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Abstract

The canonical Wnt/β-catenin (“Wnt”) pathway is an essential signaling cascade in the embryonic 

central nervous system (CNS) that regulates neuronal differentiation and survival. Loss of Wnt 

signaling in developing and adult tissue has been implicated in numerous CNS diseases, but the 

precise role of Wnt in regulating neuronal survival, and how its absence could lead to disease, is 

not understood. In this study, we investigated the effect of Wnt activation on neuronal survival in 

the adult retina, and identified cellular and molecular mediators. Pan-retinal Wnt signaling 

activation using Wnt3a induced functional and morphological rescue of photoreceptor neurons in 

the rd10 mouse model of retinal degeneration. Furthermore, Wnt activation using constitutively 

active β-catenin specifically targeted to Muller glia increased photoreceptor survival and reduced 

markers of glial and neuronal remodeling. Wnt-induced photoreceptor protection was associated 

with elevated levels of prosurvival protein Stat3, and was reduced by shRNA-mediated 

knockdown of Stat3, indicating cross-talk between pro-survival pathways. Therefore, these data 

increase our understanding of the role of Wnt signaling in the retina, and identify radial Muller 

glia as important cellular mediators of Wnt activity.
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1. Introduction

Canonical Wnt signaling is activated by binding of extracellular ligands to the coreceptors 

Frizzled and LRP5/6, leading to association of β-catenin with nuclear TCF/LEF proteins and 

induction of target genes. Wnt signaling plays numerous roles in the CNS, ranging from 

neuronal differentiation (Hunter et al., 2004; Masai et al., 2005; Fuhrmann, 2008), and 

regeneration (Osakada et al., 2007), to controlling axonal outgrowth and synaptic function 
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(Rosso et al., 2005; Inestrosa and Arenas, 2010). Wnt signaling also regulates neuronal 

survival in vitro and after acute tissue injuries in vivo (Yi et al., 2007; Lin et al., 2009; 

Mizukami et al., 2009; Seitz et al., 2010; Fragoso et al., 2011). Furthermore, loss of Wnt 

signaling is associated with neuronal death in animal models of Alzheimer’s disease 

(Caricasole et al., 2004). However, the precise cellular and molecular mechanisms that 

regulate neuroprotective Wnt signaling are poorly understood.

Retinal degenerations, such as age-related macular degeneration and retinitis pigmentosa, 

are leading causes of vision loss in the developed world, and result from dysfunction and 

death of the light-sensing photoreceptor neurons. Characterizing molecular signaling 

pathways that regulate photoreceptor function and viability is an essential step in identifying 

potential therapeutic targets. Our group and others previously demonstrated that Wnt 

signaling activation rescued photoreceptors in culture and in vivo from acute toxicity 

induced by oxidative stress, laser and light injuries, (Yi et al., 2007; Lin et al., 2009; 

Mizukami et al., 2009; Seitz et al., 2010; Fragoso et al., 2011; Braunger et al., 2013; Liu et 

al., 2013; Sanges et al., 2013). However, acute toxicity models do not closely mimic 

inherited human retinal degenerations, leading to the question of what is the effect of Wnt 

activation in animal models of inherited retinal degenerations, particularly using druggable 

targets such as Wnt ligands.

The retina is a thin multilayered neuroepithelial tissue that is often used to investigate 

neuronal survival pathways because it has the advantages of lower complexity and ease of 

delivering genes and proteins. In the retina, the survival of photoreceptors is influenced by 

growth factors that are secreted by a radial glial cell type called Muller glia (Chaum, 2003). 

Endogenous Wnt signaling is upregulated in Muller glia during retinal injury (Yi et al., 

2007) and activated Wnt signaling in retinal glia induced expression of prosurvival growth 

factors, including BDNF and CNTF (Yi et al., 2007; Seitz et al., 2010; Fragoso et al., 2011). 

However, the role of glial Wnt in photoreceptor survival is unknown. In this study, we 

characterized the function of canonical Wnt signaling during inherited retinal degeneration 

in the murine rd10 model, and identified its cellular and molecular mediators. Our results 

demonstrate that activation of Wnt signaling in Muller glia induced functional and 

morphological neuroprotection of photoreceptors. Furthermore, Stat3 was shown to be an 

important contributor to Wnt-induced neuroprotection. Therefore, these studies suggest a 

model in which the Wnt pathway is stimulated in Muller glia in the presence of neuronal 

damage, and that over-expressing Wnt activators induces neuronal survival factors and 

reduces degeneration.

2. Materials and Methods

2.1 Animals and subretinal injections

All procedures involving mice were performed in accordance with the ARVO Statement for 

the Use of Animals in Ophthalmic and Vision Research and were approved by the Animal 

Care and Use Committee at the University of Miami. The mouse lines C57Bl/6 and rd10 

(B6.CXB1-Pde6brd10/J) were obtained from Jackson Laboratory (Bar Harbor, Maine). Mice 

of either sex were anesthetized using a ketamine/xylazine cocktail, and the corneas were 

anesthetized with a drop of 0.5% proparacaine hydrochloride and pupils dilated with 10% 
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phenylephrine ophthalmic solution. The method of injection was as follows: A thin custom-

made microsyringe (Hamilton, Reno, NV) was passed through the sclera of the eye into the 

subretinal space and 1 μl of solution containing Wnt3a, PBS or viral constructs was injected. 

Successful injection was indicated by a temporary bleb and retinal detachment that quickly 

resolved, which is typical of this type of injection technique. Mice with unresolved retinal 

detachments or bleeding were excluded from further analysis. Each injected eye was treated 

topically post-injection with a drop of Polymyxin B Sulfate and Trimethoprim Ophthalmic 

Solution USP Sterile (Bausch and Lomb). The fellow eye was uninjected.

2.2 Construction of adenoviral vectors containing Muller glia-specific Wnt signaling 
regulators

Wnt signaling was modified specifically in Muller glia using the non-secreted Wnt inhibitor 

β-eng gene (Montross et al., 2000; Tepera et al., 2003) and activator β-catenin-S33A gene 

(Ouchi et al., 2005), and expression was directed to Muller glia using the 2.2 kb long version 

of the GFAP promoter (Su et al., 2004; de Leeuw et al., 2006), and packaged into 

adenovirus (pAdEasy-1 vector, containing adenovirus serotype 5 deleted for the genes E1 

and E3) for delivery in vivo. The β-eng and β-catenin-S33A genes were subcloned from 

their parent vectors into the pcDNA3 vector and the CMV promoter was then removed and 

replaced with the GFAP promoter, to generate the GFAP-β-eng and GFAP-β-catenin-S33A 

constructs. A control construct was made using GFP driven by the GFAP promoter. After 

confirmation of the correct sequences, the GFAP-β-eng, GFAP-β-catenin-S33A and GFAP-

GFP plasmids were subcloned into the adenovirus vector pAdEasy-1 and viruses were 

packaged using the AdEasy system (Agilent, La Jolla, CA) and purified to high titer preps at 

the Viral Core Facility, Miami Project to Cure Paralysis, University of Miami.

2.3 Wnt reporter luciferase assays

Regulation of Wnt signaling by β-eng and β-catenin-S33A constructs in adenovirus was 

confirmed by Wnt reporter luciferase assays in primary Muller glia-photoreceptor co-

cultures, prepared as described in (Yi et al., 2007). Briefly, retinas from wild-type mice at 

post-natal day (P) 8 were dissociated in activated papain for 30 min at 37 °C, mixed with 

Neurobasal medium containing 1x LoOvo plus DNAse I (Invitrogen, Carlsbad, CA) and 

pelleted by low-speed centrifugation. The cell pellet was washed in neurobasal-LoOvo 

medium without DNAse and plated in neurobasal medium containing L-glutamine, B27 and 

antibiotics onto poly-D-lysine/laminin coated 96-well dishes at a density of 2.5×105 cells 

per well. The cultures were transfected with TOP-FLASH Wnt reporter firefly luciferase 

(Dr. Randy Moon, UW) and Renilla luciferase plasmid (Promega) using a nucleofector 

electroporator (Lonza, Wakersville) and then after 24 hr were incubated with the adenoviral 

constructs GFAP-β-eng, GFAP-β-catenin-S33A and GFAP-GFP, for 3 days. The cells were 

collected in Reporter lysis buffer (Promega, Madison WI) and luciferase activity assays 

were performed using the Dual Glo Lucierase System (Promega) in a Lumistar Galaxy 

luminometer (BMG Labtech Inc, Cary, NC) as described in (Tell et al., 2006). Wnt signaling 

activity is expressed as firefly luciferase units/Renilla luciferase units. The assays were 

performed in triplicate wells in four independent experiments.
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2.4 Western blotting

Subcellular fractionation was performed by lysing the retinas using the Ne-PER Nuclear and 

Cytoplasmic Extraction Reagent (Pierce), following the manufacturer’s directions and as 

previously described in (Nakamura and Hackam, 2010). For the whole retina lysates, an 

isotonic detergent buffer (50 mM Tris pH7.4, 150 mM NaCl, 1% NP40, 0.05% SDS) was 

used, containing a proteinase and phosphatase inhibitor cocktail (Roche). Protein 

concentration in the lysates was determined by Lowry assay (BioRad). Twenty micrograms 

of protein lysates were electrophoresed using 10% sodium dodecyl sulfate polyacrylamide 

(SDS-PAGE) gels and proteins were transferred to polyvinylidene fluoride (PVDF) 

membranes. The membranes were probed with the appropriate primary and secondary 

antibodies (Table 1) with several wash steps in-between, and the membranes were then 

incubated with the LumiGLO Peroxidase Chemiluminescent Substrate Kit (Kirkegaard & 

Perry Laboratories, Gaithersburg MD). The bands were detected using a Fuji Film 

Luminescent Image Analyzer and quantified with ImageJ software (Abramoff et al, 2004). 

Typically, images were captured over the course of 2–10 minutes, and signals were 

quantified only from images in which the bands were not saturated. Westerns probed for 

phospho-Stat3, total Stat3, and β-catenin were normalized to β-actin. Westerns probed for 

rhodopsin and Gαt2 were normalized to α-tubulin.

2.5 Immunohistochemistry

Eyes and attached optic nerves were removed and fixed in 4% fresh paraformaldehyde, 

incubated in increasing sucrose concentrations (5%–20%) and then embedded in OCT, as 

described (Tell et al., 2006). Ten micron sections were cut and placed onto glass slides. The 

slides were blocked in goat serum and incubated with antibody (Table 1) overnight at 4 °C, 

washed in PBS, and incubated with secondary antibody and then washed again prior to 

mounting in a DAPI-containing mounting media. Control immunostaining for Wnt3a was 

performed using the anti-Wnt3a antibody that had been preabsorbed with Wnt3a ligand 

overnight at 4°C, and controls for the other antibodies included an irrelevant antibody from 

the same species, or omitted the primary antibody. The immunostained sections were 

viewed using a Zeiss Axiovert 200 fluorescent microscope or a Leica Microsystems 

confocal microscope. Image acquisition and analysis software used Axiovision LE (Carl 

Zeiss) or the Leica Application Suite (Leica), respectively. Photographic and microscopic 

settings were kept constant among positive and negative control antibody treatments.

2.6 Electroretinography (ERG)

All ERG recordings were performed at approximately the same time of day and the 

experimenters were masked to the animal treatments. Dark-adapted rod and light-adapted 

cone responses were measured by flash ERG using an UTAS system (LKC Technologies, 

Gaithersburg, MD), based on the methods described in (Li et al., 2010; Patel and Hackam, 

2014). The mice were placed on a heating pad maintained at 37 °C, anesthetized with 

ketamine/xylazine, and pupils were dilated with 10% phenylephrine. All manipulations were 

performed under dim red light. A thin silver wire loop was placed onto the corneal surface, 

with care taken to maintain contact and position. A needle electrode was placed 

subcutaneously in the scalp, and a ground electrode was placed in the base of the tail. 
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Simultaneous recordings from both eyes were recorded at increasing stimulus intensities of 

−2.0 to 2.0 log cd-s/m2, elicited by 250 μs flashes generated by white LEDs in the Ganzfeld 

sphere. Each recording was an average of 10 flash responses with 5 second intervals 

between each flash. For cone ERGs, the mice were light-adapted in white light then were 

stimulated with a green flash on a low green background light. Amplitudes of a- and b-

waves were quantified.

2.7 Statistical analysis

Statistical analyses were performed by Student’s t-test or analysis of variance (ANOVA) 

using GraphPad Prizm, and comparisons with a p<0.05 were considered statistically 

significant.

3. Results

3.1 Wnt3a activates Wnt signaling in the retina

To identify the role of canonical Wnt signaling during retinal degeneration, our approach 

was to first induce Wnt signaling throughout the retina (pan-retinal activation) using the 

Wnt3a ligand, followed by identification of the cellular mediator using a cell-restricted Wnt 

activator, β-cateninS33A. The Wnt3a ligand was used because it protected primary 

photoreceptor cultures from acute oxidative stress injury, and it induced robust Wnt 

signaling and neurotrophin secretion in cultured Muller glia (Yi et al., 2007; Yi et al., 2012). 

To determine the optimal Wnt3a dose for Wnt activation, increasing amounts of Wnt3a were 

injected subretinally into wildtype mice, and the levels of nuclear β-catenin, used as a 

marker of induced Wnt signaling, were measured. As shown in Fig. 1, subretinal injection of 

Wnt3a induced up to a 5-fold increase in nuclear β-catenin, indicating that Wnt3a activates 

Wnt signaling in the retina (Fig. 1A). The highest level of nuclear β-catenin was obtained 

using the lowest dose (0.01 μg), which is consistent with reported stronger effects of growth 

factors at lower concentrations (Albuquerque et al., 2002).

Quantification of Wnt3a-induced Stat3 activation was used as a downstream marker of Wnt 

signaling, based on findings that Wnt3a increased Stat3 signaling in a retinal pigment 

epithelium cell line (Fragoso et al., 2012) and increased CNTF (Seitz et al., 2010), an 

upstream activator of Stat3. Stat3 is a transcription factor that induces pro-survival genes in 

the retina (Rhee et al., 2007; Ueki et al., 2008; Burgi et al., 2009). Western blotting on 

nuclear fractions using an antibody against phosphorylated Stat3 demonstrated that 

subretinal injection of 0.01 μg Wnt3a induced the highest nuclear phosphorylated Stat3 

levels and highest pStat3/tStat3 ratios (Fig. 1B–D). Injection of 0.1 μg also increased pStat3/

tStat3, but the 0.05 μg injection did not. Therefore, the 0.01 μg Wnt3a dose was used to test 

the effect of Wnt3a on photoreceptor survival.

3.2 Expression of endogenous Wnt3a in Muller glia and photoreceptors

To confirm the relevance of Wnt3a to the retina, the distribution of endogenous Wnt3a was 

analyzed by immunohistochemistry. Wnt3a was detected in the photoreceptor layer, in a 

region that corresponds to the inner and outer segments and nuclei (Fig. 2). Detection of 

Wnt3a overlapped with detection of the rod photoreceptor marker rhodopsin, which 
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confirmed expression in photoreceptors (Fig. 2A–D). Wnt3a was also detected in the inner 

leaflet of the inner nuclear layer (INL) and overlapped with the glial marker vimentin, 

consistent with localization to Muller glia (Fig. 2E–H). There was also detection of Wnt3a 

in cells in the GCL, which are most likely RGCs (Liu et al., 2003; Yi et al., 2007). The 

specificity of the Wnt3a antibody was confirmed, shown in Fig. 2I–K. Therefore, 

endogenous Wnt3a is localized to photoreceptors and Muller glia, which are the two main 

cell types involved in retinal degenerations.

3.3 Wnt3a signaling protects photoreceptors in a mouse model of inherited retinal 
degeneration

The rd10 mouse contains a spontaneous missense point mutation in the rod cGMP 

phosphodiesterase 6B beta polypeptide (Pde6b) gene and is a well-established naturally 

occurring model for studying photoreceptor death in inherited retinal degeneration (Gargini 

et al., 2007; Barhoum et al., 2008). rd10 is an ideal model because the timing of 

photoreceptor death is well characterized and begins after retinal development is complete. 

To test the effect of Wnt signaling on photoreceptors, the rd10 mice were subretinally 

injected with recombinant Wnt3a protein prior to onset of retinal degeneration, and the 

phenotype was assessed at 7 and 14 days after injection.

Mouse retinas injected with Wnt3a showed significant increases in β-catenin compared with 

PBS, validating that our treatment activates Wnt signaling (Fig. 3). The quantification of 

light-stimulated retinal responses by ERGs is often used as a measurement of photoreceptor 

viability. As shown in Fig 3, mice treated with Wnt3a showed significant increases in the 

amplitude of a-waves (primarily photoreceptor-derived) and b-waves (photoreceptor-

stimulated bipolar cell response) of rod and cone photoreceptors at 7 days and at 14 days 

post-injection, compared with PBS injection controls, which demonstrates functional rescue 

of the retina (Fig. 3B–D). Furthermore, because retinal degeneration is associated with 

decreased expression of photoreceptor-specific proteins, Western blot analysis of the 

photoreceptor marker proteins cone transducin and rhodopsin was used to confirm 

photoreceptor survival. Wnt3a injection significantly increased levels of the cone 

photoreceptor marker protein cone transducin and the rod photoreceptor protein rhodopsin 

(Fig. 3A). Therefore, these data demonstrate that activation of the canonical Wnt pathway 

using exogenous application of Wnt3a leads to functional rescue of photoreceptors in the 

inherited retinal degeneration rd10 mouse.

3.4 Muller glia are cellular mediators of protective Wnt signaling

Subretinal delivery of Wnt3a is expected to activate Wnt signaling in all cells that show 

endogenous Wnt signaling, including Muller glia, which upregulate Wnt signaling during 

retinal degeneration (Yi et al., 2007), and retinal ganglion cells, microglia, and amacrine 

cells, which have Wnt signaling in normal and degenerating retinas (Liu et al., 2006; Yi et 

al., 2007). We are particularly interested in Muller glia because our previous studies showed 

that they respond to Wnt3a by increasing growth factor expression such as BDNF (Yi et al., 

2012). Therefore, we tested whether Wnt signaling activation specifically in Muller glia 

plays a protective role during inherited retinal degeneration.
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In order to activate Wnt signaling specifically in Muller glia, we used a glia-specific 

promoter to drive expression of a non-secreted Wnt activator. Adenovirus was used for gene 

delivery because of its ability to infect Muller glia. The non-secreted Wnt regulator allowed 

modulation of Wnt signaling exclusively in the cells that express the constructs. Wnt 

signaling was activated with a mutagenized constitutively active version of β-catenin (β-

cateninS33A), which is an established activator of Wnt signaling in the retina during 

development (Ouchi et al., 2005; Cho and Cepko, 2006; Koso et al., 2006; Miller et al., 

2006; Liu et al., 2007). The negative control gene was the Wnt inhibitor dominant-negative 

β-eng fusion gene, in which the C-terminal Wnt transactivation domain is replaced by the 

transcriptional repressor domain from Drosophila Engrailed. β-eng specifically inhibits 

canonical β-catenin-induced Wnt signaling but retains the adhesion role of β-catenin 

(Montross et al., 2000; Tepera et al., 2003) The β-cateninS33A and β-eng genes were 

expressed specifically in Muller glia using the 2.2 kb GFAP promoter (Su et al., 2004) (see 

Methods) and were then packaged into adenoviral vectors, which has the advantage of rapid 

onset of expression and tropism to Muller glia.

Regulation of Wnt signaling by the GFAP-driven Wnt activator β-cateninS33A and inhibitor 

β-eng in the adenoviral vectors was confirmed in Muller glia and photoreceptors co-cultures 

(Yi et al., 2007). The β-cateninS33A construct induced 3-fold higher Wnt signaling (Fig 4A) 

compared with the GFAP-GFP control. The expression constructs were next subretinally 

injected into rd10 mice prior to degeneration onset and analyzed after 1 week. This short 

time period is frequently used with adenovirus because it is prior to an inflammatory 

reaction to the viral proteins. Heidelberg confocal scanning laser ophthalmoscopy of living 

injected mice, using GFP within the viral constructs for visualization, demonstrated that 

approximately a third of the retina expressed the delivered genes (Fig. 4C). GFP was also 

used to localize transduced cells in retina sections, and demonstrated that the GFP-positive 

cells had the elongated morphology characteristic of Muller glia with their nuclei in the 

inner nuclear layer, indicating efficient targeting to the Muller glia (Fig. 4B). Additionally, 

GFP exclusively co-localized with the Muller glia marker glutamine synthetase (GS), 

demonstrating cell type specific expression (Fig. 4D). Western blotting from the virally 

injected retinas showed that β-cateninS33A delivery increased endogenous β-catenin by 2.5-

fold compared with saline injection, indicating activation of the Wnt pathway in vivo (Fig. 

4E). Also, β-cateninS33A injected into adult C57Bl/6 mice induced Wnt signaling in Muller 

glia, which do not normally have endogenous Wnt signaling (Yi et al., 2007) (data not 

shown). Therefore, the GFAP-β-cateninS33A construct allowed short-term delivery of a 

Muller glia-specific Wnt activator.

The rd10 mice were injected with β-cateninS33A, β-eng, the expression control GFP or the 

PBS control. As shown in Fig. 5, photoreceptor survival was increased by activating Wnt 

signaling specifically in Muller glia. Retinas injected with β-cateninS33A led to a 44% 

increase in the number of photoreceptor rows compared with control injections, 

demonstrating increased photoreceptor survival from Wnt activation (Fig. 5A). Furthermore, 

rod and cone photoreceptor ERG responses were also increased, which demonstrates 

functional rescue of the retina (Fig. 5B–C). Therefore, Muller glia specific activation of the 

Wnt pathway protected the rd10 retinas to a similar extent as pan-retinal Wnt signaling.
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3.5 Stat3 is a molecular mediator of Wnt-dependent neuroprotection

Several neuroprotective signaling pathways are induced by Wnt, including neurotrophins 

(Fragoso et al., 2011; Yi et al., 2012) and anti-apoptotic proteins (Toledo et al., 2008; Kim et 

al., 2011). We recently demonstrated that Wnt3a upregulates Stat3 in cultured cells, and that 

knocking-down Stat3 using siRNA abrogated the protective effect of Wnt3a in a retinal 

pigment epithelium (RPE) cell line (Fragoso et al., 2012). Stat3 has also been implicated as 

an essential protective molecule in the retina (Rhee et al.; Joly et al., 2008; Ueki et al., 

2008). Therefore, we next tested whether Stat3 mediates Wnt-mediated protection of 

photoreceptors.

To test the involvement of Stat3, we knocked-down endogenous Stat3 in the retina of rd10 

mice using Stat3-specific shRNA, delivered by lentiviral vector (Haghikia et al., 2011). The 

lenti-shRNA was co-injected with Wnt3a subretinally, and compared with scrambled control 

shRNA co-injected with Wnt3a. The Wnt3a molecule was used instead of GFAP-β-

cateninS33A in adenovirus to avoid injecting two different viruses, and the lentivirus is used 

in order to target all the cell types that are responsive to Wnt3a. Control injections in 

wildtype mice indicated that there was no difference in photoreceptor layer thickness, visual 

acuity, and photoreceptor function between mice subretinally injected with the Stat3-specific 

shRNA compared with the control scrambled shRNA in lentivirus (Patel and Hackam, 

2014), indicating that loss of Stat3 does not induce toxicity on its own. Efficiency of Stat3 

knockdown was verified by Western blotting on whole retinas, which demonstrated that the 

ratio of activated (phosphorylated Stat3) to total Stat3 were reduced by 40% in eyes injected 

with lenti-Stat3 shRNA (Fig. 6A).

As shown in Fig. 6B, coinjection of Wnt3a+Stat3 shRNA resulted in a decrease in 

photoreceptor b-wave amplitudes compared with Wnt3a+control shRNA injections, 

indicating that downregulation of Stat3 reduced the level of Wnt3a-induced protection. 

Similarly, the a-wave amplitudes were also lower in the Wnt3a+Stat3 shRNA injected mice 

compared with the Wnt3a+control shRNA. The ERG response in the Wnt3a+control shRNA 

was slightly lower than the Wnt3a alone, possibly due to a negative effect of the lentivirus, 

or from needing to inject a larger volume into the eye for these experiments. Furthermore, 

the Wnt3a-induced rescue of the photoreceptor markers cone transducin and rhodopsin were 

also reduced by coinjection of Stat3 shRNA (Fig. 6B). Therefore, Stat3 shRNA reversed the 

prosurvival effects of Wnt3a, suggesting that Stat3 is an important mediator of Wnt3a-

dependent photoreceptor protection.

3.6 Wnt signaling activation reduced markers of retinal remodeling

We next investigated whether activation of Wnt signaling reduced markers of tissue 

remodeling, which can be used as an additional indicator of retinal protection in rd10 mice 

(Pang et al., 2011). Pathologic tissue remodeling occurs during photoreceptor death and 

includes aberrant neurite growth and gliosis and is believed to be a major obstacle for 

treating retinal degenerations. Retinal remodeling is typically assessed using markers of glial 

activation, such as elevated GFAP, and markers of bipolar cell neurite growth, such as 

PKCα (Lin et al., 2012). The GFP reporter in the β-cateninS33A and β-eng constructs 

allowed us to co-localize the Wnt regulators with GFAP. To determine the cellular 
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phenotype of the virally transduced Muller glia, all GFP-positive cells were assessed for 

codetection of GFAP. Retinas injected with the Wnt activator β-cateninS33A had a 

significant reduction in GFAP-positive activated Muller glia, compared with the Wnt 

inhibitor β-eng (Fig. 7A). Also, Western blotting indicated that Wnt activation reduced 

PKCα levels by 2-fold, suggesting reduced neurite growth in the rescued retinas (Fig. 7B) 

(reduced PKCα may also be due to loss of bipolar cells, although bipolar cell death is not 

reported in rd10 or any retinal degeneration models). Therefore, activating Wnt signaling 

led to functional rescue of photoreceptors and reduced pathologic tissue changes.

4. Discussion

The results of this study demonstrate that activating the canonical Wnt signaling pathway, 

by using the pan-retinal Wnt3a ligand or the Muller glia-specific constitutively active β-

catenin, induced neuroprotection in the retina and reduced tissue remodeling. This study is 

the first to examine the role of a natural Wnt activator, the Wnt ligand Wnt3a, on 

photoreceptor survival during inherited retinal degeneration. These data also add to the 

growing body of evidence on the role of Wnt signaling in neuroprotection in the CNS 

(Marchetti et al., 2013). For example, Wnt signaling protected retinal neurons in vivo and in 

vitro from acute injuries such as oxidative stress and laser damage (Braunger et al., 2013; 

Liu et al., 2013; Sanges et al., 2013), and induced functional improvement in a spinal cord 

injury model (Suh et al., 2011). Additionally, β-catenin overexpression, which activates Wnt 

signaling, reduced apoptosis in a chicken ethanol neurodegeneration model (Flentke et al., 

2014), and blocking Wnt inhibitors in several different in vitro and in vivo models of 

neuronal injury significantly reduced apoptosis (Caricasole et al., 2004; Toledo et al., 2008). 

Downregulation of Wnt signaling, by pharmacologic inhibition or overexpression of the 

antagonists Axin2 or Dkk1, promoted neurodegeneration in cellular and animal models of 

Alzheimer’s disease (Toledo et al., 2008) and hippocampal neurons in vivo (Kim et al., 

2011). Although exogenous activation of Wnt signaling in Muller glia led to increased 

photoreceptor survival, we observed that inhibiting Wnt signaling in Muller glia did not 

worsen degeneration, which suggests different relative importance of exogenous and 

endogenous Wnt signaling to neuroprotection in the retina. A potential explanation that 

could reconcile these findings is that the baseline increase in Wnt signaling that is observed 

in Muller glia during retinal degeneration is not sufficiently protective in the presence of the 

continuing damage caused by the retinal mutation. Therefore, reducing baseline Wnt 

signaling by β-eng would not worsen degeneration whereas increasing Wnt signaling 

further, by overexpression of β-cateninS33A, leads to protection. Wnt was shown in our 

previous studies to induce injury-specific protection in cultured cells (Fragoso et al., 2011), 

and thus follow-up experiments in vivo would test the relative importance of endogenous 

and exogenous Wnt signaling in protection from different types of retinal injuries, such as 

acute toxicity.

4.1 Cellular mechanisms of action

We demonstrated the novel finding that Wnt-dependent photoreceptor protection was 

mediated through Muller glia, and did not depend on Wnt signaling activation directly in the 

photoreceptors themselves. Although GFAP is also expressed in astrocytes, the use of the 
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long 2.2 kb form of the GFAP promoter (Su et al., 2004; de Leeuw et al., 2006) restricted 

expression to Muller glia, and GFP-positive cells were not observed within the nerve fiber 

layer where astrocytes reside. The current study is consistent with our previous work that 

demonstrated that endogenous Wnt signaling is activated in Muller glia during retinal 

degeneration, and that Muller glia mediated the protective effect of Wnt3a on cocultured 

photoreceptors exposed to oxidative stress (Yi et al., 2007). Muller glia were also proposed 

to mediate neuroprotection of RGCs by the atypical Wnt pathway activator Noggin in vivo 

(Seitz et al., 2010). These findings are also similar to Muller glia being the cellular 

mediators of growth factor protection of photoreceptors by BDNF and other neurotrophins 

(Harada et al., 2000).

Although it is not possible to directly compare the level of neuroprotection from the virally 

delivered β-cateninS33A in Muller glia with that of the recombinant Wnt3a ligand, it would 

appear their level of rescue of ERG responses was approximately equivalent, suggesting that 

Muller glia are primary contributors to Wnt-induced neuroprotection. Future studies would 

directly compare the effects of pan-retinal and Muller glia-specific Wnt signaling using 

lentiviral vectors, or by blocking Wnt signaling in Muller glia at the same time as delivering 

the Wnt ligand.

A central role for Muller glia in Wnt-induced neuroprotection is supported by accumulating 

evidence that demonstrates the importance of Wnt signaling in glia elsewhere in the CNS. 

For example, glial-derived Wnt ligand activators are a major component of the 

microenvironment that regulates stem cell biology and neuronal development (Moon et al., 

2004; Schmidt and Patel, 2005), and astrocyte-derived Wnt3 controls proliferation and 

neuronal differentiation during hippocampal neurogenesis (Lie et al., 2005). Additionally, 

astrocyte-derived Wnt1 contributes to neuroprotection in the MPTP-induced dopaminergic 

neurotoxicity model of Parkinson’s disease (L’Episcopo et al., 2011). Analogous to our 

observations in retinal Muller glia (Yi et al., 2007), elevated endogenous Wnt3a expression 

and nuclear β-catenin were detected in glia in the spinal cord of SOD1G93A ALS transgenic 

mice (Chen et al., 2012), which may serve to protect neurons from further damage. 

Therefore, a protective role for glial Wnt may be common throughout the CNS.

The β-cateninS33A expression data above, as well as previous findings indicating that 

Wnt3a induces Wnt signaling in Muller glia (Yi et al., 2007), suggests that Wnt3a-STAT3 

signaling is present in Muller glia. In the Wnt + Stat3 shRNA experiments, multiple cell 

types are likely infected by the lenti-shRNA constructs that are not involved in 

photoreceptor survival, such as RGCs, but because they would also be infected in the control 

shRNA experiment they are less likely to contribute to the reversal of the pro-survival 

effects of Wnt3a. We did not directly test the involvement of the other Wnt-responsive cell 

types, and it remains possible that other cells may be involved in Wnt3a-mediated 

neuroprotection. Other cell types that may mediate protective Wnt signaling in the retina 

include RPE cells and the photoreceptors themselves. The RPE have low levels of Wnt 

activity in post-developed retinas (Westenskow et al., 2009) but can respond to Wnt ligands 

in culture (Fragoso et al., 2012; Hu et al., 2013). Although previous studies using transgenic 

Wnt reporter mouse lines indicated Wnt signaling activation was not evident in 

photoreceptors (Liu et al., 2003; Yi et al., 2007), photoreceptors do express Wnt3a (Fig 1) 

Patel et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2016 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and other Wnt ligands (Hunter et al., 2004), suggesting that Wnt ligands may act directly on 

photoreceptors in an autocrine manner. Wnt3a was also detected throughout the adult retina, 

including the photoreceptor layer, using in situ hybridization (Blackshaw et al., 2001).

4.2 Molecular mechanisms of action

Although much has been discovered about the molecular mechanisms by which Wnt 

signaling regulates development of the embryonic retina (Aldiri et al., 2013), little has been 

reported on how Wnt regulates neuronal survival. Our study indicates that the survival 

protein Stat3 is a potential mediator of the protective effect of Wnt signaling in the retina. 

Wnt signaling activated Stat3 and knock-down of Stat3 reduced photoreceptor protection. 

These findings are the first identification of Wnt-Stat3 regulation in the retina and implicate 

Wnt as a previously unknown upstream activator of Stat3 signaling during photoreceptor 

survival. Stat3 is activated in multiple cell types in the retina (Peterson et al., 2000), making 

it difficult to identify the cell type that upregulates Stat3 in response to Wnt, although most 

evidence supports a role for Muller glia in both signaling pathways. It is possible that 

reduced Stat3 blocked Wnt3a-induced effects in Muller glia, or may block photoreceptors 

from responding to Muller glia. Wnt-Stat3 cross-talk was also observed in cancer cell lines 

where both pathways have activating mutations (Kawada et al., 2006; Yan et al., 2008; 

Armanious et al., 2010), and in embryonic stem cells (Hao et al., 2006), further supporting a 

functional interaction between these prosurvival pathways. Other candidate molecules for 

mediating Wnt-dependent protection include BDNF, which is induced in Muller glia by Wnt 

activation (Seitz et al., 2010; Yi et al., 2012), CNTF (Yi et al., 2007; Seitz et al., 2010; 

Fragoso et al., 2011), acting upstream of Stat3, and IGF-1/Akt (Toledo et al., 2008; Kim et 

al., 2011).

4.3 Other effects of Wnt in the retina

Additional positive effects of Wnt in the retina were demonstrated in recent studies. For 

example, Wnt activation induces neural regeneration and stem cell proliferation (Osakada et 

al., 2007; Del Debbio et al., 2010), and regulates Muller glia dedifferentiation and 

proliferation after acute injury (Wan et al., 2012; Liu et al., 2013; Sanges et al., 2013). 

Because these additional activities of Wnt are relatively long term outcomes of Wnt pathway 

activation, they are unlikely to contribute to the neuroprotective effect that we demonstrated 

in our analysis using a relatively short duration of Wnt activation. The neuroprotection in 

our study raises an important translational question of whether long term activation of the 

Wnt pathway could be utilized as a therapy for retinal degeneration diseases. Activating the 

Wnt pathway has been proposed to as a therapy for neurodegenerations (Hackam, 2005; 

Osakada and Takahashi, 2009; Marchetti et al., 2013) and one would predict that continued 

neuroprotection is the outcome of sustained Wnt signaling. However, excessive Wnt 

activation in certain cell types has deleterious effects, including tumorigenesis and 

angiogenesis, the extent of which varies with the method of Wnt activation (Zhang et al., 

2010; Cui et al., 2013). In contrast to the present study, previous studies that showed 

deleterious effects from Wnt activation used substantially different models, including mice 

that were genetically manipulated to be oversensitive to Wnt signaling by knocking-out 

inhibitor genes, or used acute injury models (laser light, oxidative stress), or a non-cell type-

specific Wnt activator (Zhou et al., 2010; Wan et al., 2012; Liu et al., 2013; Sanges et al., 
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2013). Also, low numbers of cells were shown to have off-target effects, for example, 

proliferation and expression of neural stem/progenitor genes occurred in less than 1% of 

Muller glia (Das et al., 2006; Osakada et al., 2007; Del Debbio et al., 2010; Ramachandran 

et al., 2011), and Wnt does not regulate proliferation in late stages of retinal development 

(Sanchez-Sanchez et al., 2010). Therefore, further development of Wnt as a therapy would 

require careful characterization of the extent of off-target effects by addressing whether 

negative effects, such as tumorigenesis and angiogenesis, are lower in retinas with cell-

specific Wnt activation compared with pan-retinal activation.

Any future treatment for retinal diseases based on Wnt signaling would be provided after 

retinal degeneration has started. For the purposes of testing efficacy and to determine 

whether Wnt signaling has therapeutic potential for retinal degeneration, we activated Wnt 

signaling prior to disease onset in the mouse, which is not as relevant in the clinical setting. 

It is possible that Wnt may have different or the same efficacy if injected after degeneration 

has started, and therefore follow-up studies using the doses that were protective here as a 

starting point would need to be performed at different stages of disease. The retina rescue 

observed here, combined with previous work, suggests a possible sentinel function for Wnt: 

injury to photoreceptors from mutation or oxidative stress stimulates Muller glia, and 

possibly other cell types, which leads to secretion of Wnt activators, such as Wnt ligands 

previously identified in degenerating retinas (Yi et al., 2007), and results in Wnt signaling 

activation. Wnt signaling may have direct effects on photoreceptor viability, and/or indirect 

effects by increasing levels of pro-survival molecules in Muller glia. In the presence of 

significant or continuing damage, the Wnt pathway is stimulated but may not be sufficient to 

prevent degeneration. However, over-expression of Wnt activators would increase Wnt 

signaling, and elevate the threshold for apoptosis and lead to reduced photoreceptor death. 

Therefore, manipulating Wnt signaling, by itself or in combination with other survival 

factors, could halt or delay neuronal degeneration in the retina. Delaying blindness by even a 

few years would have a meaningful impact on quality of life. Furthermore, Wnt-induced 

rescue would be applicable to all photoreceptor degenerations, regardless of the primary 

cause or genetic mutation.

5. Conclusion

The findings presented in this study indicate that Muller glial Wnt signaling triggers 

neuroprotective signaling through the Stat3 pathway in a genetic mouse model of neuronal 

degeneration, and identify Wnt as a novel therapeutic target for diseases of the central 

nervous system.
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Highlights

1. The study tested the role of Wnt/β-catenin signaling during retinal degeneration.

2. Wnt signaling protected photoreceptors in the rd10 mouse model.

3. Wnt-induced photoreceptor protection was mediated by Stat3.

4. Radial Muller glia are cellular mediators of protective Wnt signaling.
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Fig. 1. 
Subretinal injection of recombinant Wnt3a protein induces Wnt and Stat3 signaling in 

C57Bl/6 mice. (A) Subretinal injection of Wnt3a ligand (μg) activated canonical Wnt 

signaling, as measured by elevated levels of nuclear β-catenin compared with PBS control 

injections (n=3, * p<0.05). (B–D) Analysis of Stat3, a downstream target of Wnt, by 

Western blotting. (B) Representative Western blot showing nuclear and cytoplasmic levels 

of pStat3 in retinas injected with increasing amounts of Wnt3a ligand. (C) Wnt3a increased 

the ratio of nuclear (N) to cytoplasmic (C) levels of phosphorylated Stat3 (pStat3) in Wnt3a 

injected retinas, compared with PBS injected retinas (n=3, * p<0.05). (D) Injection of Wnt3a 

increased the ratio of activated phosphorylated Stat3 to total Stat3.
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Fig. 2. 
Wnt3a is expressed in the retina. Immunodetection using anti-Wnt3a antibodies 

demonstrates prominent localization of Wnt3a (vertical line) in the outer segments and 

nuclear layer of photoreceptors (B–D), shown by codetection with rhodopsin (D). Wnt3a 

was also detected in cells in the inner nuclear layer (INL) (vertical line), most likely Muller 

glia based on codetection with vimentin (H). DAPI was used to stain the nuclear layers. The 

specificity of the anti-Wnt3a antibody was verified by preabsorbing with Wnt3a ligand (I–J), 

which blocked immunodetection. Immunodetction was not blocked when the antibody was 

preabsorbed with non-Wnt3a containing solution (K–L). Scale bar, 50 μm
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Fig. 3. 
Wnt3a protects photoreceptors in the rd10 mouse model of retinal degeneration. (A) 

Western blot analysis on subretinally injected retinas demonstrated that Wnt3a induced Wnt 

signaling in rd10 mice, as measured by increased β-catenin levels compared with the PBS 

control injection. Wnt3a also increased levels of the photoreceptor marker proteins cone 

transducin (Gαt2) and rhodopsin (n=4, *p<0.05). (B) The rd10 mice were subretinally 

injected with recombinant Wnt3a (0.01 μg) or PBS and analyzed after 7 days using flash 

ERGs that were recorded in dark-adapted (rod photoreceptor) or light-adapted (cone 

photoreceptor) conditions. Representative ERG waves (an average of 10 flash responses) are 

shown for injected and uninjected mice at a stimulus of 10 cd-s/m2. Wnt3a increased both 

scotopic (rod) and photopic (cone) responses in rd10 mice. (C) Maximum a- and b-wave 

amplitudes of the Wnt3a and PBS injected mice invoked by light flashes at various 

intensities measured at 7 days post-injection. (Wnt n=9, PBS n=10, * p<0.05). (D) 

Maximum a- and b-wave amplitudes of the Wnt3a and PBS injected mice invoked by light 

flashes at various intensities measured at 14 days post-injection. (Wnt n=4, PBS n=3, * 

p<0.05). (E) Wnt3a injection increased the ratio of pStat3 to total Stat3, compared with 

PBS, measured at 7 days post-injection. (n=4 *p<0.05). Mean ± SE are shown.
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Fig. 4. 
The Muller glia-specific β-cateninS33A construct activates Wnt signaling. The β-

cateninS33A, β-eng and GFP genes, driven by the GFAP promoter to target Muller glia and 

packaged into adenovirus, were tested in retina primary cultures and in the retina. (A) Retina 

cultures were used to validate regulation of Wnt signaling, using a Wnt luciferase reporter. 

The GFAP-β-cateninS33A construct significantly induced Wnt signaling compared with 

control, whereas the β-eng construct reduced Wnt signaling (n=5, *p<0.05). (B) Distribution 

of the delivered genes in the retina, using fluorescence from the GFP reporter included in the 

virus. Detection of adenoviral β-cateninS33A in the rd10 retina, with corresponding phase 

image, shows that the GFAP promoter drove expression in Muller glia (arrow), based on 

morphology and position, with transduction across the retinal section. No GFP-positive 

astrocytes were observed and there was no indication of significant retinal inflammation or 

damage. (C) Efficient transduction by viral injections and promoter specificity. 

Fluorescence distribution across a retina 1 week after subretinal injection of β-cateninS33 

was shown by imaging with Heidelberg confocal laser scanning ophthalmoscope using 

fluorescence from the GFP, which is included in the virus, to localize transduced regions. V, 

blood vessel. Approximately a third of the retina was transduced. (D) GFP expression is 

restricted to Muller glia by the GFAP promoter (*, codetection of GFP and glutamine 

synthetase (GS)). (E) Retinal lysates from rd10 injected with β-cateninS33A demonstrate 

that total β-catenin is elevated in the injected retinas compared with control injections, 

demonstrating expression and stability of the constitutively active β-cateninS33A construct. 

(n=4 *p<0.05). Mean ± SE are shown.
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Fig. 5. 
The Muller glia-specific Wnt activator protects the retina of rd10 mice. (A) β-cateninS33A, 

β-eng, PBS and GFP were subretinally injected into rd10, and photoreceptor survival was 

measured in retina cross-sections. β-cateninS33A increased photoreceptor rows in rd10 mice 

(n=5, *p<0.05; 5 random sections in 5 mice were analyzed), compared with GFP, PBS and 

β-eng controls, and normalized to a wildtype mouse (WT). The Wnt inhibitor β-eng 

construct did not have a significant effect on the retina. (B) β-cateninS33A increased levels 

of the photoreceptor marker proteins rhodopsin (*p<0.05) and cone transducin (Gαt2) 

(p=0.061, not significant). Westerns were normalized to β-actin. (β-cateninS33A n=4, PBS 

n=4). (C) Scotopic (rod-driven) and photopic (cone) flash ERG analysis showed higher b-

wave amplitudes in rd10 mice injected with the Wnt activator β-cateninS33A compared with 

GFP at multiple stimulus intensities. (β-cateninS33A n=11, GFP n =9, *p<0.05). Mean ± SE 

is shown.
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Fig. 6. 
Wnt-induced photoreceptor protection is mediated by Stat3. (A) Lentivirus containing 

shRNA against Stat3, or a scrambled control shRNA, was used to knock-down Stat3 in the 

retina. Rd10 mice were subretinally injected with lenti-Stat3 shRNA+Wnt3a or lenti-control 

shRNA+Wnt3a. Western blotting indicated that Stat3 shRNA reduced levels of activated 

Stat3 (pStat3/tStat3) (n=6, *p<0.05). Furthermore, the levels of cone transducin (Gαt2) and 

β-catenin were lower in the retinas injected with lenti-Stat3 shRNA, indicating that Stat3 

knockdown reduced the protection of photoreceptors by Wnt3a (*p<0.05). (B–C) ERG 

responses of the coinjected retinas were recorded. The Stat3 shRNA significantly reduced 

the protective effect of Wnt3a, compared with control shRNA, as indicated by lower a- and 

b-wave amplitudes at multiple light intensities (n=4, *p<0.05). Mean ± SE is shown.
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Fig. 7. 
Wnt signaling reduced markers of tissue reorganization. (A) Cells injected with the Wnt 

regulators were detected by co-expressed GFP in retina sections. Gliotic changes in Muller 

glia was quantified by co-localization of GFP with the glial proliferation marker GFAP. The 

average number of cells per section that showed codetection of GFAP and GFP was 

calculated. β-cateninS33A injected retinas had fewer GFP-positive cells that co-localized 

with GFAP, indicating reduction of glial remodeling with Wnt activation (n=3, p<0.01). (B) 

Neuritic changes were quantified by Western blot detection of the bipolar neuron marker 

PKCα. The levels of PKCα were lower in retinas with Wnt activation (n=4, p<0.05).
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Table 1
Antibodies used in this study

The source and dilutions of antibodies used in this study is shown.

Antibody Source Dilution

GFAP Invitrogen (Carlsbad, CA) 1:200

GFP Aves Labs (Tigard, OR) 1:5000

Glutamine Synthetase Sigma-Aldrich (ST. Louis, MO) 1:300

Gαt2 Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) 1:500

Ki67 Abcam, Inc. (Cambridge, MA) 1:100

Phospho-Stat3 Tyr705 Cell Signaling Technology (Danvers, MA) 1:200

PKC Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) 1:200

Rhodopsin Chemicon International (Billerica, MA) 1:500

Total-Stat3 Cell Signaling Technology (Danvers, MA) 1:200

Vimentin Sigma-Aldrich (ST. Louis, MO) 1:500

Wnt3a Abcam, Inc. (Cambridge, MA) 5 μg/ml

α-Tubulin Cell Signaling Technology (Danvers, MA) 1:1000

β-Actin Sigma-Aldrich (ST. Louis, MO) 1:8000

β-Catenin BD Transduction Laboratories (San Jose, CA) 1:1000
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