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Abstract
Purpose—The Wnt pathway is an essential signaling cascade that regulates multiple processes in
developing and adult tissues, including differentiation, cellular survival, and stem cell proliferation.
The authors recently demonstrated altered expression of Wnt pathway genes during photoreceptor
death in rd1 mice, suggesting an involvement for Wnt signaling in the disease process. In this study,
the authors investigated the role of Wnt signaling in retinal degeneration.

Methods—The Wnt signaling reporter mouse line Tcf-LacZ was crossed with retinal degeneration
rd1 mice, and β-galactosidase expression was used to localize Wnt signaling during photoreceptor
death. To analyze the role of Wnt signaling activation, primary mixed retinal cultures were prepared,
and XTT and TUNEL assays were used to quantify cell death. Luciferase reporter assays were used
to measure Wnt signaling.

Results—The canonical Wnt signaling pathway was activated in Müller glia and the ganglion cell
layer during rod photoreceptor degeneration in rd1/Tcf-LacZ mice. Wnt signaling was confirmed in
cultured primary Müller glia. Furthermore, Wnt signaling activators protected photoreceptors in
primary retinal cultures from H2O2-induced oxidative stress. The Wnt ligands Wnt5a, Wnt5b,
Wnt10a, and Wnt13 were expressed in the degenerating retina and are candidate Wnt signaling
activators in vivo.

Conclusions—This study is the first demonstration that Wnt signaling is activated in the
degenerating retina and that it protects retinal cultures from oxidative stress. These data suggest that
Wnt signaling is a component of the glial protective response during photoreceptor injury. Therefore,
inducing Wnt activation, alone or in combination with growth factors, may increase the threshold
for apoptosis and halt or delay further photoreceptor degeneration.

The Wnt signaling pathway is an essential intercellular communication pathway that controls
many processes in embryonic and adult tissues, ranging from body axis determination and
axonal outgrowth to cellular proliferation and differentiation.1,2 Altered Wnt signaling is a
contributing factor in several ocular diseases and malignancies of the eye.3–5 Despite
increasing recognition that the Wnt pathway regulates vertebrate eye development,3,6–14 the
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expression and function of Wnt signaling has not been systematically examined in the
degenerating retina.

The canonical Wnt pathway is the best understood of the Wnt pathways in mammalian tissues.
15 Secreted Wnt ligands bind to the coreceptors Frizzled and LRP5/6 at the plasma membrane,
inducing activation of the protein Dishevelled (Dsh) and leading to stabilization of the central
mediator β-catenin. Stabilized β-catenin translocates to the nucleus and binds to Tcf/Lef type
transcription factors, leading to transcription of Wnt target genes. In the absence of Wnt ligands,
β-catenin is phosphorylated and ubiquitinated by the cytoplasmic APC-GSK3β-axin
destruction complex, which leads to β-catenin degradation by the proteosome.

We identified expression changes in Wnt signaling genes during rod and cone death in the
rd1 retinal degeneration mouse in a recent microarray study.16 Several of these genes are
expressed in Müller glia16 (Hackam A, unpublished observations, 2005), which is a retinal
cell type that contributes to photoreceptor protection during retina damage. Previous studies
also demonstrated that Wnt inhibitor proteins SFRP1, 2, 3, and 5 were upregulated in Müller
glia and photoreceptors in retinitis pigmentosa tissue.17,18 Together, these findings raise
questions about whether the Wnt pathway is active during retinal degeneration and, if so, what
its role is.

A potential function for the Wnt pathway during retinal degeneration is suggested by reports
that Wnt signaling is antiapoptotic in many tissues. In an Alzheimer disease cellular model,
Wnt pathway activation by antisense knockdown of the inhibitor Dkk119 or addition of the
activator Wnt3a ligand20 significantly decreased apoptosis in cultured neurons exposed to β-
amyloid peptide. Additionally, reduced Wnt signaling led to increased neuronal death in mouse
cranial neural crest cells21 and Drosophila neurons.22 In vivo studies supported these in vitro
observations by demonstrating that Wnt activation significantly protected hippocampal CA1
neurons in a rat four-vessel occlusion global ischemia model.23 The antiapoptotic activity of
the Wnt pathway in neurons in these examples provides a compelling rationale to explore
whether Wnt signaling regulates cell survival in the retina. In this study, we characterized
activated Wnt signaling in vivo during retinal degeneration and analyzed the effect of Wnt
pathway activators on primary dissociated retinal cultures.

Materials and Methods
Reagents

Canonical Wnt signaling was induced by the chemical Wnt signaling activators SB216763 (40
μM, resuspended in dimethyl sulfoxide [DMSO]), LiCl (40 mM) (both from Sigma, St. Louis,
MO), recombinant Wnt3a (50−150 ng/mL, resuspended in PBS; R&D Systems, Minneapolis,
MN), or conditioned media containing Wnt3a (Wnt3a-CM) prepared from mouse L cells
(ATCC, Manassas, VA) stably expressing Wnt3a, mixed in a 1:1 ratio with normal media.
Control conditioned media were obtained from parental L cells (Ctrl-CM). To ensure that
consistent amounts of Wnt3a were present in the media among experiments, we prepared the
conditioned media in large batches and froze single-use aliquots.

Primary Retina Cultures and Primary Müller Glia Cultures
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. Retinas from wild-type (wt) postnatal day (P)
8 mice were dissected free of choroidal vessels and dissociated by activated papain for 30
minutes at 37°C, using protocols modified from Barres et al.24 and Wahlin et al.25 Neurobasal
medium containing 1 × lo ovomucoid (LoOvo) plus DNAse I (Invitrogen, Carlsbad, CA) was
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added, and the cells were centrifuged at 800 rpm for 8 minutes at room temperature. The cell
pellet was resuspended in neurobasal-LoOvo medium without DNAse, recentrifuged, and
resuspended in neurobasal medium containing L-glutamine, B27, and antibiotics. Cells were
plated onto poly-D-lysine/laminin– coated 96-well dishes at 2.5 × 105 cells per well. Cultures
with fibroblast or endothelial growth, which appeared as large, flat cells, were excluded.
Immunostaining with cell type marker antibodies demonstrated that the retinal cultures were
almost entirely composed of Müller glia and photoreceptors (see Results). Antibodies against
the following cell-type marker proteins were used: calbindin (horizontal cells and a subset of
amacrine cells), 1:500 dilution (Novus Biologicals, Littleton, CO), glutamine synthetase
(Müller glia), 1:300 dilution (Sigma, St. Louis, MO), Pax6 (amacrine, ganglion), 1:100 dilution
(Santa Cruz Biotechnology, Santa Cruz, CA), vimentin (astrocytes and Müller glia), 1:200
(Sigma), rhodopsin (rod photoreceptors), 1:300 (Chemicon, Temecula, CA), PKCα (rod
bipolar), 1:200 (Novus Biologicals), and Thy1 (ganglion cells) 1:100 (Santa Cruz
Biotechnology).

The cultures were plated onto glass chamber slides (Laboratory-Tek; Life Technologies,
Gaithersburg, MD), fixed with 4% fresh paraformaldehyde at room temperature, blocked in
10% goat serum/0.3% Triton X-100 in PBS, and incubated for 1 hour at room temperature with
the primary antibody diluted in 2% goat serum /0.3% Triton X-100 in PBS. After washing, the
cells were incubated for 30 minutes with secondary antibodies (Molecular Probes, Eugene,
OR), washed, counterstained with DAPI, and viewed under a fluorescence microscope
(Axiovert 200; Carl Zeiss, Oberkochen, Germany), and images were captured with a digital
camera (Axiocam; Carl Zeiss). Photographic and microscopic settings were kept constant for
comparisons between samples and controls.

Primary Müller glia cultures were prepared from the primary retinal cultures on the first day
after the initial seeding. Attached neurons were removed by mechanical disruption (gently
agitating the culture dish and pipetting the culture media across the cells), according to the
procedure of Hauck et al.26 The growth media were supplemented with 10% FCS to permit
proliferation. The attached cells in the culture were identified as Müller glia based on
morphology and immunostaining for glutamine synthetase, and the absence of rhodopsin-
positive cells indicated the effectiveness of the disruption procedure.

Viability and TUNEL Assays
Wnt pathway regulators or control media were added to the primary retinal cultures in triplicate
wells with or without H2O2 for 24 hours. XTT assays were used to measure viability using
WST-1 reagent (Roche Diagnostics, Nutley, NJ) or another reagent (Cell Titer Blue; Promega,
Madison, WI), which was added for 1 hour at 37°C and was quantified using an ELISA plate
reader. Average absorbance measured for media plus treatment was subtracted from each test
sample.4 Each experiment was performed at least three times on different days.

TUNEL assays were performed using a fluorescein in situ apoptosis detection kit (ApopTag;
Chemicon) according to the manufacturer's directions. Retinal cultures were immunostained
with anti– glutamine synthetase and anti–rhodopsin antibodies to identify TUNEL-positive
cells. Cultures were counterstained with DAPI and viewed at 400×magnification. Total cells
were counted using DAPI staining, and apoptotic cells were quantified by counting green
fluorescence nuclear TUNEL staining that colocalized with glutamine synthetase or rhodopsin
to determine the percentage of apoptotic cells per treatment. Cultures were counted in a masked
fashion.
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Wnt Activity Luciferase Assays
Primary retinal cultures and Müller glia cultures were cotransfected at a 4:1 ratio of the TOP-
FLASH luciferase reporter plasmid (a generous gift from Randall Moon, HHMI, University
of Washington) and a LacZ-containing plasmid using electroporation (AMAXA Biosystems,
Gaithersburg, MD). Briefly, 5 × 106 cells were suspended in neuron nucleofector buffer
(AMAXA Biosystems) with 5 μg total plasmid DNA. The mixtures were transferred into a
single 2-mm nucleofector cuvette and electroporated with a preset program. Warm media were
added immediately after nucleofector electroporation, and the cells were seeded from the
cuvette into multiple wells in a tissue culture plate. Transfection efficiency was approximately
30% to 40%, as assessed by transfection of a green fluorescence protein– containing plasmid.
Twenty-four hours after transfection, Wnt pathway activators were added for another 24 hours.
Cell lysates were then collected in lysis buffer (Reporter; Promega),4 and luciferase activity
was measured in a luminometer (Lumistar Galaxy; BMG Labtech, Offenburg, Germany) and
normalized to β-galactosidase activity.4 Wnt signaling activity is expressed as luciferase units/
β-galactosidase units.

In Vivo Analysis of Wnt Signaling
Tcf-LacZ mice27 were bred with rd1 mice for two generations to obtain mice that were
heterozygous for Tcf-LacZ and homozygous for rd1. Genotyping was performed by PCR. Eyes
were enucleated from age-matched Tcf-LacZ and rd1/Tcf-LacZ littermates, fixed in 4%
paraformaldehyde, incubated in increasing sucrose concentrations (5%−20%), and embedded
in OCT and flash frozen, as described.28 Sections were cut at 10-μm thickness and stained
using X-gal after standard procedures and counterstained with the nuclear stain DAPI to
localize the retinal layers. For immunohistochemistry, the slides were blocked in normal goat
serum and incubated with anti–β-galactosidase antibody (Promega) overnight at 4°C, washed
in PBS, and incubated with secondary antibody.28 Sections were counterstained with DAPI
and viewed using a fluorescence microscope (Axiovert 200; Carl Zeiss), and images were
captured with a digital camera (Axiocam; Carl Zeiss). Photographic and microscopic settings
were kept constant for comparisons between samples and controls. X-gal stain and β-
galactosidase expression was specific to mice containing the transgene, and no β-galactosidase
was detected in the nontransgenic littermates.

β-Galactosidase Assays
Primary Müller glia cultures were prepared from Tcf-LacZ mice, as described, and incubated
with Wnt3a-CM or Ctrl-CM for 24 hours. Cells were then lysed in lysis buffer (Reporter;
Promega), and 20 μL lysate was mixed with β-galactosidase assay reagents (0.1 M MgCl2, 4.5
M β-mercaptoethanol, 0.1 M sodium phosphate [pH 7.5], 0.73 mg/mL o-nitrophenyl-β-D-
galactopyranoside) and was incubated at 37°C. The β-galactosidase product was measured at
420 nm in an ELISA reader using three replicates of each sample and normalized to protein
concentrations, which were measured using the Lowry reagent (Bio-Rad, Hercules, CA).

Quantitative PCR
Total RNA was isolated from a pooled sample of four animals using phenol-based extraction
(Trizol; Invitrogen, Carlsbad, CA), as described.16 The rd1 mice were on a C57Bl/6
background. One microgram total RNA was reverse transcribed into cDNA (Thermoscript;
Invitrogen), and quantitative real-time PCR (QPCR) was performed using a thermocycler
(iCycler; Bio-Rad) according to the ΔΔCt method.29 Serial dilutions of template (four
dilutions, each in triplicate) were used to estimate amplification efficiency for each primer pair.
Primer specificity was verified by visualizing the products on agarose gels. Amplification was
normalized to the housekeeping gene β-actin or ARP.16 QPCR was performed in triplicate on
biological replicates. Student's t-test (for two variables) or ANOVA (for multiple variables)
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was used to determine statistical significance. Primer sequences are included in Supplementary
Table S1, online at http://www.iovs.org/cgi/content/full/48/12/5733/DC1.

Statistical Analysis
Values are reported as mean ± SD. Unpaired t-test or one-way ANOVA and Tukey post-test
were used for statistical analyses.

Results
Wnt Activators Protect Retinal Cultures from Oxidative Stress

Primary retinal cultures allow rapid initial screening of potential survival factors and have been
used to delineate many aspects of photoreceptor survival when fewer cell types and lack of
systemic factors are desirable.30,31 To identify a potential function of Wnt signaling in the
retina, we used primary dissociated retina cultures from P8 mice.

Immunostaining using antibodies against retinal cell type marker antibodies was used to
characterize the cell types in the retinal cultures. Figure 1 demonstrates that the cultures were
highly enriched (approximately 99%) for rod photoreceptors and Müller glia. There was
prominent staining with antibodies against rhodopsin, which identifies rod photoreceptors
(Figs. 1A, 1B) and glutamine synthetase, which identifies Müller glia (Figs. 1A, 1C). The
cultures also stained strongly for the glia marker protein vimentin (Fig. 1E). Every vimentin-
positive cell was positive for glutamine synthetase, indicating that Müller glia, not astrocytes,
were the prominent glial type. Furthermore, GFAP-positive cells, which primarily had low
staining intensity, were present at numbers equivalent to those of glutamine synthetase-positive
cells and represented Müller glia (Fig. 1G). Additional cell types were present at low levels or
were not represented. An antibody against IBA-1, which labels microglia and macrophages,
had minimal staining and detected fewer than 10 cells/well (out of 2 × 105 plated cells).
Similarly, the cultures also contained low levels of horizontal, amacrine, and ganglion cells
(Figs. 1H–1J).

Careful comparison of immunostaining and DAPI-stained nuclei in low-density cultures
indicated that a DAPI-stained cell that did not express rhodopsin or glutamine synthetase
occurred rarely in the cultures. Of the 200,000 cells plated per well, only 30 to 40 were detected
with nonglia and nonphotoreceptor cellular markers, allowing us to conclude that more than
99% of cells in the cultures were either Müller glia or rod photoreceptors. Immunostaining
multiple culture preparations from different litters indicated no evident variability in cell
composition. Although other populations of non-Müller glia and nonphotoreceptor cells might
have been detected with additional antibodies, based on the DAPI-stained nuclei, we expected
that other cell types were present at low numbers in the primary cultures.

Photoreceptor degeneration can be mimicked in culture using acute insult or genetic mutation.
A key contributor to photoreceptor death in vivo is oxidative stress. During rod degeneration,
high oxygen levels may result from decreased O2 uptake, which increases oxidative stress on
photoreceptors, overwhelming protective mechanisms and leading to further cell death.32,33
Oxidative stress results in the production of toxic reactive oxygen species (ROS), including
hydroxyl radical, superoxide anion radical, and hydrogen peroxide (H2O2). To mimic the
cytotoxic effect of ROS, retinal cultures were incubated in H2O2, and cell death was measured
by the XTT assay and TUNEL assay.

Incubating the cultures with 0.1 mM H2O2 to induce oxidative stress caused a 50% reduction
in viability (Fig. 2A). Addition of the specific canonical Wnt signaling activator SB216763 to
the H2O2–treated cultures significantly protected the retinal cultures, increasing the viability
to the level of noninjured cultures (P < 0.001), whereas treatment with H2O2 plus the DMSO
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vehicle was equivalent to treatment with H2O2 alone. To measure which cells were dying and
which were protected, we used a TUNEL assay to count apoptotic cells that coimmunostained
with antibodies against rhodopsin or glutamine synthetase. Ninety-nine percent of the TUNEL-
positive dead cells expressed rhodopsin, and 1% expressed glutamine synthetase, indicating
that rod photoreceptors, not Müller glia, were sensitive to H2O2 (data not shown). Addition of
the recombinant Wnt ligand activator Wnt3a to the H2O2-treated cultures significantly
decreased the amount of photoreceptor death, confirming that Wnt signaling is neuroprotective
(Fig. 2B). We also tested the effect of recombinant Wnt3a using the XTT assay. Wnt3a (50
ng/mL and 100 ng/mL) was added with the H2O2 and compared with cultures treated with
H2O2 alone Fig. 2C, no Wnt). Wnt3a significantly increased the viability of the retinal cultures
(P < 0.05; Fig. 2C). Phase-contrast images of retinal cultures treated with H2O2 and Wnt
activators are shown in Supplementary Figure S1,
http://www.iovs.org/cgi/content/full/48/12/5733/DC1.

Therefore, activating the Wnt pathway at its most upstream point using the Wnt3a ligand and
at its most downstream point using the GSK3β inhibitor SB216763 protected the retinal
cultures from H2O2-induced death. Although GSK3β inhibition may regulate other pathways
that could potentially contribute to protection, the replication of our data with the recombinant
Wnt3a ligand confirmed the prosurvival activity of the canonical Wnt pathway. These data are
the first demonstration that canonical Wnt signaling activators protect retinal cultures from
injury. Wnt activation alone, without H2O2, did not increase the viability of the cultures,
indicating that Wnt activation did not increase the survival or proliferation of nonphotoreceptor
cells (data not shown).

Activation of the Wnt signaling pathway was measured by transfecting the retinal cultures with
plasmid (TOP-FLASH; Upstate Biotechnology), which contains a Wnt-responsive promoter,
driving expression of luciferase.4 Incubation with SB216763 and Wnt3a ligand in conditioned
media significantly increased reporter activity by up to 4.7-fold in the retinal cultures compared
with the control treatments (Figs. 2D, 2E).

Wnt Activation in the Retina
To investigate whether Wnt signaling is an endogenous retinal neuroprotection mechanism,
we determined whether the Wnt pathway is induced during degeneration. Differential
expression of Wnt pathway genes have been identified in the degenerating retina by our group
and others,16,18,34–36 and various Wnt inhibitor and activator genes were expressed in the
retinas of mouse37,38 (Table 1), chick,39 and human.40 However, expression alone cannot
predict which cells contain activated Wnt signaling. Therefore, to identify the temporal and
spatial distribution patterns of functional canonical Wnt signaling during rod and cone death,
we used the transgenic Wnt reporter mouse line Tcf-LacZ.27 In the Tcf-LacZ mice, expression
of LacZ is induced by binding of endogenous β-catenin/Tcf complexes to the Tcf elements
upstream of the LacZ transgene and β-galactosidase-positive cells correspond to active
canonical Wnt signaling.

We first demonstrated that nondegenerating Tcf-LacZ mice have active Wnt signaling in the
ganglion cell layer (GCL) and in the inner portion of the inner nuclear layer (INL) in P19 mice
(Fig. 3A, left). This pattern is consistent with in situ hybridization localization of genes in the
Wnt pathway37 and indicates that the Wnt pathway has a normal role in postdevelopment
RGCs and INL cells. Similar findings were recently reported by Liu et al.,41 who demonstrated
that active Wnt signaling was present in subsets of amacrine cells in the INL cells and RGCs.

To localize Wnt signaling during retinal degeneration, we bred the Tcf-LacZ mice with rd1
retinal degeneration mice, which are homozygous for a mutation in the rod photoreceptor-
specific cGMP phosphodiesterase β-subunit (PDEβ) and which exhibit rapid rod degeneration
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followed by prolonged cone degeneration. We generated an rd1/Tcf-LacZ line homozygous
for rd1 and heterozygous for Tcf-LacZ and compared them with nondegenerating rd1/+-Tcf-
LacZ and +/+-Tcf-LacZ littermate controls. As shown in Figure 3A, the INL staining in the
rd1/Tcf-LacZ mice (Fig. 3A, right) widens compared with the nondegenerating littermate at
P19 (Fig. 3A, left), suggesting that an additional cell type (or types) acquires Wnt signaling in
response to rod degeneration. The new staining pattern is in the center and outer leaflets of the
INL, in a pattern consistent with the localization of Müller glia cell bodies. The positions of
the nuclei eliminated the possibility that the expanded LacZ staining was from “stretching” of
the retina from a fixation artifact in the thinner retina. A similar expanded staining was seen
during rod degeneration at P13 and P14.

Cells with newly activated Wnt signaling in rd1/Tcf-LacZ were identified as Müller glia
because β-galactosidase (encoded by LacZ) colocalized with the cytoplasmic Müller marker
glutamine synthetase (Figs. 3B–3F, P14 mice). These β-gal-positive cells did not colocalize
with the cellular markers calretinin, calbindin, calretinin, Pax6, or rhodopsin (data not shown).
However, a small number of β-gal-positive cells in the outer nuclear layer (ONL) colocalized
with the microglia/macrophage marker IBA-1 (Figs. 3H, 3I), suggesting activation of Wnt
signaling in microglia in addition to Müller glia.

LacZ staining was not detectable in photoreceptors (Fig. 3) or in RPE cells (rd1/Tcf-LacZ albino
mouse; data not shown). This finding is reminiscent of the lack of growth factor signaling
pathways and receptors in photoreceptors,42 though it is possible that transient Wnt signaling
was not detectable. Therefore, Wnt pathway gene expression results in cell-specific summation
of positive and negative regulators, leading to Wnt signaling in the INL and GCL and to lack
of Wnt signaling in the RPE and photoreceptors.

Wnt Signaling Is Activated in Müller Glia
We next confirmed— using primary Müller glia cultures prepared from the mouse retina
cultures—that Müller glia contain the required cellular pathways to respond to Wnt activators.
To quantitate Wnt signaling, we transfected the primary Müller glia with the luciferase Wnt
reporter plasmid and the LacZ plasmid and then incubated the cells with Wnt3a or control
conditioned media. As shown in Figure 4A, Wnt signaling was dramatically induced in the
primary Müller glia. Consistent with this finding is that β-galactosidase activity increased in
response to Wnt3a in Müller glia derived from the Tcf-LacZ mice (Fig. 4B).

Upregulation and nuclear accumulation of endogenous β-catenin is an established marker of
canonical Wnt signaling. Nuclear accumulation of β-catenin and increased cytoplasmic levels
were observed in Wnt3a-treated primary Müller glia compared with control, indicating
activation of the Wnt pathway (Figs. 4D, 4E).

To control for the potential presence of contaminating Wnt-responsive cells in the primary
Müller glia cultures, we performed Wnt reporter luciferase assays on the MIO-M1 human
Müller glia cell line.43 Wnt signaling was induced in response to the Wnt3a ligand and the
chemical activators LiCl and SB216763 (Fig. 4C). Furthermore, incubation with these Wnt
activators resulted in dramatic nuclear localization of β-catenin (shown for LiCl; Fig. 4G). The
amount of β-catenin remaining in the cytoplasm on Wnt signaling activation was higher in the
primary cultures than in the cell line (compare Figs. 4E and 4G). Although the response to Wnt
activation by Wnt3a and LiCl was equivalent within each cell type, the cell line consistently
responded better to all Wnt activators. This finding was consistent with the Wnt reporter
luciferase assays that demonstrated higher Wnt signaling in MIO-M1 cells compared with the
primary cultures (Figs. 4A, 4C). Despite the difference levels of Wnt signaling in the cell line
and the primary cultures, the β-catenin and luciferase assay data demonstrated that Müller glia
were Wnt-responsive cells.

Yi et al. Page 7

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Together, these data indicate that primary Müller glia and the Müller glia cell line contain the
receptors and components of the Wnt pathway required for Wnt signaling. It has been
established by several groups that Müller glia are the central mediators of growth factor
protection in animal models of inherited and light-induced retinal degeneration.42,44
Therefore, the activation of Wnt signaling in Müller glia, together with the localization of Wnt
regulators in the INL16,37 and the identification of Wnt signaling in Müller glia in the rd1/
LacZ mice, indicate that Müller glia mediates Wnt activity during retinal degeneration.

Identification of Candidate Activators of Wnt Signaling during Retinal Degeneration
The increased distribution of Wnt signaling in Figure 3 predicts that Wnt pathway activators
will be upregulated in the degenerating retina. To determine which Wnt ligands are potential
activators in vivo, we identified Wnt signaling genes that are differentially expressed during
photoreceptor death.

QPCR was performed on retinas from rd1 retinal degeneration mice. Gene expression was
assessed at two time points, during the peak of rod degeneration at P14 and during cone
degeneration at P50. We analyzed Wnt pathway genes that had previously been reported in
mouse or human retina.8,16,17,37 Multiple Wnt pathway genes were expressed during rod and
cone photoreceptor degeneration in rd1 mice. For example, Wnt10a and Wnt 13 are expressed
(though not differentially) during cone degeneration based on the threshold amplification cycle
below 32 and agarose gel confirmation of product size.

Differential expression of several Wnt pathway genes were also observed during rod and cone
photoreceptor death, including the Wnt receptors Frizzled3 and Frizzled6 and the SFRP
inhibitor genes (Table 1; QPCR ratios of age-matched rd1 to wt expression at P14 and P50;
*P < 0.05, Student's t-test). The canonical ligand Wnt10a was expressed in the rd1 retina during
rod degeneration at P14 but was undetectable in wt mice at this age. At P50 Wnt10a expression
was equivalent in rd1 and wt retinas. Wnt5a and Wnt5b were expressed at higher levels in the
rd1 retina at P50, whereas Wnt13 was expressed at similar levels in degenerating and wt retinas.
Wnt5a activates the noncanonical or canonical/β-catenin Wnt pathway, depending on the
receptor composition,45 and was previously identified in degenerating retina.35 Therefore,
Wnt5a, Wnt5b, Wnt10a, and Wnt13 are potential mediators of Wnt signaling during
degeneration.

Discussion
Photoreceptor death leads to many blinding conditions, including age-related macular
degeneration and retinitis pigmentosa. A major focus of retinal research is the identification
and characterization of novel photoreceptor protection factors. In the present study, we
demonstrated that Wnt signaling activators protected retinal cultures from H2O2-induced
oxidative stress. In the rd1/Tcf-LacZ retinal degeneration mouse, the distribution of Wnt
signaling changed compared with age-matched wt animals. Wnt signaling became prominent
in the INL in a pattern consistent with the induction of Wnt signaling in Müller glia. In contrast,
Wnt signaling was not evident in photoreceptors. Wnt ligands activated the canonical Wnt
pathway in cultured Müller glia, indicating that Müller glia contained the necessary receptors
and intracellular components for Wnt signaling.

Several studies demonstrated altered expression of Wnt genes during retinal degeneration in
rodent and human,16,18,34–36 suggesting that Wnt signaling may be a widespread retinal
response to photoreceptor death and is not limited to the rd1 mutation. The genes identified in
these studies are candidate mediators of Wnt signaling during retinal degeneration. In a
previous study, we determined that the Wnt regulator gene Dkk3 was upregulated during
photoreceptor death in rd1 mice and expressed in the INL.16 We recently demonstrated that
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Dkk3 potentiates Wnt signaling in cultured Müller glia5 and protects cell lines from apoptotic
agents by inhibiting caspases (Nakamura REI, et al. IOVS 2006;47:ARVO E-Abstract 2575),
suggesting that Dkk3 is a potential activator of Wnt signaling in Müller glia in vivo.

Our data suggest a model in which retinal injury stimulates Müller glia and leads to Wnt
signaling activation. Wnt signaling may raise the threshold for apoptosis and reduce
photoreceptor degeneration by directly affecting photoreceptor viability or by indirect effects,
such as by regulating growth factor activity46,47 (Yi and Hackam, unpublished observations).
In the presence of significant or continuing damage, these pathways are stimulated but are
insufficient to prevent degeneration.5 An additional component of this model is that secretion
of Wnt activators in Müller glia, such as the Wnt potentiator Dkk3,16 may amplify the
protective response to injury by activating Wnt signaling in an autocrine manner and in a
paracrine fashion in its neighboring cells. During retinal degeneration, Müller glia secrete
prosurvival growth factors thought to protect remaining photoreceptors from apoptosis.48–
51 Mimicking this intrinsic protective response by overexpressing growth factors reduces
photoreceptor death in retinal culture, explants, and animal models.48,49,52 To determine
whether our retinal culture results are translatable to photoreceptor protection in vivo, a
compelling experiment will be to overexpress Wnt activators in an animal model to test whether
elevated Wnt signaling delays or halts retinal degeneration.

Based on the retinal culture TUNEL assays, we consider that Wnt signaling induced
neuroprotection in our study, not regeneration as reported in retinal explants.14 Understanding
the conditions in which the Wnt pathway promotes neuroprotection over regeneration will be
important for considering therapies involving the Wnt pathway. Although Wnt pathway
activators are antiapoptotic in retinal culture and various normal and neoplastic tissues, Wnt
signaling is thought to eliminate malformed photoreceptors in a wave of apoptosis in the
developing Drosophila retina.53,54 Additionally, transgenic overexpression of β-catenin
(Arm) in Drosophila leads to a neuronal progenitor differentiation defect and photoreceptor
death.54 Identifying the underlying mechanisms of Wnt-regulated photoreceptor survival and
death will address whether the differing response to Wnt activation in the retina is species
specific or reflects opposite roles of Wnt signaling in the developing retina compared with the
diseased retina.

Our study adds to an increasing number of reports on the role of the Wnt pathway in the retina
(for reviews, see Refs. 3, 5, 55). The Wnt pathway is critical to retinal development8,56 and
retinal stem cell proliferation,7,57,58 and mutations in Wnt pathway genes cause several retinal
diseases. Progressive rod and cone death in the rd6 retinal degeneration mouse line is caused
by a splice donor mutation in the membrane-type frizzled-related protein (Mfrp).36 The
Mfrp gene contains domains found in the Wnt receptor Frizzled. Null mutations in MFRP cause
extreme hyperopia in humans.59 Inactivating mutations in the Wnt coreceptors Frizzled4 (Fz4)
10 and LRP511 cause familial exudative vitreoretinopathy (FEVR), a blinding disease
characterized by disrupted peripheral retinal angiogenesis. Norrin, the protein mutated in
Norrie disease, is a novel binding partner for Fz4.12 The retinal vascularization phenotype in
Norrie disease is similar to FEVR and is caused by disrupted Wnt signaling as a result of
decreased Norrin-Fz4 interactions.12

Interestingly, several of the Wnt ligands expressed in the retina (Table 1) activate noncanonical
β-catenin–independent pathways. Noncanonical signaling is not mediated by β-catenin
stabilization but instead is transmitted by calcium signaling, JNK activation, or protein kinase
C pathways. The role of the noncanonical pathway in the retina is unknown, though in other
tissues it attenuates the activity of canonical signaling.60 Future work will explore the role of
β-catenin–independent Wnt signaling in the retina to facilitate understanding of how multiple
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Wnt signaling pathways mediate photoreceptor survival and regulate photoreceptor– Müller
glia communication.
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Figure 1.
Characterization of the primary retinal cultures using immunostaining. (A–D) Prominent
staining with antibodies against rhodopsin (A, B, green, rod photoreceptors) and glutamine
synthetase (A, C, red, Müller glia). (D) Corresponding phase image for (A–C). (E) Every
vimentin-positive cell was also positive for glutamine synthetase, indicating that Müller glia
and not astrocytes were the prominent glial type. (F) Antibodies against IBA-1 (microglia,
macrophages) had minimal staining and detected fewer than 10 cells/well (of 2.0 × 105 plated
cells). DAPI-stained nuclei are blue. (G) GFAP-positive cells, which mostly had low staining
intensity, were present at numbers equivalent to those of GS-positive cells and represented
Müller glia. (H–J) Antibodies against Pax6 (H, amacrine and ganglion cells), Thy1 (I, ganglion
cells), and calbindin (J, horizontal and amacrine cells) labeled fewer than a dozen cells per
well (arrows). No cells were detected with antibodies against PKCα (K, rod bipolar cells),
though the appropriate cell type was detected in retinal cross-sections. (L) Incubation with
secondary antibodies only had no signal at the same or greater exposure time. Original
magnification: (A–G) 40×; (H–L) 20×. Scale bars: (A–G) 20 μm; (H–L) 25 μm.
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Figure 2.
Wnt pathway activation protects primary retinal cultures from oxidative stress. (A) Viability
of the retinal cultures was reduced by 50% by 0.1 mM H2O2. Wnt signaling activator SB216763
(40 μM) significantly increased the viability of the retinal cultures, whereas the vehicle control
DMSO had no effect. Viability was measured by XTT assay and normalized to the untreated
cultures. (B) TUNEL assay confirmed that photoreceptors in the cultures were rescued from
H2O2 toxicity. Recombinant Wnt3a ligand (150 ng/mL) was used to activate the Wnt pathway,
and rhodopsin+/TUNEL+ cells were counted. (C) Recombinant Wnt3a increased the viability
of retinal cultures exposed to H2O2, measured by XTT assay. Two concentrations of Wnt3a
were tested. The “no Wnt” cells were treated with H2O2 alone. (D, E) The Wnt signaling
pathway was activated in the retinal cultures. Cultures were transfected with the Wnt reporter
plasmid and a LacZ plasmid and then were incubated with the Wnt activators SB216763 and
Wnt3a. Wnt signaling was measured by the luciferase reporter assay using β-galactosidase
activity for normalization (values given in thousands).
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Figure 3.
Wnt signaling was activated during retinal degeneration. (A) The rd1/Tcf-LacZ mice (rd1,
right) were compared with nondegenerating +/+-Tcf-LacZ littermate controls (wt, left). Wnt
signaling (X-gal staining region (blue) is indicated by square brackets) in the INL layer was
wider in the rd1 mice, indicating that an additional cell type(s) acquired Wnt signaling during
degeneration. Retinas from P19 mice are shown. (B–E) β-galactosidase (β-gal, green, B) in
the rd1/Tcf-LacZ retinas colocalized (arrows) with the Müller marker glutamine synthetase
(GS; red, C). Choroidal vessels (B) are nonspecifically stained. (D, blue) DAPI-stained nuclei.
(E) Merged image; original magnification, ×40. Retina from a P14 mouse is shown. (F) Higher
magnification from an adjacent region of the tissue; original magnification, ×63. (G) Incubation
with secondary antibodies only, at the same or greater exposure time, did not show any staining.
(H, I) Region of the ONL of a P14 rd1/Tcf-LacZ retina showing colocalization of β-gal
(green, H) and the microglia marker protein IBA-1 (red, I). Original magnification, ×40.
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Figure 4.
The Wnt signaling pathway is activated in Müller glia. (A) Addition of Wnt3a conditioned
media (Wnt3a-CM) to primary Müller glia cultures increased activity of the Wnt luciferase
reporter compared with Ctrl-CM. Luciferase activity is normalized to cotransfected β-
galactosidase (values given in thousands). (B) Wnt3a also increased activity of β-galactosidase
in Muller glia cultures from Tcf-LacZ retinas. B-gal activity is calculated per microgram of
protein. Inset, blue: X-gal stain in Wnt3a-treated cultures (Wnt) and no stain in control treated
cultures (Ctrl). (C) The MIO-M1 human Müller cell line activates Wnt signaling in response
to Wnt3a ligand, LiCl, and SB216763 (+, treated with Wnt activator; –, control treatments
(untreated for LiCl, DMSO for SB216763, control conditioned media for Wnt3a). A Wnt-
responsive luciferase reporter was used to measure Wnt signaling in MIO-M1 cells as in (A).
Log scale is shown. (A–C) Average ± SD. (D–G) Nuclear localization of β-catenin is used as
an endogenous marker of Wnt signaling activation. Nuclear β-catenin is shown in primary
Müller glia cultures (D, E) and the MIO-M1 Müller glia cell line (F, G) treated with the Wnt
activators Wnt3a (E) and LiCl (G). The control for Wnt3a is Ctrl-CM (D) or untreated (F).
Scale bar, 50 μm.
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Table 1
Differential Expression of Multiple Wnt Pathway Genes during Rod and Cone Photoreceptor Degeneration in
rd1 Mice (on a C57B1/6 Background) Compared with wt C57B1/6 Mice

Gene P14 QPCR rd1/wt Ratio Rod Death P50 QPCR rd1/wt Ratio Cone Death

Wnt5a 1.4* 4.7
wnt5b 1.9* 2.9*
Wnt10a ND in B16 1.1
wnt13 1.11 0.82
SFRP1 0.3* 0.5*
SFRP2 2* 1.8*
SFRP3 2.2* 2.9*
SFRP4 0.94 2.3*
Frizzled3 1.2 2.5*
Frizzled4 0.18 0.11*
Frizzled6 2.45* 1.6

QPCR ratios of rd1 to wt expression are shown. ND, not detected.

*
P < 0.05, Student's t-test.
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