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Abstract
Regenerative medicine holds the promise of restoring cells and tissues that are destroyed in human
disease, including degenerative eye disorders. However, development of this approach in the eye
has been limited by a lack of animal models that show robust regeneration of ocular tissue. Here,
we test whether MRL/MpJ mice, which exhibit enhanced wound healing, can efficiently
regenerate the retinal pigment epithelium (RPE) after an injury that mimics the loss of this tissue
in age-related macular degeneration. The RPE of MRL/MpJ and control AKR/J mice was injured
by retro-orbital injection of sodium iodate at 20 mg/kg body weight, which titration studies
indicated was optimal for highlighting strain differences in the response to injury. Five days after
sodium iodate injection at this dose, electroretinography of both strains revealed equivalent retinal
responses that were significantly reduced compared to untreated mice. At one and two months
post-injection, retinal responses were restored in MRL/MpJ but not AKR/J mice. Brightfield and
fluorescence microscopy of eyecup cryosections indicated an initial central loss of RPE cells and
RPE65 immunostaining in MRL/MpJ and AKR/J mice, with preservation of peripheral RPE.
Phalloidin staining of posterior eye wholemounts confirmed this pattern of RPE loss, and revealed
a transition region characterized by RPE cell shedding and restructuring in both strains, suggesting
a similar initial response to injury. At one month post-injection, central RPE cells, RPE65
immunostaining and phalloidin staining were restored in MRL/MpJ but not AKR/J mice. BrdU
incorporation was observed throughout the RPE of MRL/MpJ but not AKR/J mice after one
month of administration following sodium iodate treatment, consistent with RPE proliferation.
These findings provide evidence for a dramatic regeneration of the RPE after injury in MRL/MpJ
mice that supports full recovery of retinal function, which has not been observed previously in
mammalian eyes. This model should prove useful for understanding molecular mechanisms that
underlie regeneration, and for identifying factors that promote RPE regeneration in age-related
macular degeneration and related diseases.
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1. Introduction
The motivating concept of regenerative medicine is that physically or functionally damaged
cells, tissues, and organs might be restored in patients with severe injuries or chronic
diseases (Gurtner et al., 2007). One important disease target is age-related macular
degeneration (AMD), a leading cause of blindness worldwide affecting more than 1.75
million people in the U.S. alone (Swaroop et al., 2009). A critical step in AMD pathology is
the dysfunction and eventual loss of the retinal pigment epithelium (RPE) (Swaroop et al.,
2009). This tissue consists of a cuboidal epithelial monolayer at the interface between
choroidal capillaries and the neurosensory retina that is essential for photoreceptor function
and overall visual health (Strauss, 2005). Although RPE regeneration is desirable for
treating AMD, mammalian RPE is essentially non-renewable (Al-Hussaini et al., 2008;
Seagle et al., 2006). Thus, development of a mammalian model exhibiting robust RPE
regeneration would be a powerful tool to define pathways capable of repairing RPE loss and
in turn may improve AMD treatment.

Several regenerative approaches may be considered for replacing lost RPE. One is to
introduce cultured RPE cells derived from embryonic or induced pluripotent stem cells into
the subretinal space. This approach has shown some success in animal models, but is limited
by the challenge of halting disease progression, immune rejection, a limited source of donor
cells, and surgical complications (Boulton et al., 2004; Lee and Maclaren, 2010). A second
strategy is to inject bone marrow-derived stem cells into the vitreous or the systemic
circulation. We and others have provided evidence in rodent models that injected bone
marrow-derived cells reach the choroidal-retinal interface and transdifferentiate into RPE
cells, but the efficiency is currently too low to be considered as a robust therapeutic
approach (Carr et al., 2009; Harris et al., 2006; Harris et al., 2009; Idelson et al., 2009;
Uygun et al., 2009; Vossmerbaeumer et al., 2008). A third, untested, strategy is to induce
regeneration chemically by local introduction of factors that reprogram resident stem cells or
undamaged RPE cells to repopulate the damaged tissue, as proposed for other organs (Xu et
al., 2008). All of these strategies would benefit greatly from the identification of cellular or
molecular factors that enhance RPE regeneration.

The characterization of organisms with high regenerative capacity is a promising approach
for identifying such factors (Gurley and Alvarado, 2008; Kawakami, 2010). MRL/MpJ mice
are recognized as a novel mammalian model for enhanced regeneration (Clark et al., 1998).
These mice completely close a 2 mm ear punch without fibrotic scarring. Recent studies
have identified molecular attributes that underlie the MRL/MpJ phenotype (Alfaro et al.,
2008; Bedelbaeva et al., 2010; Caldwell et al., 2008; Li et al., 2001b; Naviaux et al., 2009;
Tucker et al., 2008; Ueno et al., 2005), which may permit targeted improvement of tissue
regeneration. However, the regeneration ability under different situations appears to vary
considerably in these mice. There are reports of efficient regeneration of the heart, digit tip,
digit and articular cartilage and enhanced wound healing for skin transplant (Chadwick et
al., 2007; Fitzgerald et al., 2008; Gourevitch et al., 2009; Leferovich et al., 2001; Naseem et
al., 2007; Tolba et al., 2010). On the other hand, there are negative results with regard to the
regeneration of skin, spinal cord and heart (Abdullah et al., 2005; Cimini et al., 2008; Davis
et al., 2007; Grisel et al., 2008; Oh et al., 2004; Robey and Murry, 2008). The different
outcomes may be attributed to differences in tissue type and the extent of injury produced in
these experiments. In the eye, only the corneal epithelium has been shown to regenerate
(Ueno et al., 2005). Thus, further studies are needed to determine whether the RPE
regenerates efficiently in MRL/MpJ mice.

Regeneration studies require specific surgical, chemical or genetic ablation of the target
tissue. Sodium iodate causes selective toxicity of the RPE (Redfern et al., 2011). High dose
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(40-50 mg/kg body weight, intravenous injection; 100 mg/kg body weight, intraperitoneal
injection) administration of sodium iodate will cause RPE damage over the entire eye
(Kiuchi et al., 2002; Redfern et al., 2011). By contrast, low dose sodium iodate (20 mg/kg
body weight, intravenous injection) will primarily cause only central damage with less
collateral cell damage/loss and sparing of the peripheral RPE (Machalinska et al., 2011).
Under normal conditions, RPE cells are considered to be non-regenerative (Seagle et al.,
2006), although cell division was observable in peripheral regions (Al-Hussaini et al., 2008)
and only minor partial recovery of visual function was observed under lower dose of sodium
iodate with sensitive the optokinetic response (OKR) (Franco et al., 2009) and
electroretinography (ERG) measurements (Kiuchi et al., 2002; Mizota and Adachi-Usami,
1997). The observed minor recovery was attributed to endogenous regeneration
(Machalinska et al., 2011). This potential regenerative capacity has yet to be fully explored
experimentally. We believe that it will be clinically attractive if those low-level endogenous
repair mechanisms can be defined and manipulated to promote regeneration of RPE in
pathological conditions including AMD.

Here, as a step towards improving RPE regenerative strategies, we investigated RPE
recovery in MRL/MpJ mice after sodium iodate treatment. Electroretinography and BrdU
labeling and histology was performed to assess RPE damage and restoration in MRL/MpJ
and control strains. We found that MRL/MpJ mice show more robust structural and
functional regeneration than control mice after injury with a full recovery of ERG
responsiveness. Our result provides the first demonstration of enhanced RPE regeneration in
rodents and provides a significant new tool for future studies of RPE regenerative therapy.

2. Material and methods
2.1. Animals

MRL/MpJ mice were obtained commercially (Jackson Laboratory, Bar Harbor, ME). Two
ancestral strains of MRL/MpJ, AKR/J (Jackson Laboratory) and C57BL/6 (Charles River
Laboratories, Wilmington, MA) were chosen as albino and pigmented control strains,
respectively. For studies of pigmented animals, MRLBL/GFP, a laboratory derivative of
MRL/MpJ mice was used. This strain was constructed by crossing MRL/MpJ and Tg (CAG-
EGFP)B5Nagy/J mice (Jackson Laboratory) to obtain black mice expressing green
fluorescent protein (GFP), which were then backcrossed against MRL/MpJ for >5
generations with retention of these phenotypes. Ear punch closure analysis confirmed the
regeneration phenotype. Mice were raised on cage racks with unrestricted access to food and
water under fluorescent lighting with a 12-hour light/12-hour dark cycle. All animal
procedures were reviewed and approved by the University of Florida Animal Care and Use
Committee and performed in an Association for Assessment of Laboratory Animal Care
approved facility according to the regulations in the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

2.2. Ablation of RPE with Sodium Iodate
Mice of 8-10 weeks of age were anesthetized and injected with sodium iodate (Sigma-
Aldrich, St. Louis, MO) in phosphate buffered saline (PBS), into the retro-orbital sinus, to
produce a dose of 20, 30 or 40 mg/kg body weight. Untreated animals were injected with a
comparable volume of PBS. Mice (n≥3 for each group) were monitored for RPE
regeneration by ERG and by histological analysis at various time points following injection.

2.3. Electroretinography (ERG)
Mice were dark-adapted overnight before analysis. Pupils were dilated with 0.5%
proparacaine hydrochloride (Akorn, IL) and 0.5% phenylephrine hydrochloride (Bausch and
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Lomb, FL). Mice were anesthetized with avertin (2, 2, 2-Tribromoethanol, Sigma-Aldrich,
St. Louis, MO) at 0.5 mg/g body weight and placed on a temperature-controlled working
platform at 37°C. Gold-rimmed contact electrodes were placed on the corneal surface and
visual responses were recorded with a UBA 4204 visual electrodiagnostic ERG system
(LKC Technologies, Gaithersburg, MD) using white light stimuli at intensities of −45, −35,
−25, −15, −5 and 5 dB with LED light.

2.4. Histology
Eyes were enucleated from euthanized animals and the cornea, iris and lens removed. For
cryosections, right eyes were fixed overnight at 4°C in 4% paraformaldehyde in PBS,
transferred to 20% sucrose overnight, oriented and embedded in optimal cutting temperature
compound (Sakura Tissue Tek; IMEB, San Marcos, CA). Cryosections (14 μm thick) were
collected on Superfrost Plus positively-charged slides (Fisher Scientific, Pittsburgh, PA) and
air-dried overnight at room temperature. For immunohistochemistry, sections were treated
with target retrieval solution (DAKO, Carpinteria, CA), protein blocking buffer (DAKO),
and biotin and avidin blocking kit (Vector Laboratories, Burlingame, CA). Sections were
stained with mice anti-RPE65 antibody (401.8B11.3D9) at 1:150 dilution (NOVUS,
Littleton, CO) as primary and donkey anti-mice IgG AlexaFluor 488 (Invitrogen, Carlsbad,
CA) at 1:500 dilution as secondary by using ARK kit (DAKO). After extensive washes in
Tris-buffered saline, the slides were counterstained and mounted in antifade medium
(Vectashield; Vector Laboratories) with 4′-6-diamidino-2-phenylindole (DAPI). Microscopy
was performed with a spinning disk confocal microscope (BX61WI-DSU; Olympus, Center
Valley, PA). Green and blue channels were acquired with a 20X objective and merged with
Volocity (Perkin Elmer) and tiled with the MosaicJ plugin (Thevenaz and Unser, 2007) in
ImageJ (Wayne S. Rasband, U. S. National Institutes of Health, Bethesda, Maryland, USA;
available at http://rsb.info.nih.gov/ij/download.html). For whole mounts, left posterior
eyecups were stained at room temperature with DAPI and rhodamine-phalloidin (Invitrogen,
Carlsbad, CA) in PBS containing 1% Triton X-100 for ≥24 hours. Eyecups were cut
radially, mounted with Vectashield and imaged with a spinning disk confocal microscope
(IX81-DSU or BX61WI-DSU; Olympus, Center Valley, PA) with acquisition software
(Slidebook, Olympus; or Volocity, respectively). To observe cell proliferation after injury,
BrdU (50 mg/kg body weight) was administered daily by intraperitoneal injection of sodium
iodate treated MRL/MpJ and AKR/J mice. Eyes were harvested 30 days post sodium iodate
injection and stained with the BRDU STAINING KIT (Invitrogen, Carlsbad, CA). To check
for morphological changes after injury, harvested eyes were fixed overnight in 2%
glutaraldehyde and 4% paraformaldehyde in PBS and embedded in epoxy resin. Sections
were cut at 1μm thickness and stained with toluidine blue (Li et al., 2001a).

2.5. Statistical methods
SAS software (SAS Institute Inc., Cary, NC) was used for statistical analysis of ERG
signals. A proc mixed model process was used to compare the strain, day difference with
wave type as random block. Significance was set at P< 0.05, and data are reported as the
mean ± SEM, where applicable. All analyses were two-tailed.

3. Results
3.1. Experimental Rationale

To develop a model for RPE regeneration, we sought to induce damage and compare
functional and morphological recovery of the RPE in MRL/MpJ with other strains. An
immediate issue was the choice of control strains. MRL/MpJ is an inbred albino strain
initially generated from a series of crosses among several laboratory strains, making
congenic comparison impossible. Albino strains have also been reported to be more
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sensitive to sodium iodate induced RPE damage (Redfern et al., 2011). We chose control
strains with normal wound-healing capability, including C57BL/6 and AKR/J, which were
used as stock in the generation of MRL/MpJ mice. Furthermore, AKR/J serves as an albino
control for the pigmented C57BL/6 strain. We also have crossed the MRL healer phenotype
onto a pigmented GFP-positive background to generate MRLBL-GFP as a pigmented
counterpart of albino MRL/MpJ for our study.

3.2. Optimizing sodium iodate dose
To avoid possible secondary effects that might hinder regeneration (Harris et al., 2006), our
first objective was to identify conditions in which recovery of injured RPE in MRL/MpJ
mice could be easily distinguished from that of control mice. In many mouse studies of RPE
injury (Harris et al., 2006; Harris et al., 2009), sodium iodate was used at a dose of 40 mg/kg
body weight or higher. This dose resulted in substantial RPE damage with minimal recovery
in preliminary experiments. We hypothesized that high-dose sodium iodate may cause
excessive damage to the tissue microenvironment, leading to the loss or alteration of repair
signals and environmental guidance cues that are required for regeneration. Massive damage
would most likely lead to scar formation regardless of strain background.

To optimize dosing, strains were injected retro-orbitally with sodium iodate at various doses
and examined one month later by ERG. One month is a time point when a plateau stage has
been reached in C57BL/6 mice injected with low dose of sodium iodate (Franco et al.,
2009). Significantly greater b-wave amplitudes were observed in MRL/MpJ and MRLBL/
GFP mice compared with all other strains tested at all sodium iodate doses (Fig. 1). The
differences in ERG amplitudes between MRL/MpJ, MRLBL/GFP and control cohorts were
greatest at a dose of 20 mg/kg body weight. The 20 mg/kg dose also resulted in a near flat
line ERG response in the control strain that was not significantly different from the damage
observed with higher doses of sodium iodate. Moreover, regardless of pigment phenotype,
MRL strains showed a more robust recovery of the ERG signal than control strains (Fig. 1),
suggesting that the previously reported influence of pigment on sodium iodate susceptibility
(Redfern et al., 2011) does not apply to recovery. Based on these results, we chose a sodium
iodate dose of 20 mg/kg for further studies.

3.3. Time course of ERG response in MRL/MpJ mice after chemical ablation of RPE
As established in the previous section, MRL/MpJ showed higher ERG responses than
control strains at post-injection day 30. To follow the kinetics of the recovery process and to
exclude the possibility that MRL/MpJ mice are more resistant to the initial injury, we
monitored the ERG response in MRL/MpJ and AKR/J mice as a function of time after
sodium iodate injection. Prior to treatment, both strains exhibited typical scotopic ERG
responses characterized by a- and b-waves with superimposed oscillatory potentials (Fig. 2).
At early times after injection, both strains showed attenuated responses. At later times, the
ERG response of MRL/MpJ mice was substantially restored, while that of AKR/J remained
low (Fig. 2). To account for strain differences in the pretreatment ERG response, we
performed the analysis with ERG amplitudes normalized to the pretreatment values for the
b-wave at −5 dB flash intensity. This analysis revealed nearly identical initial damage in
both strains followed by recovery in MRL/MpJ but not AKR/J mice (Fig 3. (A)). Similar
damage and recovery trends were observed with intensity-response data collected at flash
intensities from -45 dB to +5 dB (Fig. 3 (B)). Statistical analysis of the −15 dB, −5 dB and
+5 dB b-wave amplitudes at 5, 30 and 60 days post-injection with a mixed model statistical
analysis indicated no significant difference in initial damage between the two strains
(P=0.1214). Analysis at these stimulus intensities also indicated significant recovery in
MRL/MpJ mice at 30 and 60 days compared to 5 days post-injection (P<0.0001 and
<0.0001, respectively but not in AKR/J mice (P=0.4910 and 0.6258, respectively). These
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results suggest that MRL/MpJ and AKR/J mice are equally susceptible to sodium iodate
injury, but only MRL/MpJ mice recover significantly. Thus, the increased ERG response in
MRL/MpJ mice after sodium iodate treatment is not due to a greater resistance to the initial
injury but rather to enhanced regeneration.

3.4. Loss and restoration of RPE65 expression in MRL mice posterior cup after injury
We conducted anti-RPE65 immunostaining to correlate the observed functional recovery
with structural changes to the RPE in cryosections of posterior eyecups before and after
sodium iodate injury. Prior to injury, immunohistochemical analysis with antibody against
RPE65, an RPE-specific protein (Hamel et al., 1993), revealed a thin, positively-stained
band at the expected location between the neurosensory retina and the choroid (Fig. 4 (A)
and (D)). At higher magnification, polygonal RPE65-positive cells with large central nuclei
characteristic of the RPE were clearly identifiable (Fig. 4 (G-L)). RPE65 staining was
dramatically reduced in both strains at 5 days post-injection (Fig. 4 (B) and (E)). Strong
central RPE65 staining reappeared at 30 days post-injection in MRL/MpJ but not AKR/J
mice (Fig. 4 (C) and (F)), consistent with the recovery of ERG responses (Fig. 2 and 3). The
decrease in RPE65 staining following injury may be due to a reduction in the cellular
expression of RPE65, a loss of RPE cells or both. These results suggest that RPE cellular
integrity was similarly disrupted by sodium iodate in both strains, but recovered more
effectively in MRL/MpJ mice.

3.5. RPE restructuring and loss within days of sodium iodate injury
To further confirm the loss of RPE cellular integrity, we analyzed posterior eyecup
preparations stained with rhodamine phalloidin, which detects filamentous actin (F-actin) on
the apical border of RPE cells. Since conventional RPE/choroid/sclera flat mounts are
subject to potential artifacts that arise when the adherent retina is removed, we examined
eyecup whole mounts, in which the retina is retained. At two days following sodium iodate
injection, both strains showed a similar extent of damage (Fig. 5 (A) and (B)). Polygonal
RPE cells were detected in the eyecup periphery, but were absent from the center, consistent
with RPE cell atrophy and loss. The transition zone between healthy and atrophic tissue was
characterized in both strains by irregularly-shaped RPE cells whose border curvature and
area increased towards the eyecup center (Fig. 5 (A) and (B)).

Visualization of the RPE in whole mount image stacks was challenging because of the
abundance of F-actin and unevenness of tissue. Maximum merge z-projection of image
stacks encompassing the RPE layer was typically uninterpretable (Fig. 5 (C)). We therefore
developed a “flattening” macro in ImageJ to extract the phalloidin-stained RPE cell borders
(Fig. 5 (D)) and generate an image containing the RPE apical surface in a single plane (Fig.
5 (E)). These images clearly revealed structures reminiscent of RPE cellular shedding events
within the transition zone of sodium iodate-injured mice in both AKR/J and MRL/MpJ (Fig.
5 (E), asterisks). Taken together, these results establish that sodium iodate treatment at 20
mg/kg body weight produces a gradient of RPE loss and cellular tissue restructuring that is
similar in both strains.

3.6. Enhanced restoration of RPE morphology at one month
In order to better characterize the loss and regeneration of RPE in the MRL and control
animals we examined phalloidin-stained posterior eyecup whole mounts at one month post-
injection (Fig. 6). Mosaic images of AKR/J and MRL/MpJ mice were generated starting at
the superior, periphery and ending at the optic nerve head. AKR/J mice at one month post-
injection retained extensive areas toward the optic nerve head that were completely devoid
of polygonal RPE cells as detected by phalloidin staining (Fig. 6 (A) and (B)). By
comparison, and in contrast to the appearance at two days post-injection, phalloidin staining
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of MRL/MpJ eyecups at one month post-injection showed the polygonal RPE cells
throughout the posterior eye (Fig. 6 (C) and (D)), a striking improvement to the disrupted
morphology observed at two days post-injection. The large, irregularly-shaped cells
observed at early times after injury (Fig. 5 (A)) were mostly absent. Polygonal cells were
observed mainly in the periphery of AKR/J eyes, which might contribute to the small
amount of ERG recovery in the AKR/J strain (Figs. 1-3) Phalloidin-stained F-actin
structures reminiscent of those in fibroblasts were observed at the transition between the
normal and atrophic RPE, suggestive of scar formation. These results demonstrate that the
RPE region damaged by sodium iodate can be efficiently regenerated in MRL/MpJ but not
AKR/J mice.

3.7. Confirmation of Morphological changes in plastic embedded sections
To confirm the post injury morphological changes, ultra-thin plastic embedded sections
were prepared at day 0, 5 and 30 post-injection. The images revealed severe central RPE
damage at 5 days post injection in both MRL/MpJ and AKR/J mice (Fig. 7, arrowheads). At
30 days post injection, the typical structure of the RPE layer was restored in MRL/MpJ mice
but not in AKR/J mice (Fig. 7, arrows). At 30 days, the outer nuclear layer and
photoreceptor inner and outer segment are largely preserved in MRL/MpJ mice consistent
with a restoration of RPE function. These results further confirm RPE65 and phalloidin
staining result suggesting that the MRL/MpJ mice are able to regenerate RPE efficiently
after sodium iodate injury.

3.8. Cell proliferation
To test if cell proliferation contributes to the observed RPE regeneration, BrdU was injected
daily following sodium iodate treatment. At 30 days post injection, many BrdU positive
cells were observed in the subretinal space of sodium iodate treated MRL/MpJ mice (Fig. 8
(D) and (H)) but only sporadically in AKR/J mice (Fig. 8 (B) and (F)). Some of these cells
have large nuclei and located in a monolayer above Bruch’s membrane, suggesting they are
RPE cells. BrdU incorporation was not observed in uninjured mice (Fig. 8 (A), (B), (E) and
(F)) indicating that incorporation reflects a post injury proliferation. These results suggest
that after injury, there are proliferating cells in the subretinal space in MRL/MpJ mice but
not AKR/J mice that may contribute to the regeneration of the RPE.

4. Discussion
The goal of the current work was to identify a mouse model with robust regeneration of RPE
damage for use in future studies to elucidate the underlying mechanisms of regeneration.
Our analysis indicates that RPE regeneration after sodium iodate injury is significantly
enhanced in MRL/MpJ mice compared to AKR/J mice. We identified a sodium iodate dose
of 20 mg/kg under which a clear difference in recovery was observed between these strains.
At this dose, the ERG response at 60 days after damage in MRL/MpJ recovered beyond
pretreatment amplitudes, consistent with a more than sufficient restoration of RPE function,
which is essential for photoreceptor viability and activity (Strauss, 2005). By monitoring
tissue histology and morphology as a function of time after sodium iodate injury, we
demonstrated that the RPE of both strains undergoes similar cellular damage after injury, but
only MRL/MpJ recovers significantly. BrdU incorporation studies indicate that MRL/MpJ
recovery correlates with an increased labeling of subretinal nuclei, consistent with a
contribution of cell division to regeneration in this MRL/MpJ tissue. The loss and
subsequent recovery of RPE function and structure in MRL/MpJ mice satisfies the criteria of
a regenerative process (Gurtner et al., 2007).
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A modest level of sodium iodate-induced injury appears to be critical for detecting RPE
regeneration in rodents. Although published studies are difficult to compare because of
differences in the sodium iodate dose, mode of administration, age of animals and time of
analysis after injection, major trends can be identified. Complete RPE ablation in mice is
often achieved with sodium iodate at 40 – 100 mg/kg body weight injected intravenously or
intraperitoneally. Under these conditions, little (Mizota and Adachi-Usami, 1997) to no
(Enzmann et al., 2006; Machalinska et al., 2011; Redfern et al., 2011) regeneration has been
found. We observed a similarly low level of regeneration in MRL/MpJ and control mice,
including pigmented strains, with retro-orbital sodium iodate at 40 mg/kg body weight, in
agreement with our previous work (Harris et al., 2006; Harris et al., 2009). By contrast,
significant regeneration has been suggested to occur at lower doses. For example,
intravenous sodium iodate in C57BL/6 mice at 15 and 25 mg/kg body weight caused a dip
and subsequent partial recovery of visual function as measured by a sensitive optomotor
kinetic reflex assay, possibly indicating RPE regeneration (Franco et al., 2009). Consistent
with these studies, we found robust regeneration of MRL/MpJ RPE with retro-orbital
sodium iodate at 20 mg/kg body weight. The importance of a lower dose may reflect a need
to preserve adult RPE cells or tissue-resident stem cells that repopulate the damaged tissue.
Alternatively, high doses may damage circulating stem cells required for regeneration, as
suggested previously (Harris et al., 2006); alter the tissue microenvironment so that it no
longer supports RPE regeneration; or induce secondary damage due to inflammatory
responses, as suggested as an explanation for RPE cell loss in a genetic ablation model
(Longbottom et al., 2009). The observed dependence of regeneration on the severity of
sodium iodate injury fits with the variable outcomes of tissue regeneration in MRL/MpJ
mice (Abdullah et al., 2005; Chadwick et al., 2007; Cimini et al., 2008; Davis et al., 2007;
Fitzgerald et al., 2008; Gourevitch et al., 2009; Grisel et al., 2008; Leferovich et al., 2001;
Naseem et al., 2007; Oh et al., 2004; Robey and Murry, 2008; Tolba et al., 2010).

Unlike reports of patchy RPE loss in response to a low sodium iodate dose (Enzmann et al.,
2006; Franco et al., 2009), our results indicate contiguous damage of the central posterior
RPE with preservation of the periphery. We did not observe patches of RPE cell loss in the
strains we examined, possibly because we avoided damage to the RPE by examining whole
eyecup preparations in which the retina remained intact. In earlier attempts where the retina
was removed, we found that adherence of the RPE and retina introduced artifacts that made
it difficult to interpret changes in RPE morphology, especially in sodium iodate-injured
eyes. The loss of central RPE with peripheral preservation with low sodium iodate doses has
also been reported in C57BL/6 mice (Machalinska et al., 2011) and rabbits (Korte et al.,
1994). Greater central damage has also been noted at higher sodium iodate doses in mice
(Mizota and Adachi-Usami, 1997; Redfern et al., 2011) and rats (Mizota and Adachi-Usami,
1997), and is supported by fluorescein angiography in rabbits and monkeys, which reveal a
sodium iodate-induced breakdown of RPE barrier function in the central eye early after
injury (Ringvold et al., 1981). Since major blood vessels of the choroidal and retinal
circulation enter and exit the central eye at the optic nerve and have their largest diameter
there, we speculate that delivery of and damage from sodium iodate is greatest in this region.
However, it is also possible that damage is uniform throughout the eye, but peripheral
regions are repaired more rapidly due to the presence of progenitor or stem cells in these
regions (von Leithner et al., 2010).

Features of the transition zone between normal and atrophic RPE in MRL/MpJ and AKR/J
mice reveal a similar initial response to sodium iodate injury in both strains. Flower-like cell
shedding structures in the transition zone have previously been observed in chick embryonic
RPE (Nagai and Kalnins, 1996), in transgenic mice following genetic ablation of the RPE
(Longbottom et al., 2009), and in cell culture models of epithelial shedding (Florian et al.,
2002; Rosenblatt et al., 2001). RPE shedding structures are associated with apical ejection of
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a central dead or dying RPE cell (Nagai and Kalnins, 1996). Enlarged cells with irregular
borders at the central edge of the transition zone may be similar to those reported at the
boundary of RPE atrophy in retinal cross sections and in RPE/choroid/sclera flat mounts of
sodium iodate-injured mouse and rabbit eyes (Kiuchi et al., 2002; Korte et al., 1995). These
observations lead us to propose an initial injury response in which dead or dying RPE cells
are shed by a “purse string” closure process characteristic of epithelial monolayers (Garcia-
Fernandez et al., 2009). Neighboring cells rearrange to cover the area occupied by the shed
cells, as suggested in a genetic RPE ablation model (Longbottom et al., 2009), resulting in
enlarged cells with irregular boundaries. In the face of continued atrophy, RPE cells at the
edge of the transition zone dedifferentiate, losing their characteristic polygonal shape and
RPE65 expression. Further studies may reveal whether the RPE is repopulated in sodium
iodate-injured MRL/MpJ mice by proliferation of cells at the central edge of the transition
zone.

The establishment of enhanced RPE regeneration in MRL/MpJ mice is an important first
step towards identifying factors that may improve regenerative approaches for age-related
macular degeneration and related diseases. MRL/MpJ mice are not universal “healer” mice
as they were originally nicknamed (Abdullah et al., 2005; Cimini et al., 2008; Davis et al.,
2007; Grisel et al., 2008; Oh et al., 2004; Robey and Murry, 2008), and even the original
ear-punch regeneration phenotype has been observed at much lower levels in other strains,
including C57BL/6 (Costa et al., 2009; Reines et al., 2009). Nevertheless, there is general
agreement that tissue regeneration is most robust in MRL/MpJ strain, making it the most
experimentally tractable for studying this process. In many ways the fact that MRL/MpJ
mice are nearly normal makes them a potentially more relevant model for regenerative
studies, as long as the tissue of interest is repaired in this background. Our results clearly
show full restoration of ERG function in MRL/MpJ mice following acute sodium iodate
injury of the RPE.

Recent studies of this strain suggest several mechanisms for how enhanced RPE
regeneration can occur. Circulating stem cells may be superior in MRL/MpJ mice, as
suggested in a study of a mouse myocardial injury and recovery model (Alfaro et al., 2008).
Alternatively, the peripheral region of the posterior eye, which has been suggested to contain
stem or progenitor cells (von Leithner et al., 2010), may be more proliferative in MRL/MpJ
mice than in AKR/J mice. Finally, a less destructive inflammatory response in MRL/MpJ
mice (Heber-Katz and Gourevitch, 2009; Li et al., 2001b) may promote the engraftment and
regeneration of RPE cells or the proliferation of other tissue-derived cells. Studies in MRL/
MpJ mice and other animal models have indicated that the status of systemic inflammatory
factors and the local balance of pro- and anti-inflammatory cytokines profile are critical in
determining whether a wound heals with or without a scar (Anam et al., 2009; Eming et al.,
2009; Li et al., 2001b; Zins et al., 2010). Whichever hypothesis proves correct, if the
mechanism of enhanced RPE regeneration in the MRL/MpJ mice can be clarified, it will be
useful for developing therapies for clinical recovery from RPE damage and loss. The simple
fact that RPE regeneration occurs robustly in MRL/MpJ mice may help efforts to identify
the cell sources that effect RPE repair in a mammalian system. Studies from our own and
other laboratories have shown that HSC derived donor cells can form cells within the RPE
layer that are morphologically indistinguishable from native RPE (Carr et al., 2009; Harris et
al., 2006; Harris et al., 2009; Idelson et al., 2009; Uygun et al., 2009; Vossmerbaeumer et
al., 2008). However, only low levels of donor cell incorporation were observed and it was
challenging to confirm that these cells were fully functional. The extensive RPE
regeneration in our MRL/MpJ mouse model may permit more robust incorporation of donor
cells and facilitate functional testing of these populations within the RPE layer.
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Highlights

Stem cells can replace RPE at a low rate.

We show MRL mice fully regenerate RPE after damage.

A much needed model system.

Xia et al. Page 14

Exp Eye Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Comparison of b-wave amplitudes of MRL/MpJ and AKR/J, MRLBL/GFP and C57BL/6, at
a dosage of 20, 30 and 40 mg sodium iodate/kg body weight. Significant (P<0.05)
differences were observed at 30 days post-injection between the two strains at all doses with
n>5. However, among the three doses, 20mg/kg cohorts yield the biggest difference.
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Figure 2.
Single and average ERG traces at −5dB intensity. ERG traces in MRL/MpJ and AKR/J mice
at an intensity of −5 dB were recorded at 0, 2, 5, 30 and 60 days after sodium iodate
injection. Thick line: mean ERG response. Both strains show typical ERG responses before
and decreased responses at 2 and 5 days after sodium iodate treatment. A dramatic increase
in response was observed at later time points in MRL/MpJ mice.
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Figure 3.
Analysis of ERG signal. Respective time based a- and b-wave amplitude and percentage
analysis at −5 db (A) and flash dose dependent response of AKR/J and MRL/MpJ at
different time points after sodium iodate treatment (B) indicating a significant regeneration
difference between the two strains. Both actual amplitude values and the percentage
normalized to untreated mice showed a damage-recovery process in the MRL/MpJ mice but
only damage trend in AKR/J mice. Flash intensity dependent responses illustrate the true
damage and regeneration profile. n≥3.
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Figure 4.
Immunostaining of RPE65. Fluorescence micrographs of posterior cup cyosections of AKR/
J (A-C) and MRL/MpJ (D-F) stained with anti-RPE65 antibody. Higher magnification views
of the corresponding boxed areas of AKR/J (G-I) and MRL/MpJ (J-L). A positively-stained
band at the expected location between the neurosensory retina and choroid was observed in
untreated samples (A and G, D and J). RPE65 staining was dramatically reduced at 5 days
after sodium iodate injection (B and H, E and K). Staining was restored in MRL/MpJ but not
AKR/J at 30 days post-injection. Scale bar in upper panel: 200 μm; lower panel 50 μm.
ONH: optic nerve head. Green: AlexaFluor 488; Blue: 4′-6-diamidino-2-phenylindole
(DAPI).
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Figure 5.
Initial RPE restructuring and loss two days after sodium iodate injury. Mosaic image of
posterior eyecup whole mounts were obtained from AKR/J (A) and MRL/MpJ (B) mice
stained with rhodamine phalloidin. Normal polygonal RPE cells were present in the
periphery but undetectable in an atrophic region of the eyecup toward the optic nerve head
(ONH, direction indicated by arrow). A transitional zone between these regions contained
irregularly-shaped cells, with increasing border curvature and cell area towards the ONH,
and fibroblast-like cells (arrowhead). The transitional zone was examined at higher
magnification (C-E). Merged confocal stacks were difficult to interpret due to the
unevenness of the whole mount preparation (C). An ImageJ “flattening” macro written to
extract the RPE cell borders (D) revealed the RPE apical surface and possible shedding
events within the transitional zone of an MRL/MpJ mouse two days after sodium iodate
injury (E, asterisks). Scale bars: A and B, 100 μm; C-E, 50 μm. ONH: optic nerve head.
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Figure 6.
Regeneration of RPE at 4 weeks after sodium iodate injury. Fluorescence micrographs of
posterior eye whole mounts of AKR/J (A, superior; B, central) and MRL/MpJ (C, superior;
D, central) were stained with rhodamine-phalloidin. (E-H) Higher magnification views of
the corresponding boxed areas. RPE cells appear only in the peripheral region of AKR/J
eyes and are irregularly-shaped, and F-actin staining typical of fibroblasts (arrowheads) is
evident at the lesion boundaries. Normal polygonal RPE cells appear throughout MRL/MpJ
eyes and fibroblasts are absent. ONH: optic nerve head. Scale bars: A-D, 100 μm; E-H, 25
μm.

Xia et al. Page 20

Exp Eye Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Structural restoration of RPE cell layer. Overall (upper panel) and magnified (lower panel)
bright field images of plastic-embedded eyecups show morphological changes in the
posterior eyecup after sodium iodate injury. Normal RPE cells at 0 days post-injection
(arrows) were replaced with irregularly-shaped and detached cells (arrowheads) at 5 days in
both MRL/MpJ and AKR/J mice. In MRL/MpJ mice, the damaged RPE layer was restored
and normal RPE cells were observed in the subretinal space at 30 days post-injection. By
contrast, in AKR/J mice at 30 days, the morphology of the RPE and photoreceptor layers
deteriorated further than at 5 days post-injection and no normal RPE cells were detectable.
Scale bars: upper panel 200 μm; lower panel 50 μm. ONH: optic nerve head.
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Figure 8.
Observation of cell proliferation by BrdU staining. Bright field pictures were captured for
the eye sections from AKR/J treated with 20mg/kg sodium iodate (B and F) and PBS (A and
E), MRL/MpJ treated with 20mg/kg sodium iodate (D and H) and PBS (C and G). Higher
magnification views of corresponding boxed areas were displayed in the lower panel. ONH:
optic nerve head. BrdU positive cells (arrows) in the subretinal space were only observed in
the MRL/MpJ mice 30 days post sodium iodate treatment. Scale bars: A-D, 200 μm; E-H, 50
μm.
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