Square Wave Electroporator (Protech International Inc.). Fish 

were allowed to recover and were returned to the dark or placed in constant light for various 

periods of time.

Immunofluorescence

Fish were euthanized in 0.2% 2-phenoxyethanol. Eyes were enucleated and fixed in either 

4% paraformaldehyde/1× PBS or in 9:1 ethanolic formaldehyde (Vihtelic and Hyde, 2000). 

After fixation in 4% PFA, eyes were briefly rinsed with 1× PBS, then washed 3 × 5 minutes 

in 5% sucrose/1× PBS. Eyes fixed in 9:1 were rehydrated through an ethanol series (90%, 

80%, 70%, 50% v/v ethanol in water) and then washed with 5% sucrose as described above. 

Eyes were incubated in 30% sucrose/1× PBS at 4°C overnight. The next day, eyes were 

transferred to a 2:1 mixture of tissue freezing media (TFM, Triangle Biomedical Sciences, 

Durham, NC) and 30% sucrose/1× PBS and incubated at 4°C overnight. Eyes were then 

embedded in 100% TFM and frozen at −80°C. Cryosections (12–14 μm) were prepared and 

stored at −80°C.

Frozen retinal sections were dried at 55°C for 20 minutes before rehydrating in 1× PBS for 

20 minutes. Sections were blocked for one hour in blocking buffer (1× PBS, 4% normal goat 

serum, 0.4% Triton X-100, 1% DMSO). Primary antibodies were diluted in blocking buffer, 

applied to sections and incubated overnight at 4°C. The primary antibodies used in these 

studies and their dilutions were as follows: mouse monoclonal anti-PCNA antibody (1:1000; 

P8825, clone PC10, Sigma-Aldrich, St. Louis, MO), goat anti-Sox2 polyclonal antiserum 

(1:100; AF2018, R&D Systems, Minneapolis, MN), rabbit anti-β-catenin polyclonal 

antiserum (1:100; ab6302, Abcam, Cambridge, MA), rabbit anti-GFP polyclonal antiserum 

(1:500; ab6556, Abcam), mouse anti-HuC/D monoclonal antibody (1:250; A21271, clone 

16A11, Life Technologies, Carlsbad, CA), mouse anti-zpr-1 monoclonal antibody (1:200; 

ZIRC, Eugene, OR), rabbit anti-Blue opsin polyclonal antiserum (1:500; Vihtelic et al., 

1999), rabbit anti-UV opsin antiserum (1:500; Vihtelic et al., 1999), and mouse anti-

glutamine synthetase monoclonal antibody (1:500; MAB302, clone GS-6, Millipore, 

Billerica, MA). Sections were washed 3 × 10 minutes in PBST (1× PBS with 0.5% 

Tween-20). Fluorescent-labeled secondary antibodies were diluted 1:500 in PBST and 
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applied to sections for 1 hour at room temperature. DAPI was routinely added to the 

secondary antibody solution at a concentration of 5 μg/mL to label nuclei. Secondary 

antibodies used in these studies were as follows: goat anti-mouse IgG or goat anti-rabbit IgG 

conjugated to Alexa Fluor 488, 568, 594, or 647; chicken anti-goat IgG conjugated to Alexa 

Fluor 488 (Jackson Immunoresearch Laboratories). Following secondary antibody 

incubation, sections were washed 3 × 10 minutes in PBST and once for 5 minutes in 1× 

PBS. Slides were mounted with glass coverslips and VECTASHIELD (Vector Laboratories, 

Burlingame, CA).

In experiments utilizing goat anti-Sox2 polyclonal antiserum, the blocking buffer was 

prepared with an equivalent amount of normal chicken serum rather than normal goat serum. 

If the goat anti-Sox2 polyclonal antiserum was used for co-labeling with either rabbit or 

mouse antibodies, the secondary antibody staining was carried out in two steps. First, 

chicken anti-goat Alexa Fluor 488 was incubated for 1 hour and washed as described above 

for secondary antibody staining. This process was then repeated with a goat anti-rabbit 

and/or goat anti-mouse Alexa Fluor antibodies required to detect the additional primary 

antibodies.

To detect Sox2, HuC/D and PCNA (in retinas fixed in 4% PFA) antigen retrieval was 

required (Raymond et al, 2006; Nelson et al, 2012; Nelson et al, 2013). Coplin jars were 

filled with citrate buffer (10 mM citrate pH 6.0 with 0.1% Tween-20) and placed in boiling 

water baths. Warmed slides were placed directly into the hot citrate solution and incubated 

for 20 minutes, covered. Coplin jars were then removed from water baths and allowed to 

cool gradually at room temperature (~45 minutes). Slides were then briefly rinsed 3 × 2 

minutes in 1× PBS and transferred to block as described above.

EdU labeling and detection

To label proliferating cells, we intraperitoneally injected 30–50 μL of 1 mg/ml EdU (5-

ethynyl-2′-deoxyuridine) into adult zebrafish one hour before fixation at either 0, 8, 16, 20, 

25, or 31 hours of constant light. Frozen sections were prepared as described above. For 

EdU detection, we utilized the Click-iT EdU Alexa Fluor 647 Imaging Kit (Invitrogen) as 

previously described (Conner et al., 2014; Lahne et al., 2015) prior to starting the 

immunohistochemistry.

In other experiments, we injected EdU four hours prior to the first heat shock of adult 

Tg(hsp70l:sox2) x21 transgenic zebrafish to label any Müller glia involved in persistent rod 

neurogenesis (Fig. 8K). Retinas were examined at 2 days post-heat shock for EdU 

incorporation as described above.

TUNEL

Terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labeling 

(TUNEL) was performed using the ApoAlert DNA Fragmentation Assay kit (Clonetech, 

Mountain View, CA) as previously described (Bailey et al., 2010; Nelson et al., 2013). 

Biotinylated dNTPs were detected by using Alexa Fluor 488-conjugated streptavidin (Life 

Technologies) diluted 1:200 in PBS for 20 minutes at room temperature. Slides were 

mounted with glass coverslips and VECTASHIELD (Vector Laboratories, Burlingame, CA).
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Immunoblot Analysis

Total protein lysates were obtained by pooling 5–10 adult dorsal retinas per treatment and 

homogenizing in protein extraction buffer (1× PBS, 1% Triton-X-100, protease inhibitors; 

10 μL per retina; Roche Applied Science, Indianapolis, IN) using a polypropylene micro 

pestle. Lysates were incubated for one hour on ice then centrifuged briefly to remove Triton-

X-100-insoluble debris and the supernatant was collected and stored at −80°C. Protein 

concentration was determined using Bradford assay (Life Technologies) and 10 μg of lysate 

was combined with Novex 2× tris-glycine-SDS sample buffer and 10× sample reducing 

agent (Life Technologies). Samples were heated at 95°C for 5 minutes and then 

electrophoresed through Novex 4%–12% tris-glycine gels (Life Technologies). Proteins 

were transferred to Hybond-P PVDF membrane (GE Healthcare, Piscataway, NJ) and then 

blocked for 1 hour at room temperature blocking buffer composed of PBST (1× PBS with 

0.1% Tween-20) with 5% (w/v) nonfat dry milk. Membranes were probed with the following 

antibodies diluted in blocking buffer overnight at 4°C: rabbit anti-Sox2 polyclonal antiserum 

(1:2000; GTX124477, GeneTex), mouse anti-glutamine synthetase monoclonal antibody 

(1:1000; MAB302, clone GS-6, Millipore), rabbit anti-GFAP polyclonal antiserum (1:5000; 

Z0334, Dako, Carpinteria, CA), and mouse anti-actin monoclonal antibody (1:5000, clone 

AC-40, Sigma-Aldrich).

Membranes were washed three times for 5 minutes, then once for 15 minutes in PBST 

before incubating with ECL HRP-conjugated secondary antibodies (1:10,000, GE 

Healthcare) diluted in blocking buffer. Membranes were washed as before and then 

developed using the ECL Prime kit (GE Healthcare). Exposed film was imaged using a 

Carestream Gel Logic 2200 Pro imaging station (Carestream Health, Rochester, NY). Actin 

was used as a loading control for all blots.

Quantitative Real-Time PCR

RNA was prepared from light treated retinas as previously described (Nelson et al., 2012; 

Nelson et al., 2013). Briefly, 8–10 dorsal retinas per time point or treatment group were 

dissected and pooled. RNA was extracted using TRIzol reagent (Life Technologies) and 

purified RNA was DNase treated using the Turbo DNA-free Kit (Life Technologies). Total 

cDNA was generated from 1 μg of RNA using qScript cDNA SuperMix (Quanta 

Biosciences, Gaithersburg, MD).

Reactions were assembled using PerfeCta SYBR Green SuperMix (low ROX; Quanta 

Biosciences). For most targets, 25 ng of cDNA was sufficient for amplification within an 

optimal Ct range. For 18S controls, 0.25 ng of cDNA were used. The gene specific primers 

for these studies (Table 1) were used at a final concentration of 300 nM. Reactions were 

carried out and data acquired using the ABI 7500 Fast Real-Time PCR system (Applied 

Biosystems, Foster City, CA). Cycling conditions were as follows: 2 minutes at 50°C,10 

minutes at 95°C, 40 cycles of 15 seconds at 95°C and 1 minute at 60°C, with data collection 

occurring after extension for each cycle. Dissociation curve analysis verified that single 

products were produced with each set of the primer pairs used in these experiments. For 

each gene examined by qRT-PCR, cDNA from each time point or treatment was run in 

triplicate and the median Ct value was normalized against the 18S rRNA Ct. The 
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comparative ΔΔCt method was used for data analysis, with 0 hours of light serving as the 

reference time point and the 18S rRNA as the reference gene to generate a log2-fold 

difference in gene expression levels (Johnson et al., 2000; Vong et al., 2003). For 

knockdown experiments measuring gene expression among different treatments at the same 

time point, data are presented in linear fold-change.

Confocal Imaging and Statistical Analysis

Confocal imaging was performed with a Nikon A1R laser scanning confocal microscope. 

Low-intensity signals were enhanced and background signals were reduced in representative 

images using the levels function in Adobe Photoshop (Adobe Systems, San Jose, CA). 

Levels were adjusted identically to all layers within a panel and to all panels in a figure. 

Red-green color scheme images were converted to magenta-green using Adobe Photoshop 

as described previously (Montgomery et al., 2010).

To compare Sox2 expression levels at 36 hours of constant light treatment to Sox2 levels in 

undamaged retinas, acquisition settings were first set to maximize the dynamic range at the 

higher expressing time point (36 hours) and maintained for the undamaged retinas. To 

maintain consistency between eyes and experimental groups, only retinal sections 

encompassing or immediately adjacent to, the optic nerve were utilized. Quantification of all 

markers was performed on 5 μm thick confocal z-stacks from the middle of the 12–14 μm 

sections. All images were acquired across a 350 μm region of the central/dorsal retina that 

consistently received the same degree of damage and reliably resulted in comparable 

subsequent high levels of Müller glia proliferation (Thomas et al., 2012). Retinas from ≥ 5 

different individual fish were examined for every control and experimental group at each 

time point in this study.

Statistical significance was determined between control and experimental groups of all 

experiments using either a two-tailed Student’s t-test (when analyzing two data points) or 

ANOVA (with Tukey’s post-hoc test) where appropriate. For either statistical test, p-values 

less than 0.05, 0.01, and 0.005 were considered significant, highly significant, and very 

highly significant, respectively. The text states either the ANOVA p value (if it is not 

significant) or the Tukey’s post-hoc p value (if the ANOVA p value is significant), with both 

the ANOVA and Tukey’s post-hoc p values stated in the figure legend. In some cases (Figs. 

9 and 10), qRT-PCR data is given for both 0 and 31 hours. In these cases, the 0 hour 

timepoint is shown to reveal the extent of increased expression at 31 hours in the control. 

Thus, the statistical analysis is solely between the control and morphant values at 31 hours 

and a Student’s t-test was used. The statistical test used in each analysis is stated in the 

corresponding Figure legend.

Morphometric Measurements

To determine the average thickness of rod outer segments (ROS), confocal images of retinal 

sections labeled for rhodopsin were divided into thirds laterally. Linear measurements of the 

Rhodopsin-positive outer segments (roughly, from the outer surface of the cone nuclei to the 

end of Rhodopsin signal) were taken at the center of each third of the frame. These 

measurements were averaged for each retinal section (n = 10 retinas per treatment).
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Rod nuclei were counted along a central 100 μm length of the ONL (~30% of the field of 

view for one confocal image).

RESULTS

Sox2 expression in adult zebrafish retinas recapitulates that of other vertebrates

Expression of Sox2 in the developing vertebrate retina has been widely studied in rodent, 

chick, amphibians and fish (Van Raay et al., 2005; Taranova et al., 2006; Lin et al., 2009; 

Agathocleous et al., 2009; Meyers et al., 2012). In addition, Sox2 expression persists into 

adulthood in a subpopulation of amacrine cells localized in the inner nuclear and ganglion 

cell layers and all Müller glia in most vertebrates (Taranova et al., 2006; Lin et al., 2009; 

Surzenko et al., 2013). While this Sox2 expression pattern is also present in juvenile 

zebrafish (Meyers et al., 2012), expression of sox2 RNA was not detected in the adult retina 

(Ramachandran et al., 2010).

To examine Sox2 expression in the adult zebrafish retina, undamaged albino; 
Tg(gfap:EGFP) zebrafish retinal sections were co-labeled with antibodies against Sox2, 

EGFP to label the Müller glia (based on the transgenic line expressing EGFP from the glial 

fibrillary acidic protein promoter (Kassen et al., 2007)), and the amacrine and ganglion cell 

marker HuC/D (Fig. 1A–E). Sox2 expression was detected in both the INL and GCL. A 

subset of Sox2-positive cells coexpressed with HuC/D-positive amacrine cells in the INL 

and displaced amacrine cells in the GCL (Fig. 1A–C; arrows). Additionally, Sox2 expression 

was detected in a population of HuC/D-negative INL cells with fusiform-shaped nuclei (Fig. 

1A–C; arrowheads), indicative of Müller glia. These fusiform-shaped INL nuclei co-labeled 

for Sox2 and the Müller glial marker EGFP in the Tg(gfap:EGFP) transgenic line, 

confirming that they were Müller glia (Fig. 1A, D, E; arrowheads). Thus, Sox2 expression in 

the adult zebrafish retina recapitulates that of other vertebrates. It is worth noting that, 

despite Sox2 expression in the ciliary marginal zone (CMZ) of embryonic and juvenile 

zebrafish retinas (Meyers et al., 2012), we did not detect Sox2 expression in the CMZ of the 

adult retina (data not shown).

Müller glia upregulate Sox2 expression following retinal damage

Because Sox2 expression persists in the Müller glia of adult zebrafish retinas and Sox2 is 

widely considered an adult neural stem cell marker, we hypothesized that Sox2 may be 

required for Müller glia reprogramming and proliferation in the damaged zebrafish retina. 

Using qRT-PCR, sox2 expression increased dramatically by 31 hours of light damage (Fig. 

1F). This time point corresponds to the initiation of Müller glia proliferation (Kassen et al., 

2007). The elevated sox2 expression profile through 96 hours of light treatment is similar to 

our previous microarray study (Fig. 1F; Kassen et al., 2007), as well as previous reports in 

the stab-lesioned retina (Ramachandran et al., 2010).

We investigated the spatial pattern of increased Sox2 protein expression in the light-

damaged retina. The pattern of Sox2 expression in the undamaged retina at 0 hours of 

constant light (Fig. 1G–I) recapitulated what we described previously (Fig. 1A). At 0 hours, 

we also did not detect any INL cells that labeled with the proliferation marker PCNA (Fig. 
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1H, I). After 31 hours of constant light, increased Sox2 expression was detected in a 

population of fusiform-shaped, PCNA-positive INL nuclei, relative to the weak expression 

observed in the fusiform-shaped INL nuclei of the undamaged retina (Fig. 1J–L vs G–I; 

arrowheads, respectively). At 31 hours, the fusiform-shaped nuclei expressing increased 

levels of Sox2 and PCNA also co-labeled with GFP in Tg(gfap:EGFP) transgenic zebrafish 

retinas (Fig. 1M–P; arrowhead). Importantly, non-proliferating (PCNA-negative) Müller glia 

displayed basal levels of Sox2 expression (Fig. 1M–P, insert, arrow). Together, these data 

suggest that Sox2 expression is maintained at low levels in amacrine cells and Müller glia in 

the undamaged retina, and increases in reprogrammed Müller glia that are proliferating in 

response to light-induced photoreceptor cell death.

Sox2 expression is required for Müller glia proliferation

To determine whether increased Sox2 levels preceded Müller glia reentering the cell cycle, 

we placed dark-adapted albino zebrafish into constant intense light and intraperitoneally 

injected EdU 1 hour before eyes were collected at 0, 8, 16, 20, 25 or 30 hours of constant 

intense light-treatment. Retinal sections revealed that Sox2 expression was slightly elevated 

at 8 and 16 hours of constant light relative to the 0 hour timepoint and further increased at 20 

hours in HuC/D-negative INL cells (Fig. 2, arrowheads). In contrast, EdU labeling was not 

detected until 25 hours of constant light (Fig. 2). Thus, Sox2 expression increased prior to 

EdU labeling, further suggesting that Sox2 may be required for Müller glia proliferation in 

the light-damaged retina.

To test whether Sox2 expression is required for Müller glia proliferation, we electroporated 

morpholinos to knockdown Sox2 expression in adult retinas immediately prior to initiating 

light damage (Thummel et al., 2008). The anti-sox2 morpholino was previously shown to 

knockdown both endogenous Sox2 expression and a luciferase-based reporter harboring the 

sox2 5′-UTR to a greater extent than any other translation-blocking anti-sox2 morpholino 

(Kamachi et al., 2008). Western blot analysis revealed a global reduction in Sox2 expression 

at 72 hours postfertilization in protein lysates from sox2 morphant embryos (sox2 MO) 

relative to either uninjected (UI) or standard control morphant (SC MO) embryos (Fig. 3A). 

Thus, we confirmed that this morpholino effectively targeted and knocked down endogenous 

Sox2 expression. Similarly, Sox2 expression was greatly reduced in the central-dorsal region 

of sox2 MO retinas after 31 hours of constant light relative to either uninjected or SC MO 

control retinas (Fig. 3B–D), confirming the successful Sox2 knockdown in the adult 

zebrafish retina. The few remaining Sox2-positive cells observed in the sox2 MO retinas 

were generally circular nuclei in either the INL or GCL (Fig. 3D; arrows), which are likely 

amacrine cells, rather than the fusiform-shaped Müller glia nuclei.

To assess the effect of Sox2 knockdown on Müller glia proliferation, we labeled uninjected, 

SC MO, and sox2 MO retinal sections with PCNA (Fig. 3E–G). Following 31 hours of light, 

uninjected and SC MO retinas contained an average of 38.5 ± 2.0 and 36.0 ± 3.9 PCNA-

positive cells per 350 μm of retinal section, respectively (Fig. 3E, F, and H). In contrast, sox2 
MO retinas displayed significantly fewer PCNA-positive cells per section (12.1 ± 2.3; 

Tukey’s post-hoc test p = 0.001 relative to both controls, n ≥ 9; Fig. 3G–H). Thus, Sox2 

expression is required for Müller glia proliferation following retinal damage.
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One possible explanation for reduced Müller glia proliferation following Sox2 knockdown is 

a reduction in photoreceptor cell death. To determine if reducing Sox2 expression was 

neuroprotective, we performed TUNEL analysis of uninjected, SC MO, and sox2 MO retinal 

sections following 16 hr of light (the peak of photoreceptor cell death; Nelson et al., 2013). 

We observed equivalent numbers of TUNEL-positive photoreceptors in uninjected, SC MO, 

and sox2 MO retinas (42.8 ± 6.4, 36.4 ± 3.5, and 37.6 ± 2.9, respectively; Fig. 4; ANOVA p 

= 0.589, n = 5). These data demonstrate that the reduced number of proliferating Müller glia 

in light-damaged sox2 MO retinas is not due to reduced photoreceptor cell death.

It is also possible that reduced Sox2 expression could decrease the number of Müller glia, 

which would result in fewer proliferating Müller glia. For example, conditional knockout of 

Sox2 expression in P0 mouse retinas resulted in the Müller glia losing their radial 

morphology, reentering the cell cycle and terminally dividing with a loss in the number of 

Müller glia (Surzenko et al., 2013). To determine if Sox2 is required to maintain Müller glia 

in the adult zebrafish retina, we knocked down Sox2 expression in Tg(gfap:EGFP) retinas 

and allowed them to recover for either 2 or 5 days under standard light conditions. At 2 days 

post electroporation (dpe), there was no significant difference in the number of Müller glia 

present in uninjected, SC MO or sox2 MO retinas (Fig. 5A–C, K; ANOVA p = 0.293, n = 5). 

At 5 dpe, the number of Müller glia (Fig. 5K, red bars) in sox2 MO retinas remained 

indistinguishable from uninjected retinas (Fig. 5A, E, K; ANOVA p = 0.874), while there 

was a significant reduction in the number of GFP-positive Müller glia in the SC MO retinas 

at 5 dpe (Fig. 5D, K, red bars; Tukey’s post-hoc test p < 0.024, n = 5). This is most likely 

due to the inherent damage caused by electroporation, which stimulates a regeneration 

response. The SC MO retina lacked the regular pattern of GFP-positive Müller glia, due to a 

subset of Müller glia reentering the cell cycle and producing PCNA-positive neuronal 

progenitor cell clusters (Fig. 5I). The location of these clusters coincided with the gaps in the 

regular pattern of GFP-positive Müller glia (Fig. 5D, I, arrows). This damage response is 

also evident by the presence of PCNA-positive Müller glia in the SC MO retina at 2 dpe 

(Fig. 5G) and the hypertrophied GFP-positive Müller glial processes in all the electroporated 

retinas (Fig. 5B–E, G–J) relative to the uninjected retinas. These data demonstrated that 

knockdown of Sox2 expression did not reduce the number of Müller glia. We independently 

confirmed that there was not a global reduction in the number of Müller glia by examining 

the expression of the Müller glia proteins, Glutamine Synthetase (GS) and Glial Acidic 

Fibrillary Protein (GFAP) on immunoblots. At 5 dpe, we detected relatively equivalent 

amounts of GS, GFAP, and actin control protein in uninjected (UI), SC MO or sox2 MO 

retinas (Fig. 5L). Taken together, the reduced number of proliferating Müller glia observed 

in light-damaged sox2 morphant retinas is most likely due to disrupting an endogenous 

Sox2-dependent Müller glia signaling pathway and not a global reduction in the number of 

Müller glia.

Sox2 overexpression is sufficient to induce Müller glia proliferation without retinal damage

Because Sox2 expression increases following retinal damage and is required for Müller glia 

proliferation, we hypothesized that ectopically elevating Sox2 expression above the basal 

levels observed in the undamaged retina could induce Müller glia proliferation, even in the 

absence of damage. To test this hypothesis, we utilized the Tg(hsp70l:sox2)x21 transgenic 
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zebrafish line (Millimaki et al., 2010), which ubiquitously overexpresses Sox2 upon heat 

shock. Adult Tg(hsp70l:sox2)x21 fish and wild-type siblings were subjected to heat shock at 

38°C for one hour per day for either two or four days. Eyes were collected for analysis at 2 

and 4 days post initial heat shock (dphs; Fig. 6A). Retinal cryosections revealed increased 

Sox2 expression throughout the retina of Tg(hsp70l:sox2)x21 fish at 2 dphs (Fig. 6C), while 

heat-shocked wild-type siblings maintained the expected Sox2 basal expression pattern of 

undamaged retinas (Fig. 6B). Additionally, immunolabeling retinal cryosections for 

glutamine synthetase to identify Müller glia (Fig. 6D–G) revealed that Tg(hsp70l:sox2)x21 

fish possessed increased Sox2 expression in Müller glia (Fig. 6G, arrowheads), while the 

wild-type siblings possessed only basal Sox2 expression (Fig. 6F). Finally, Western blot 

analysis confirmed elevated levels of Sox2 protein in Tg(hsp70l:sox2)x21 retinal lysates 

persisted 24 hours after the second heat shock relative to identically heat-shocked wild-type 

sibling controls (Fig. 6H). However, the increased Sox2 expression was not uniform across 

the retina, with the majority of the increased Sox2 expression detected in the central dorsal 

(Fig. 7B, C, J, and K) and central ventral retina (Fig. 7B, D, J, and L), with expression 

decreasing towards the dorsal and ventral margins. Thus, heat shocking the 

Tg(hsp70l:sox2)x21 transgenic fish resulted in increased expression of Sox2 across the 

retina, including the Müller glia.

To determine if the overexpression of Sox2 was sufficient to induce Müller glia proliferation 

in the undamaged retina, we immunostained Tg(hsp70l sox2)x21 retinal sections for PCNA. 

At 2 dphs, individual PCNA-positive cells were observed in the INL of Tg(hsp70l:sox2)x21 

retinas (Fig. 6I and L), but rarely, if ever, in controls (data not shown). At 4 dphs, large 

clusters of PCNA-positive cells were present in the INL and appeared to be migrating to the 

ONL in Tg(hsp70l:sox2)x21 retinas (Fig. 6J and M), similar to the Müller glia-derived 

neuronal progenitor cells observed in the light-damaged retina. In contrast, very few PCNA-

positive cells were present in the INL of heat-shocked wild-type siblings at 4 dphs (Fig. 6K, 

N and O). The number of PCNA-positive cells in heat-shocked Tg(hsp70l:sox2)x21 retinas 

increased significantly from 2 to 4 dphs in both the INL (37.8 ± 1.3 and 109 ± 5.9, Tukey’s 

post-hoc test p = 0.001, n = 4; Fig. 6O) and the ONL (14.8 ± 1.5 and 62.0 ± 5.7, Tukey’s 

post-hoc test p = 0.001 n = 4; Fig. 6O). Interestingly, this heat shock-induced proliferation 

was localized predominantly to retinal regions where ectopic Sox2 expression was detected 

in the heat-shocked retina (Fig. 7B–D, F–H, and J–L). Furthermore, nearly all of the PCNA-

positive cells exhibited increased levels of Sox2 expression. Though we did detect some 

disruption in outer segment morphology in Tg(hsp70l:sox2)x21 retinas, particularly at 4 

dphs, when large clusters of proliferating cells were observed migrating into the ONL, we 

did not detect elevated TUNEL-labeling at either 2 dphs or 4 dphs (Fig. 8A–J). Together, 

these data suggest that ectopic Sox2 overexpression is sufficient to induce proliferation in a 

subset of Müller glia in the undamaged retina.

We next investigated the source of the proliferating Müller glia in the heat-shocked 

Tg(hsp70l:sox2)x21 retinas. Zebrafish exhibit persistent retinal neurogenesis throughout the 

life of the fish, with slowly cycling Müller glia throughout the central retina continually 

producing new rod photoreceptors (Otteson and Hitchcock, 2003). It is possible that 

overexpressing Sox2 might cause hyperproliferation of the Müller glia involved in persistent 

neurogenesis to generate more progenitors rather than inducing additional Müller glia to 
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reenter the cell cycle. To test this, we injected EdU four hours prior to the first heat shock to 

label any Müller glia currently in the process of persistent rod neurogenesis (Fig. 8K). If 

Sox2 overexpression expands these rare proliferating Müller glia, we would expect to see 

many EdU-positive/PCNA-positive cells following Sox2 overexpression. At 2 dphs, we 

observed few, if any, EdU-positive cells in the INL in both Tg(hsp70l:sox2)x21 (Fig. 8M–N) 

and control retinas (not shown), consistent with thymidine-analog tracing studies in this 

short timeframe (Otteson et al., 2001). More importantly, we never observed EdU-positive 

cells among the Sox2-induced proliferating INL cells at 2 dphs (Fig. 8L–N). These data 

demonstrate that Sox2 overexpression induces many Müller glia to reenter the cell cycle that 

are not actively involved in persistent neurogenesis.

β-catenin 2 is required for Müller glia proliferation, but not for the expression of sox2

Several studies recently showed that Wnt/β-catenin directly regulates sox2 expression in the 

developing vertebrate retina (Agathocleous et al. 2009, Meyers et al. 2012). Additionally, 

canonical Wnt signaling is a key regulator of Müller glia proliferation in the regenerating 

adult zebrafish retina following stab lesion (Ramachandran et al. 2011). There are two β-

catenin (ctnnb) paralogs in zebrafish, ctnnb1 and ctnnb2. Interestingly, Ramachandran et al. 
(2011) observed little-to-no change in expression of either ctnnb paralog following the 

retinal stab injury. However, microarray data previously obtained in our lab (Kassen et al., 

2007) revealed differential expression of the two genes following light damage. We 

performed qRT-PCR to determine how the two ctnnb paralogs were temporally regulated 

during the initial regeneration response to light damage. Consistent with the microarray data, 

we observed increased ctnnb2 gene expression very early in the regeneration response, prior 

to the increased ctnnb1 expression (Fig. 9A).

Because ctnnb1 exhibited little or no increase in expression by 31 hours of constant light, 

while ctnnb2 expression increased by 31 hours of constant light, it is likely that ctnnb2 
accounts for the increased β-catenin protein expression in proliferating Müller glia following 

either light damage (data not shown) or a stab lesion (Ramachandran et al., 2011). Based on 

these expression profiles, we hypothesized that β-catenin 2, but not β-catenin 1, may play a 

role in Müller glia proliferation and increased Sox2 expression. To determine the individual 

contribution of both β-catenin proteins to Müller glia proliferation, we knocked down both 

proteins independently prior to constant light treatment (Fig. 9B–G). Both the ctnnb1 and 

ctnnb2 morpholinos were previously validated to confirm that they knockdown the 

expression of the desired target protein (Gingerich et al., 2005; Xiong et al., 2006; 

Bellipanni et al., 2006). We quantified the number of PCNA-positive INL cells and found 

significantly fewer proliferating Müller glia in ctnnb2 MO retinas (7.1 ± 2.3; Tukey’s post-

hoc test p = 0.001, n = 9, Fig. 9D and G–H) relative to either the SC MO or ctnnb1 MO 

retinas after 31 hours of light (27.6 ± 1.8 and 27.7 ± 1.5, respectively; Fig. 9B–C, E–F, and 

H). These data confirm that β-catenin 2, but not β-catenin 1, is required for Müller glia 

proliferation in the light-damaged zebrafish retina.

We then examined whether β-catenin 2 regulates sox2 expression in the light-damaged 

retina, as it does in neuronal progenitor cells during retinal development. Using qRT-PCR, 

we observed no difference in sox2 levels in ctnnb2 MO retinas relative to the SC MO control 
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retinas after 31 hours of constant light (3.68 ± 0.0.3 and 3.80 ± 0.04, respectively; p = 0.07, 

n = 3) Fig. 9I). In contrast, expression of cyclin D1 (ccnd1), a canonical β-catenin target 

gene, was significantly reduced in ctnnb2 MO retinas compared to SC MO controls (7.15 

± 0.1 and 16.9 ± 0.1, respectively; p = 3.11 × 10−7, n = 3; Fig. 9J) and served as an internal 

control for our qRT-PCR dataset. Thus, β-catenin 2 is required for Müller glia proliferation 

in the light-damaged retina, but it does not act via regulating sox2 expression.

Sox2 regulates well-characterized Müller glia reprogramming factors

Ascl1a and Stat3 are two well-characterized transcription factors required for Müller glial 

reprogramming/proliferation in the regenerating zebrafish retina (Kassen et al., 2007; 

Fausett et al., 2008; Ramachandran et al., 2010; Nelson et al., 2012; Nelson et al., 2013; 

Wan et al., 2014) and morpholino-mediated knockdown of either protein results in reduced 

expression of the other (Nelson et al., 2012). Transcription of both genes (ascl1a and stat3) 

increases rapidly following retinal damage. To determine if Sox2 regulates expression of 

either transcription factor, we performed qRT-PCR to analyze ascl1a and stat3 expression in 

sox2 MO retinas. We observed a significant reduction in ascl1a expression after 31 hours of 

light treatment in the sox2 MO retinas relative to the SC MO retinas (SC MO: 116.5 ± 16.8-

fold change; sox2 MO: 70.6 ± 5.2-fold change; p < 0.0001, n = 3; Fig. 10A). Interestingly, 

stat3 expression was unaffected in the sox2 MO retinas relative to the SC MO retinas (p > 

0.9, n = 3; Fig. 10B). This represents the first report whereby a loss of ascl1a occurs without 

affecting stat3 expression.

In cultured human NSCs, SOX2 maintains LIN28 expression by recruiting chromatin 

remodeling factors to the LIN28 locus and LIN28 expression prevents biogenesis of mature 

let7 miRNA family members that directly destabilize MASH1 (the mammalian ortholog of 

ascl1a) mRNA (Cimadamore et al., 2013). Thus, in cultured NSCs, SOX2 indirectly 

regulates MASH1 expression through LIN28. In zebrafish, Lin28a is also required for 

Müller glia reprogramming and proliferation in the injured retina (Ramachandran et al., 

2010; Nelson et al., 2012). To investigate whether Sox2 regulates lin28a expression, we 

analyzed lin28a expression in sox2 MO retinas using qRT-PCR. After 31 hours of constant 

light, we observed a significant reduction of lin28a expression in sox2 MO retinas compared 

to the SC MO retinas (SC MO: 3.5 × 105-fold change; sox2 MO: 4.2 × 104-fold change; p = 

0.001, n = 3; Fig. 10C). This extremely large increase in lin28a expression in the light-

damaged SC MO retina is due to very low levels of lin28a expression in the undamaged 

retina (average lin28a CT = 37.5 ± 0.219) relative to the light-damaged SC MO retina 

(average lin28a CT = 20.0 ± 0.926), which results in a very small denominator in calculating 

the fold-change. Based on Ramachandran et al. (2010), it is likely that this reduced lin28a 
expression is responsible for the reduced ascl1a expression in the sox2 MO retina.

Increased Sox2 expression is required for Müler glia proliferation in undamaged TNFα/
Notch inhibitor-treated retinas

Conner et al. (2014) demonstrated that concurrent exposure to recombinant zebrafish TNFα 
and RO4929097, a γ-secretase inhibitor, induced a high percentage of Müller glia to begin 

proliferating in the absence of retinal damage. We used qRT-PCR to investigate whether this 

damage-independent model of Müller glia proliferation induced increased sox2 expression 
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similar to what was observed in the light-damaged retina (Fig. 11). After 3 days of TNFα 
and RO4929097 coinjections, we observed significant increases in expression of sox2, 

ascl1a, lin28a and stat3 (RO/TNF: Student’s t-tests: sox2 p = 6.4 × 10−7, ascl1a p = 5.9 × 

10−9, lin28a p = 3.3 × 10−6, stat3 p = 2.5 × 10−6, n=3; Fig. 11A–D) relative to coinjection of 

DMSO and elution buffer controls (DMSO/EB; Fig. 11A–D). Additionally, Sox2 expression 

was more robustly expressed in PCNA-positive INL cells of RO4929097/TNFα coinjected 

undamaged retinas (Fig. 11I–L) compared to the basal Sox2 expression observed in 

DMSO/EB-exposed undamaged controls (Fig. 11E–H). Because the increased expression of 

the regeneration-associated genes (sox2, ascl1a, lin28a, stat3) in TNFα and RO4929097 

coinjected undamaged retinas was analogous to the expression pattern in the light-damaged 

retinas (Fig. 10, comparing 0 and 31 hour controls), we hypothesized that Sox2 was also 

required to induce Müller glia proliferation in this undamaged model. We injected and 

electroporated either standard control or anti-sox2 morpholinos immediately prior to the first 

of three daily TNFα/RO4929097 coinjections and assayed for PCNA expression. While the 

SC MO retinas exhibited large numbers of PCNA-positive cells (Fig. 11M,N,Q; 120.4 

± 10.4), the sox2 MO retinas (Fig. 11O, P) displayed significantly fewer PCNA-positive 

cells (Fig. 11Q; 19.3 ±3.3, p = 8.5×10−7, n = 7). Together, these data demonstrate that Sox2 

is a crucial factor regulating Müller glia proliferation, even in the absence of retinal damage.

Sox2 is required for NPC amplification and induction of proneural gene expression

While the most dramatic increase in sox2 expression was observed between 16 and 31 hours 

of light, sox2 expression remained elevated at 51 and 68 hours of light before beginning to 

decrease at 96 hours (Fig. 1F). We examined the spatial expression of Sox2 at these later 

time points and discovered that nearly all PCNA-positive neuronal progenitor cells (NPCs) 

at 51 hours also expressed Sox2 (Fig. 12A,D,G, arrowheads). Quantification of the number 

of INL cells expressing Sox2, PCNA or both (Sox2 + PCNA; Fig. 12J) confirmed that all the 

PCNA-positive cells also expressed Sox2 (Fig. 12K). After 68 hours of light (Fig. 12B,E,H), 

there was a significantly lower percentage of PCNA-positive cells that co-expressed Sox2 

(Fig. 12J,K, 80 ± 3.7%; Tukey’s post-hoc test p = 0.001, n = 5). At 96 hours of light (Fig. 

12C,F,I), the percentage of PCNA-positive cells that co-expressed Sox2 was significantly 

reduced further (Fig. 12J,K; 26 ± 0.29%; Tukey’s post-hoc test p = 0.001, n = 5) relative to 

either 51 or 68 hours of constant light. Together, these data that indicate late-stage NPCs 

may downregulate Sox2 expression, possibly prior to committing to a neuronal fate.

Because Sox2 was expressed in nearly all proliferating NPCs at 51 hours of light, we 

hypothesized that Sox2 may be required for NPC amplification. We placed dark-adapted 

albino;Tg(atoh7:EGFP) transgenic fish in constant intense light for 51 hours (a time point 

following Müller glia division, but preceding NPC amplification). We then intravitreally 

injected and electroporated either Standard Control or sox2 morpholinos and then returned 

the fish to constant light for another 24 hours (75 total hours of light; Fig. 13A). This 

experimental design permitted normal Müller glia proliferation prior to knocking down Sox2 

expression to examine the subsequent effect on both NPC proliferation and expression of the 

Tg(atoh7:EGFP) transgene. Compared to the large number of PCNA-positive NPCs 

observed in uninjected and SC MO retinas (Fig. 13B–C, E; 122.0 ± 12.9 and 116.6 ± 10.2, 

respectively), sox2 MO retinas displayed significantly fewer PCNA-positive cells (Fig. 13D–
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E, 41.2 ± 0.5, Tukey’s post-hoc test p < 0.01, n ≥ 5). In addition, the uninjected and SC MO 

retinas contained a marginally significant reduction in the number of PCNA-positive cell 

clusters (Fig. 13E; 23.8 ± 2.2 and 24.4 ± 1.7, respectively) than the sox2 MO retinas (Fig. 

13E; 16.6 ± 1.8, Tukey’s post-hoc test p = 0.06, n ≥ 5). Because each cluster likely 

corresponds to the amplification of a single Müller glia-derived NPC, the reduced number of 

PCNA-positive NPCs, along with the slightly reduced number of PCNA-positive clusters, is 

consistent with Sox2 being required for the amplification of Müller glia-derived NPCs.

In neural stem/progenitor cells of the developing amphibian retina and mammalian 

hippocampus, Sox2 regulates expression of proneural genes (Amador-Arjona et al., 2015) or 

their transcriptional targets (Agathocleous et al., 2009). Using the above protocol, we 

examined if Sox2 regulated induction of the atoh7 proneural gene in the regenerating 

albino;Tg(atoh7:EGFP) transgenic retina. In uninjected and Standard Control morphant 

retinas, a subset of NPCs expressed EGFP at 75 hours of light treatment, indicative of 

proneural atoh7 expression (Fig. 13B–C, E; 67.3 ± 11.8 and 56 ± 4.7 EGFP-positive cells, 

respectively). In contrast, significantly fewer EGFP-positive cells were observed in sox2 MO 

retinas (Fig. 13D–E; 7.6 ± 2.1, Tukey’s post-hoc test p < 0.01, n = 5), indicating that Sox2 

expression is required for inducing NPC proliferation and/or expression of an atoh7 
transgene.

Sox2 is required for optimal regeneration of photoreceptors

To determine whether Sox2 is required for photoreceptor regeneration, the light-damaged (4 

days of constant light treatment) fish were recovered on a normal light/dark cycle for 21 

days. Labeling for the rod outer segment (ROS) marker Rhodopsin revealed generally 

normal rod morphology in sox2 MO retinas (Fig. 14B) relative to SC MO controls (Fig. 

14A). Further, there was not a significant difference in the number of rod nuclei per 100 μm 

of the ONL (Fig. 14G) in sox2 MO (56 ± 2.81) and SC MO (63.4 ± 2.70; p = 0.0735, n = 

10) retinas. Similarly, there was no significant difference in the ROS length (Fig. 14H) 

between sox2 MO retinas (29.1 ±1.78 μm) and SC MO (32.7 ± 1.47 μm; p = 0.136, n = 10) 

retinas. The only rod metric that showed any significant difference between treatments was 

ONL thickness (Fig. 14H; 13.0 ± 0.389 μm in SC MO vs 10.8 ± 0.668 μm in sox2 MO; p = 

0.0127, n = 10). Thus, it appeared that knockdown of Sox2 expression did not significantly 

affect the regeneration of rod photoreceptors.

We also analyzed the number of Zpr-1-positive double cones (Fig. 14A–B), UV opsin cones 

(Fig. 14C–D), blue opsin cones (Fig. 14E–F) and DAPI-positive cone nuclei (Fig. 14K–L). 

Overall, fewer cones of all classes were observed in sox2 MO retinas compared to SC MO 

control retinas which is reflected by the reduced number of DAPI-labeled cone nuclei (Fig 

14G; 89.5 ± 5.27 in SC MO relative to 68.2 ± 4.55 in sox2 MO; p = 6.73 × 10−3, n = 10). 

Quantification of the specific cone classes (Fig. 14G) revealed a reduction in UV cones (28.8 

± 2.20 in SC MO relative to 11.1 ± 1.36 in sox2 MO; p = 8.37 × 10−6, n = 8). While smaller, 

significant reductions were also observed for Zpr-1 double cones (68.9 4.74 for SC MO 

relative to 51.5 ± 3.54 for sox2 MO; p = 8.72 × 10−3, n = 10). Similarly, fewer blue opsin 

long single cones were present in sox2 MO relative to SC MO retinas (47.8 ± 1.60 in SC 
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MO compared to 39.0 ± 1.83 in sox2 MO; p = 2.99 × 10−3, n ≥ 8. Overall, these data suggest 

that Sox2 is required for complete regeneration of cones in light-damaged retinas.

This reduced regeneration of cones could be due to deficient Sox2 expression in the Müller 

glia, while the rods could regenerate from the resident rod precursor cells (Thummel et al., 

2010). To determine if rod precursors persisted at 21 days post light treatment in sox2 MO 

retinas relative to SC MO control retinas, we labeled retinal cryosections for PCNA 

expression (Fig. 14I–L). We detected significantly more PCNA-positive cells in the ONL of 

sox2 MO retinas (23.8 ± 2.44; Fig. 14M) compared to SC MO retinas (15.2 ± 1.82; p = 

0.0112, n = 10). Altogether, these data support the hypothesis that Sox2 is required for 

Müller glia-dependent regeneration of cone photoreceptors, while rods can regenerate via 

ONL-based rod precursor cells.

DISCUSSION

Sox2 is a well-established neuronal stem cell associated transcription factor required for: 1) 

maintaining pluripotency in ESCs (Kopp et al., 2008), 2) reprogramming somatic cells to 

generate iPSCs (Takahashi et al., 2006), iNSCs, or direct conversion of non-neuronal cells to 

functional neurons (Karow et al., 2012; Heinrich et al., 2014), and 3) regulation of neural 

development (Okuda et al., 2006; Taranova et al., 2006; Agathocleous et al., 2009) and adult 

neurogenesis (Favaro et al., 2009). Because zebrafish Müller glia respond to retinal damage 

by undergoing a reprogramming-like response and reentering the cell cycle to generate a 

pool of NPCs that replenish the lost retinal neurons, we examined the role of Sox2 in 

regenerating the light-damaged zebrafish retina. Upon light-induced photoreceptor cell 

death, Sox2 expression increased significantly and was required for Müller glia proliferation. 

Additionally, forced overexpression of Sox2 induced Müller glia proliferation in the absence 

of retinal damage, revealing that Sox2 is necessary and sufficient to stimulate Müller glia 

proliferation. Sox2 also regulated the expression of the neurogenic and reprogramming 

factors ascl1a and lin28a, respectively, following retinal damage. Interestingly, Sox2 was not 

required for stat3 expression. This is the first situation in which we observed a reduction of 

ascl1a that does not induce a concomitant reduction in stat3 expression. Finally, Sox2 

expression was required for the continued proliferation of the Müller glia-derived neuronal 

progenitor cells and their commitment to a neuronal lineage, as well as optimal regeneration 

of cone photoreceptors.

Sox2 is also required to maintain the progenitor state and neuronal competence of retinal 

progenitor cells (RPCs) during vertebrate retinal development (Taranova et al., 2006; 

Agathocleous et al., 2009). In fish and frogs, Sox2 expression in RPCs is regulated by Wnt/

β-catenin signaling (Agathocleous et al., 2009; Meyers et al., 2012). Several studies recently 

established a critical role for Wnt signaling during zebrafish retinal regeneration 

(Ramachandran et al., 2011; Wan et al., 2014). We determined that expression of the ctnnb2 
paralog increased very early following retinal damage and the encoded β-catenin 2, but not 

β-catenin 1, was required for Müller glia proliferation. However, neither β-catenin paralog 

regulated sox2 expression in the light-damaged retina.
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Two well-characterized genes required for zebrafish Müller glia reprogramming, ascl1a or 

stat3, both increase in expression and appear to be similarly regulated in the damaged retina 

(Faussett et al., 2006; Ramachandran et al., 2010; Nelson et al., 2012; Nelson et al., 2013; 

Wan et al., 2014). While morpholino-mediated knockdown of Sox2 expression significantly 

reduced ascl1a expression, it did not affect stat3 expression. Previously, we demonstrated 

that morpholino-mediated knockdown of Ascl1a expression significantly reduced Stat3 

expression (Nelson et al., 2012). This discrepancy may be explained by the Sox2 

knockdown resulting in a less severe decrease in Ascl1a expression compared to the 

morpholino-mediated knockdown of Ascl1a expression. Alternatively, it is possible that the 

loss of Sox2 still allows the pathway upstream of Stat3 to function, up to the point where it 

converges with Ascl1a. Regardless, Sox2 represents the first signaling molecule that 

differentially regulates the early expression of Stat3 and Ascl1a in the light-damaged 

zebrafish retina, which suggests that distinct signaling pathways are required for Müller glia-

dependent retinal regeneration.

We also observed that morpholino-mediated Sox2 knockdown drastically reduced lin28a 
expression. In cultured human NSCs, SOX2 maintains LIN28 expression by recruiting 

chromatin remodeling factors to the LIN28 locus and LIN28 expression prevents biogenesis 

of mature let7 miRNA family members that directly destabilize MASH1 (the mammalian 

ortholog of ascl1a) mRNA (Cimadamore et al., 2013). Thus, in cultured NSCs, SOX2 

indirectly regulates MASH1 expression through LIN28. Lin28a is also required for zebrafish 

Müller glia reprogramming (Ramachandran et al., 2010) and is necessary for Ascl1a 

expression (Nelson et al., 2012). Ramachandran et al. (2010) also demonstrated that Lin28a 

is required to antagonize let7 miRNA biogenesis and let7 suppressed zebrafish Ascl1a 

expression in HEK293 cells in a dose-dependent manner. These observations, along with the 

results of the current study, suggest Müller glia reprogramming may utilize a conserved 

Sox2/Lin28a/let7/Ascl1a pathway to generate NSCs in the regenerating zebrafish retina. 

Further studies will be required to determine if the Sox2-dependent loss of lin28a expression 

directly impacts expression of let7 family members. Alternatively, Sox2 may directly 

regulate the expression of Ascl1a and Lin28a, while Lin28a/let7 subsequently regulates the 

expression of Ascl1a. Furthermore, to accurately understand the role Sox2 plays in Müller 

glia reprogramming, more elaborate experiments will be required to identify additional 

transcriptional targets of Sox2. For example, Sox2 chromatin immunoprecipitation 

experiments of regenerating zebrafish retinas, as well as RNA sequencing following both 

Sox2 knockdown and overexpression, will yield a wealth of Sox2 target candidates.

Sox2 also plays a role during later stages of zebrafish retinal regeneration. Expression of 

sox2 remained elevated during early periods of NPC amplification, which correlated with 

nearly all proliferating NPCs expressing Sox2 after 51 hours of constant light (Fig. 12). 

Subsequent amplification of these NPCs was dependent on Sox2 (Fig. 12). The slightly 

reduced number of NPC clusters in the sox2 morphant (Fig. 12), suggests that a small 

number of Müller glia reenter the cell cycle after the 51 hour timepoint when the morpholino 

was injected and electroporated, which would reduce the total number of PCNA-positive 

cells in the sox2 morphant relative to the controls. However, this slight reduction in the 

number of proliferating Müller glia is insufficient to account for the entire reduction in the 

number of PCNA-positive NPCs relative to the controls and is consistent with Sox2 being 

Gorsuch et al. Page 17

Exp Eye Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



required for NPC amplification. As NPCs began to commit to a neuronal fate, the number of 

Sox2-positive cells began to decrease (Fig. 12). Interestingly, the knockdown of Sox2 

expression in the NPCs resulted in decreased numbers of GFP-positive cells in the 

Tg(atoh7:GFP) transgenic line (Fig. 13), suggesting that expression of the atoh7:GFP 
reporter was dependent on Sox2 expression. Alternatively, it is possible that Sox2 is required 

for NPC proliferation/commitment and loss of Sox2 expression prevents the NPCs from 

reaching the point in commitment where they would normally express atoh7. In this case, 

Sox2 would indirectly regulate atoh7 expression through its effect on NPC commitment 

rather than directly regulating atoh7 transcription. This interplay between Sox2 and 

proneural factors, such as Atoh7, in neural stem/progenitor cells is beginning to be 

elucidated in other systems. In general, Sox2 is required for the induction of proneural 

circuits, which then feedback to repress Sox2 expression and promote neuronal 

differentiation (Agathocleous et al., 2009; Hagey and Muhr, 2014; Amador-Arjona et al., 

2015). Thus, it is likely that Sox2 regulates NPC proliferation and/or expression of proneural 

factors, such as atoh7, in late-stage Müller glia-derived NPCs during zebrafish retinal 

regeneration.

The use of morpholinos in this study allowed us to conditionally knockdown the expression 

of Sox2 in the adult retina. It is very likely that a sox2 loss-of-function mutation would 

result in either significant developmental abnormalities and/or death, which would have 

precluded these studies in the adult retina. However, the electroporation procedure itself 

induces some retinal damage, which prevents us from studying the role of Sox2 prior to the 

damage stimulus. This is critical because it would reveal the function of the basal Sox2 

expression in the Müller glia and amacrine cells and allow us to draw parallels to the 

conditional knockout phenotype observed in postnatal mouse Müller glia (Surzenko et al., 

2013). Conditional knockout of sox2 in the adult zebrafish Müller glia could reveal if Sox2 

is required for Müller glia maintenance, retinal cytoarchitecture, and retinal function as 

described in the postnatal mouse retina (Bachleda et al., 2016). Loss of Sox2 could alter 

these basal Müller glial functions, which may be required for Müller glia-derived neuronal 

regeneration through an unknown mechanism. To this end, recent advances in nuclease-

based genome editing may make it possible to someday generate conditional sox2 alleles in 

zebrafish to address such important questions.

In conclusion, Sox2 is necessary and ectopically sufficient for Müller glia reprogramming 

and proliferation in the regenerating zebrafish retina. Müller glia in both the undamaged 

mammalian and zebrafish retina maintain Sox2 expression into adulthood, but the former 

cannot provide the robust regenerative response observed in the fish. It is unclear what 

mechanisms result in increased expression of Sox2 in the Müller glia of light-damaged 

zebrafish, but this may be a critical mechanism that prevents Müller glia-dependent 

regeneration, in the damaged mammalian retina. Additionally, comparative studies between 

Sox2 targets and Sox2 expression dynamics in both the damaged mammalian and zebrafish 

retinas will be invaluable to increase our understanding of where the mammalian 

regeneration response fails and provide novel therapeutic targets to stimulate Müller glia to 

regenerate the human retina.
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CONCLUSIONS

Sox2 is necessary and sufficient for Müller glia proliferation, a key early event for 

regeneration of the damaged zebrafish retina. Subsequently, Sox2 is required for 

amplification of the Müller glia-derived neuronal progenitor cells and their commitment to a 

neuronal lineage.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Sox2 is required for Müller glia proliferation in the damaged zebrafish retina.

2. Sox2 is sufficient for Müller glia proliferation in the absence of damage.

3. Sox2 is required for Müller glia-derived neuronal progenitor cell proliferation.

4. Sox2 is required for neuronal progenitor cell commitment to a neuronal 

lineage.
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Figure 1. Sox2 expression is dynamic in the regenerating zebrafish retina
Cryosections of undamaged adult albino;Tg(gfap:EGFP) zebrafish retinas were prepared and 

labeled with anti-Sox2 antiserum (A–E) and either the amacrine and ganglion cell marker 

HuC/D (B,C) or anti-EGFP to label Müller glia (D,E). Sox2 co-labeled with HuC/D-positive 

round nuclei in the INL and GCL (A–C; arrows) and fusiform Müller glia nuclei in the INL 

(A, D, E, arrowheads). RNA was isolated from adult zebrafish retinas at 0, 16, 31, 51, 68 

and 96 hours of constant intense light. Total cDNA was prepared and sox2 expression 

analyzed via qRT-PCR (F). After 31 hours of constant light, sox2 expression increased > 2 

log2-fold, and remained elevated throughout the remainder of the time course. This 

increased sox2 expression is consistent with our previous microarray data (Kassen et al., 

2007; F). Retinal cryosections from undamaged (0 h, G–I) or 31 hour light-damaged eyes 

(J–L) revealed low levels of Sox2 expression in Müller glia of the undamaged retina (G and 

I, arrowheads) and greatly increased expression in PCNA-positive INL cells following 31 

hours of light (J–L, arrowheads). The acquisition settings for panels G–L were equivalent 

and set for an optimal dynamic range for Sox2 expression at the 31 hour time point (J and 

L). Co-labeling of Sox2, PCNA and EGFP in Tg(gfap:EGFP) transgenic zebrafish retinas 

(M–P), which express EGFP in the Müller glia, revealed elevated Sox2 expression in PCNA-

positive Müller glia compared to PCNA-negative Müller glia (arrowheads and arrows, 

respectively) after 31 hours of light. Inset corresponds to the boxed region in each panel and 

contains both a PCNA-positive and PCNA-negative Müller glia (arrowhead and arrow, 

respectively). qRT-PCR, quantitative real-time polymerase chain reaction; PCNA, 

proliferating cell nuclear antigen; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, 

outer nuclear layer. Scale bars in panels A, G and M are 25 μm and are the same for panels 

B–E, H–L and N–P, respectively.
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Figure 2. Sox2 expression increases in the light-damaged retina prior to Müller glia proliferation
Dark-adapted adult albino zebrafish were placed in constant intense light and one hour 

before eyes were fixed at 0, 8, 16, 20, 25 and 31 hours zebrafish were intravitreally injected 

with 1 mg/ml of EdU. Cryosections were labeled for Sox2 (A–L, S–X), HuC/D (G–L, S–X), 

EdU (M–X) and DAPI (S–X). Sox2 protein expression in HuC/D-negative cells (i.e. Müller 

glia) began to increase at 20 hours of light-treatment compared to undamaged retinas (0 h) 

and continued to increase in expression at subsequent timepoints, while EdU was only 

incorporated into cells beginning at 25 hours of light-treatment. Notably, the EdU-positive 

cells were Sox2-positive and HuC/D-negative, consistent with them representing Müller 

glia. Arrowheads mark Sox2-positive cells that are HuC/D-negative and EdU-negative, while 

arrows identify Sox2-positive cells that are HuC/D-negative and EdU-positive. PCNA, 

proliferating cell nuclear antigen; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, 

outer nuclear layer. Scale bar in A, 25 μm and is the same for panels B–X.
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Figure 3. Sox2 is required for Müller glia proliferation in the light-damaged zebrafish retina
Immunoblots were performed on protein lysates prepared from 72 hours postfertilization 

(hpf) embryos that were either uninjected (UI), or injected with standard control morpholino 

(SC MO) or anti-sox2 morpholino (sox2 MO) at the 1–4 cell stage (A). These blots revealed 

a dramatic reduction of Sox2 expression in the sox2 MO embryos compared to controls. 

Actin was used as a loading control. Adult eyes were either uninjected or injected and 

electroporated with SC MO or sox2 MO immediately prior to 36 hours of constant light 

damage. Retinal sections were labeled with either Sox2 antibodies (B–D) or PCNA 

antibodies (E–G). Sox2 expression was dramatically knocked down in the majority of the 

Müller glia and amacrine cells in sox2 MO retinas (D) relative to control retinas (B, C). Very 
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few round Sox2-positive nuclei were observed in sox2 MO retinas (D, arrows). The sox2 
MO retinas (G, H) also contained significantly fewer PCNA-positive cells relative to either 

control (E–F and H; ANOVA analysis, p = 6.68 × 10−8, Tukey’s post-hoc test p = 0.001, n ≥ 

9). PCNA, proliferating cell nuclear antigen; GCL, ganglion cell layer; INL, inner nuclear 

layer; ONL, outer nuclear layer, UI, uninjected. Scale bars in panels B and E are 25 μm and 

are the same for panels C–D and F–G, respectively.
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Figure 4. Sox2 knockdown does not affect light-induced photoreceptor cell death
Adult albino zebrafish eyes were either uninjected (UI) or injected and electroporated with 

either standard control morpholino (SC MO) or anti-sox2 morpholino (sox2 MO). After 16 

hours of constant light treatment, retinal cryosections were analyzed for cell death by 

TUNEL. The TUNEL signal in the ONL of uninjected, SC morphant and sox2 morphant 

retinas (A–C) was not statistically different (D; ANOVA p = 0.589, n = 5). Retinas were 

stained with DAPI to detect the nuclear layers (A–C). TUNEL, terminal deoxynucleotidyl 

transferase dUTP nick end labeling; GCL, ganglion cell layer; INL, inner nuclear layer; 

ONL, outer nuclear layer, UI, uninjected. Scale bar in panel A is 25 μm and is the same for 

panels B and C.
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Figure 5. Sox2 is not required to maintain Müller glia identity in the undamaged zebrafish retina
Eyes of adult albino;Tg(gfap:EGFP) zebrafish were either uninjected (A, F) or injected and 

electroporated with either the Standard Control morpholino (SC MO; B, D, G, I) or anti-

sox2 morpholino (sox2 MO; C, E, H, J) and placed back in a standard light-dark cycle to 

recover. Retinal sections were immunolabeled for GFP (A–J) and PCNA (F–J) after either 2 

(B, C, G, H) or 5 days post electroporation (dpe, D, E, I, J). At both time points, no 

differences in the morphology of Müller glia were observed between sox2 morphant retinas, 

SC morphant retinas and uninjected control retinas. There was no significant difference 

between the number of Müller glia in all three groups at 2 dpe (K; ANOVA p = 0.293, n = 

5). At 5 dpe, the SC morphant retinas contained significantly fewer GFP-positive Müller glia 

relative to both the uninjected control and sox2 morphant retinas (K; ANOVA p = 0.0025 

and Tukey’s post-hoc test p = 0.006 between UI and SC MO, p = 0.023 for SC MO and sox2 
MO, n = 5), due to a subset of Müller glia reentering the cell cycle and producing clusters of 

PCNA-positive neuronal progenitor cells in the sox2 morphant (I, arrows; arrowheads 

indicate PCNA-negative GFP-positive Müller glia). The damage response is also evident by 

the presence of PCNA-positive Müller glia in the SC MO retina at 2 dpe (G) and the 

hypertrophied GFP-positive Müller glial processes in all the electroporated retinas (B–E, G–

J) relative to the uninjected retinas. Retinas were stained with DAPI to detect the nuclear 

layers (F–J). At 5 dpe, immunoblots of retinal lysates confirmed that there was not a global 

reduction in the number of Müller glia based on the relatively equivalent expression of the 

Müller glia proteins, Glutamine Synthetase (GS) and Glial Acidic Fibrillary Protein (GFAP) 

in uninjected (UI), SC MO or sox2 MO retinas (L). PCNA, proliferating cell nuclear 
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antigen; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer, UI, 

uninjected. Scale bar in panel A is 25 μm and is the same for panels B–J.
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Figure 6. Overexpression of Sox2 can induce Müller glia proliferation in the undamaged 
zebrafish retina
Tg(hsp70l:sox2)x21 transgenic zebrafish or wild-type (WT) sibling control zebrafish were 

exposed to one hour of heat shock daily at 38°C for either two or four days (A). After 2 days 

post-initial heat shock (2 dphs), retinal sections were immunolabeled for Sox2 (B, C, F and 

G) and the Müller glia marker, glutamine synthetase (GS, D–G). Sox2 expression in 

undamaged wild-type siblings (B) was low while Tg(hsp70l:sox2)x21 retinas exhibited 

strong ubiquitous expression (C). Co-labeling with glutamine synthetase revealed increased 

expression of Sox2 in Müller glia in Tg(hsp70l:sox2)x21 retinas (E,G) compared to wild-
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type sibling (D, F). Immunoblots of protein lysates confirmed that increased Sox2 

expression in Tg(hsp70l:sox2)x21 retinas persisted 24 hours after the second heat shock 

relative to WT sibling retinas that were identically heat shocked (H). Immunolabeling of 

Tg(hsp70l:sox2)x21 retinas at 2 dphs (I and L) and 4 dphs (J and M) revealed significantly 

greater numbers of PCNA-positive cells from 2 dphs to 4 dphs in both the INL (O; ANOVA 

p = 8.85 × 10−16, Tukey’s post-hoc test p = 0.001, n = 4) and ONL cells (O; ANOVA p = 

5.72 × 10−10, Tukey’s post-hoc test p = 0.001 n = 4) Retinas were stained with DAPI to 

detect the nuclear layers (L–N). dpHS, day post heatshock; GCL, ganglion cell layer; GS, 

glutamine synthetase, INL, inner nuclear layer; ONL, outer nuclear layer; PCNA, 

proliferating cell nuclear antigen; WT, wildtype. Scale bars in panels B, D, and I are 25 μm 

and are the same for panels C, E–G, and J–N, respectively.
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Figure 7. Heat-shock-induced ectopic expression in Tg(hsp70l:sox2)x21 zebrafish of Sox2 and 
PCNA across the entire retinal section
Single confocal images of a retinal section from a Tg(hsp70l:sox2)x21 zebrafish that was 

either not heat-shocked (A, E, I) or heat shocked daily at 38°C for 3 days (B, F, J). Retinal 

cryosections were immunolabeled for Sox2 (A–D and I–L) and PCNA (E–L). The non-heat 

shocked fish exhibited a low basal level of Sox2 expression across the retina, while the heat-

shocked Tg(hsp70l:sox2)x21 fish exhibited increased levels of Sox2 expression that were 

non-uniform across the retina, with higher levels in the central dorsal and ventral retina and 

decreased expression towards the retinal margins. Additionally, PCNA expression was 
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restricted to the regions containing increased Sox2 expression in the INL of both the ventral 

and central dorsal retina. The boxed regions in B, F, and J represent the magnified dorsal and 

ventral images in C, D, G, H, K, and L. GCL, ganglion cell layer; INL, inner nuclear layer; 

ONL, outer nuclear layer. The scale bar in A, 200 μm and is the same for B, E, F, I, and J. 

The scale bar in C, 25 μm and is the same for D, G, H, K, and L.
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Figure 8. Ectopic Sox2 expression does not induce cell death or expansion of non-quiescent 
Müller glia
Tg(hsp70l:sox2)x21 transgenic zebrafish or wild-type (WT) sibling control zebrafish were 

exposed to one hour of heat shock daily at 38°C for either two or four days. Retinal sections 

were analyzed for cell death using TUNEL assays (A–J). DNase I-treated AB control retinal 

sections displayed uibiquitous TUNEL-positive cells throughout cell nuclei in the retina (E 

and J). TUNEL-positive cells were not observed in either Tg(hsp70l:sox2) (C–D, H–I) or 

wild-type (A–B, F–G) sibling control zebrafish at either time point analyzed. 

Tg(hsp70l:sox2) transgenic zebrafish were injected with EdU 4 hours prior to beginning the 

2 day heat shock regimen (K). Retinal sections revealed no PCNA-positive cells that were 

also EdU-positive (L–N). The occasional EdU-positive cells in the ONL (L–N, arrowhead) 

likely represent cycling rod precursor cells. Retinas were stained with DAPI to detect the 

nuclear layers (F–J, N). TUNEL, terminal deoxynucleotidyl transferase dUTP nick end 

labeling; PCNA, proliferating cell nuclear antigen; EdU, 5-ethynyl-2′-deoxyuridine; GCL, 

ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars in panels 

A and L are 25 μm and are the same for panels B–J and M–N, respectively.
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Figure 9. β-catenin 2 is required for Müller glia proliferation, but does not regulate sox2 
expression
RNA was isolated from dark-adapted albino zebrafish retinas either immediately prior to (0 

hr) or following 16, 31, 51, 68 or 96 hours of constant light treatment. qRT-PCR revealed 

differential expression of ctnnb2 and ctnnb1 (A). Adult albino zebrafish retinas were 

injected and electroporated with either standard control morpholino (SC MO), anti-ctnnb1 
morpholino (ctnnb1 MO), or anti-ctnnb2 morpholino (ctnnb2 MO) immediately prior to 

light treatment. After 31 hours of constant light, multiple PCNA-positive cells were 

observed in the INL of SC morphant (B and E) and ctnnb1 morphant (C and F) retinas, 

while significantly fewer PCNA-positive cells were observed in the INL of ctnnb2 morphant 

retinas (D, G, H; ANOVA p = 4.23 × 10−8, Tukey’s post-hoc test p = 0.001, n = 9). Retinas 

were stained with DAPI to detect the nuclear layers (E–G). RNA isolated after 31 hours of 

constant light was analyzed by qRT-PCR and revealed a similarly large increase in sox2 
expression in both SC and ctnnb2 morphant retinas relative to the 0 hour control, but not a 

significant difference between the SC and ctnnb2 morphant at 31 hours (I; Student’s t-test p 

= 0.07, n = 3). To independently assay the quality of the mRNA, qRT-PCR confirmed cyclin 
D1 (ccnd1) expression was significantly reduced in ctnnb2 morphant retinas relative to SC 

morphant after 31 hours of light (J; Student’s t-test p = 3.11 × 10−7, n = 3). PCNA, 

proliferating cell nuclear antigen; GCL, ganglion cell layer; INL, inner nuclear layer; NS, 

not significant; ONL, outer nuclear layer. Scale bar in panel B is 25 μm and is the same for 

panels C–G.
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Figure 10. Sox2 regulates ascl1a and lin28a, but not stat3, expression in the regenerating 
zebrafish retina
Adult albino zebrafish eyes were either uninjected, or injected and electroporated with either 

standard control morpholino (SC MO) or anti-sox2 morpholino (sox2 MO) immediately 

prior to the onset of light treatment. Total RNA was isolated from retinas after 31 hours of 

constant light and expression of ascl1a, stat3, and lin28a were assayed via qRT-PCR. 

Knockdown of Sox2 expression had no effect on stat3 expression (B; Student’s t-test, p > 

0.9, n = 3). In contrast, expression of both ascl1a (A; Student’s t-test, p < 0.0001, n = 3) and 

lin28a (C; Student’s t-test, p = 0.001, n = 3) decreased significantly in sox2 morphant retinas 

relative to SC morphant retinas. The 0 hour control is shown for each transcript to simply 

demonstrate the extent of increased gene expression in the control at 31 hours.
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Figure 11. Sox2 regulates Müller glia proliferation in the undamaged retina following TNFα 
exposure and Notch inhibition
Adult AB zebrafish were intraperitoneally (ip) injected with the γ-secretase inhibitor 

RO4929097 (RO) and left eyes were intravitreally injected with recombinant zebrafish 

soluble TNFα (TNF). Control fish were injected ip with 10% DMSO and left eyes were 

intravitreally injected with the Ni-NTA native elution buffer (EB) used for TNFα 
purification. Injections were carried out every 12 hours for 3 days. RNA was purified from 

left eyes and the sox2 (A), ascl1a (B), lin28a (C), or stat3 (D) gene expression levels were 

determined by qRT-PCR. Compared to control eyes (DMSO/EB), expression of all four 

genes increased following treatment with RO4929097 and TNFα (RO/TNF; Student’s t-

tests, sox2 p = 6.4 × 10−7, ascl1a p = 5.9 × 10−9, lin28a p = 3.3 × 10−6, stat3 p = 2.5 × 10−6, 

n=3). Immunocytochemistry confirmed that the RO4929097 and TNFα treatment (RO/TNF) 

was sufficient to induce increased Sox2 protein expression in PCNA-positive cells relative to 

buffer (DMSO/EB) injected eyes (E–L). Immediately prior to the RO4929097 and TNFα or 

control injections, either standard control morpholino (SC MO) or anti-sox2 morpholino 
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(sox2 MO) were injected and electroporated into eyes. After the three-day injection regimen, 

retinal sections were labeled with anti-PCNA antibodies (M–P). The sox2 morphant retina 

(O–Q) possessed significantly fewer PCNA-positive cells relative to the SC morphant retinas 

(M, N, Q; Student’s t-test, p = 8.5×10−7, n = 7). Retinas were stained with DAPI to detect 

the nuclear layers (H, L, N, P). PCNA, proliferating cell nuclear antigen; GCL, ganglion cell 

layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars in panels E and M are 

25 μm and are the same for panels F–L and N–P, respectively.
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Figure 12. Sox2 expression dynamics in early and late-stage neuronal progenitor cells
Dark-adapted adult albino zebrafish were exposed to constant intense light for either 51, 68 

or 96 hours and retinal cryosections were labeled with antibodies to Sox2 (A–C, G–I) and 

PCNA (D–I). After 51 hours of constant light, many small clusters of INL cells were 

observed expressing both PCNA and Sox2 (A,D,G, arrowheads). After 68 hours, most 

PCNA-positive cells in the INL still expressed Sox2 (B,E,H, arrowheads), but some cells 

within these clusters did not express Sox2 (B,E,H, arrows). At 96 hours, few cells expressed 

both markers (C,F,I, arrowheads), as the majority of PCNA-positive cells did not express 

Sox2 (C,F,I, arrows). The number of INL cells expressing Sox2, PCNA, or those expressing 

both markers (J) and the percentages of all of the PCNA-positive INL cells that also express 

Sox2 at each time point was determined (K). We observed a significant reduction in the 

percentage of PCNA-positive cells that also express Sox2 from 51 hours through 96 hours of 

light treatment (K; ANOVA p = 3.71 × 10−11, for 51 to 68 hours, Tukey’s post-hoc test p = 

0.001, n = 5, for 68 to 96 hours, Tukey’s post-hoc test p = 0.001, n = 5). PCNA, proliferating 

cell nuclear antigen; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear 

layer. Scale bar in panel A is 25 μm and is the same for panels B–I.
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Figure 13. Sox2 regulates NPC amplification and neuronal commitment
Following 51 hours of constant intense light treatment, adult albino; Tg(atoh7:EGFP) 
zebrafish eyes were either uninjected (UI) or injected and electroporated with either standard 

control morpholino (SC MO) or anti-sox2 morpholino (sox2 MO). Fish were placed back 

into constant light for an additional 24 hours (75 hours of total light exposure) before eyes 

were collected for analysis (A). Retinal sections were labeled with antibodies to GFP and 

PCNA (B–D). The sox2 morphant retinas (D, E) contained significantly fewer PCNA-

positive cells in the INL relative to either uninjected or SC morphant retinas (B–C, E; 

ANOVA p = 5.19 × 10−4, Tukey’s post-hoc test p < 0.01, n ≥ 5). Additionally, significantly 

fewer EGFP-positive cells (atoh7) were present in the sox2 morphant retinas compared to 

either uninjected or SC morphant retinas (E; ANOVA p = 5.20 × 10−4, Tukey’s post-hoc test 

p < 0.01, n = 5). There was also a slight, but marginally significant decrease in the number 

of PCNA-positive cell clusters (B–D, arrows; one cluster is indicative of one initial Müller 

glial division) in sox2 morphants relative to either uninjected or SC morphant retinas (E; 

ANOVA p = 0.04, Tukey’s post-hoc test p = 0.06, n ≥ 5). PCNA, proliferating cell nuclear 

antigen; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer, UI, 

uninjected. Scale bar in panel B is 25 μm and is the same for panels C and D.
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Figure 14. Sox2 is required for optimal regeneration of cones following light-damage
Adult albino zebrafish retinas were injected and electroporated with either standard control 

morpholino (SC MO) or anti-sox2 morpholino (sox2 MO) immediately prior to light 

treatment. Following the standard four days of constant light, fish were returned to a normal 

light/dark cycle to recover. After 21 days of recovery, retinal sections were prepared and 

labeled with photoreceptor markers Zpr1 (A–B, green), Rhodopsin (A–B, red), UV opsin 

(C–D, red), and Blue opsin (E–F, red). Fewer cones of all classes were observed in sox2 
morphant retinas (B, D, F) compared to controls (A, C, E). Cones were often missing in 

small patches throughout the sox2 morphant retinas (B, asterisk). Rhodopsin labeled rod 

outer segments (ROS) appeared to be slightly shorter in length in sox2 morphant retinas (B) 

compared to controls (A). Quantification of photoreceptor markers (G) indicated a 

significant reduction in the numbers of cells expressing Zpr1 (Student’s t-test, p = 0.009, n = 

10), Blue opsin (Student’s t-test, p = 0.003, n ≥ 8), and UV opsin (Student’s t-test, p = 8.37 

× 10−6, n = 8), and cone nuclei (Student’s t-test, p = 0.007, n = 10) in sox2 morphants 

relative to control retinas. While the average thickness of the ONL was significantly reduced 

in sox2 morphant retinas compared to controls (H; Student’s t-test, p = 0.0127, n = 10), the 

length of ROS (H; Student’s t-test, p = 0.136, n = 10) and number of rod nuclei per 100 μm 

(G; Student’s t-test, p = 0.074, n = 10) was not statistically altered between groups. Retinas 

labeled with antibodies to PCNA (I–L, arrows), displayed a significant increase in ONL 

proliferation (M; Student’s t-test, p = 0.011, n = 10) in sox2 morphant retinas compared to 

controls. Retinas were stained with DAPI to detect the nuclear layers (A–F, K, L). PCNA, 

Gorsuch et al. Page 42

Exp Eye Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proliferating cell nuclear antigen; GCL, ganglion cell layer; INL, inn and I are 25 μm and 

are the same for panels B–F and J–L.
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Table 1

qRT-PCR primers.

Gene Name Primers for qRT-PCR

sox2
F: 5′-GCTCCAGTACAACTCCATGAC-3′

R: 5′-CTGCGAATAGGACATGCTGTAG-3′

ctnnb1
F: 5′-CAAGAGCAAGTAGCAGACATCG-3′

R: 5′-CTGTGTGGAAGGTATCTGCATG-3′

ctnnb2
F: 5′-AACTACCAGGACGATGCAGAG-3′

R: 5′-CTTTATTCACCACCACCTGGTC-3′

stat3
F: 5′-GAGGAGGCGTTTGGCAAA-3′

R: 5′-TGTGTCAGGGAACTCAGTGTCTG-3′

ascl1a
F: 5′-GCCAGACGGAACGAGAGAGA -3′

R: 5′-AGGGTTGCAAAGCCGTTG-3′

lin28
F: 5′-TAACGTGCGGATGGGCTTCGGATTTCTGTC-3′

R: 5′-ATTGGGTCCTCCACAGTTGAAGCATCGATC-3′

18s
F: 5′-TCGGCTACCACATCCAAGGAAGGCAGC-3′

R: 5′-TTGCTGGAATTACCGCGGCTGCTGGCA-3′
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