


















beads and beads soaked in different concentrations of the
inhibitor (or in vehicle for control) were introduced in the
eyes. The tadpoles were collected at 30 days postsurgery and
processed for histological examination. Figure 6 shows that
eyes treated with FGF-2 and a control bead had a normal
regenerated retina (Figure 6A); regeneration was significantly
reduced in eyes treated with FGF-2 plus a 100 µM U0126-
soaked bead (Figure 6B, Table 1), and was absent in eyes
treated with FGF-2 and a 1 mM U0126-soaked bead (Figure
6C, Table 1). Our results indicate that activation of the MAPK
pathway by FGF is critical for retinal regeneration to take
place in this system.

DISCUSSION
Xenopus laevis provides numerous advantages as an animal
model for research, such as the ease of its raising and
fertilization in the laboratory and the large number and
accessibility for manipulation of the embryos and tadpoles. It

also provides the possibility of doing transgenics and using
approaches such as morpholinos and RNAi to knock down
gene expression. However, its potential for retinal
regeneration research has not been fully explored.

Sologub [16] and Sakaguchi et al. [17] used Xenopus
laevis larvae or adults in RPE transplantation studies and
found that the RPE has the potential to transdifferentiate if the
appropriate environment or signal is present. One good
candidate signaling molecule is FGF. The FGF pathway is
involved in a variety of developmental and regenerative
processes in different animal models, controlling cell
proliferation, differentiation, and survival. Particularly in eye
regeneration, this pathway is involved in the regeneration of
the lens in newts and in retinal regeneration in chick embryos
[9,37]. In Xenopus laevis, studies performed in culture,
incubating RPE explants from stages 47–53 tadpoles in the
presence of FGF-2 for up to 30 days, induced their

Figure 6. Inhibition of the MAPK pathway decreases FGF-induced retinal regeneration in Xenopus laevis. U0126, a potent inhibitor of MEK,
was used for inhibition studies at concentrations of 100 µM and 1 mM. Tadpoles were retinectomized. Both an FGF-2-soaked heparin-coated
bead and an affigel blue bead soaked in either the inhibitor or in DMSO for control were introduced in their eyes. The pictures show
representative sections of eyes collected at 30 days postsurgery and stained with hematoxylin and eosin. A: Normal retinal regeneration was
evident in the eyes that were treated with FGF-2 plus a control affigel blue bead. B: Eyes treated with FGF-2 and 100 µM U0126 affigel blue
beads showed severe reduction of regeneration. C: No regeneration of the retina was detected in eyes treated with an FGF-2 bead and a 1 mM
U0126 affigel blue bead. Arrows point to regenerated neural retina. Asterisks indicate FGF-2-soaked heparin beads. Abbreviations: affigel
blue bead, soaked in the inhibitor or control (ab); cornea (C). Scale bar in C represents 100 μm and applies to all panels.

TABLE 1. SUMMARY OF THE RESULTS OBTAINED WITH THE MAPK INHIBITION EXPERIMENTS.

Treatment
Regeneration

n             Significant               p-valueNone Reduced Normal
FGF+control 0 3 13 16

FGF+U0126 100 mM 0 5 5 10 yes <0.01
FGF+U0126 1 mM 5 0 0 5 yes < 0.001

A chi square test was used to assess statistical significance when comparing eyes treated with FGF-2 plus inhibitor (U0126) to
control eyes (FGF-2 plus control bead). Treatment with the MEK inhibitor significantly reduced retinal regeneration in this
system.
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transdifferentiation in vitro into different retinal neuron and
glial types [17].

In vivo approaches to retinal regeneration in Xenopus
laevis have been limited. When Mitashov and Maliovanova
[23] removed the retina from the postmetamorphic Xenopus
laevis eye, retaining only the RPE and ciliary margin, they
found the retina could be partially regenerated mainly by
proliferation of stem cells normally present in the ciliary
margin of the eye. Transdifferentiation of the RPE did not
seem to play a major role in this process. In addition, when
small lessions are inflicted to the retina and adjacent RPE of
postmetamorphic Xenopus laevis, a repair process takes place,
the extent of which depends on the size of the ablation. The
cellular sources of this regeneration are not clear, however the
ciliary margin of the eye and intraretinal nests of proliferating
cells that exist in the inner nuclear layer (INL) and outer
nuclear layer (ONL) have been suggested [38]. The
contribution from the RPE at this time cannot be discarded in
such studies.

Most of the studies dealing with retinal regeneration in
Xenopus are not recent, and a much thorough understanding
of this process could be achieved with the use of modern tools.
The latest study in which retinal ablation was attempted in
vivo was performed by Yoshii et al. in postmetamorphic frogs
[24]. The regenerated retina seemed to be derived from
transdifferentiation of RPE cells that migrated away from
their RPE layer and attached to the vascular membrane that
was left behind in their surgery. This could be a promising
system to study RPE transdifferentiation. It would be
important in this model to further characterize the regenerated
retina and to identify the molecular mechanisms involved in
regeneration.

In the present study, we introduced a new model system
for retinal regeneration research. We showed that Xenopus
laevis tadpoles at stages 51–54 are able to regenerate a neural
retina in vivo after complete surgical removal in the presence
of an FGF-2 soaked bead. Such regeneration was not observed
in eyes treated with control beads, which means that FGF
plays an inductive role in this process (Figure 1). This is
consistent with the aforedescribed results for in vitro studies in
Xenopus laevis. We used molecular markers to characterize
the regenerated tissue and found that, as expected, it possessed
the differentiated cell types that constitute a normal retina,
following the correct pattern (Figure 2, Appendix 1 and
Appendix 2). This suggests that FGF treatment does not alter
the proper differentiation and patterning of the retina during

The cellular sources of regeneration in this system are
likely to be the RPE or the pigmented epithelia of the anterior
region of the eye (pigmented ciliary body or iris), since these

are the only tissues that remain within the eye after surgery.
Noticeably, all of these structures have been shown to be
highly plastic in other contexts. We showed that upon removal
of the anterior portion of the eye, the eye was still able to
regenerate a retina following FGF-2 induction, suggesting
RPE involvement (Figure 4). This does not discard the
possibility that the ciliary body and iris might also participate
in regeneration when they are left in the eye.

We wanted to go one step further and elucidate the
mechanism of induction of regeneration by FGF. MAPK
signaling is an important signal transducer for FGF receptors.
It has been shown to be activated by FGF during Xenopus
laevis development and to play a role in Xenopus laevis limb
regeneration [35,39]. MAPK signaling is also known to
mediate the in vitro transdifferentiation of RPE cells to neural
retina in newts [40], and retinal regeneration in the embryonic
chick in vivo [9]. In the present study, we demonstrated that
the MAPK pathway also plays a crucial role in retinal
regeneration in our model system. We found that, upon retina
removal in Xenopus laevis tadpoles, a fast upregulation of
FGF receptors 1 and 2 occurred in the pigmented epithelia of
the eye (Figure 5), and when a source of FGF-2 was placed in
the eye, it activated the MAPK pathway as observed by ERK
phosphorylation (Figure 5). Finally, we assessed the
functional significance of MAPK activation by inhibiting the
pathway at the level of MEK in the presence of exogenous
FGF. We concluded that activation of this pathway was
essential for regeneration to occur, since its inhibition led to
a significant decrease in retinal regeneration. Interestingly,
this mechanism is shared with other animal models of RPE
transdifferentiation, such as the embryonic chick, which
points to the similarity of this process in different animals and
the likelihood of translating the findings made in one model
to others. Such similarity provides the possibility of
addressing the same questions by exploiting the advantages
of different systems to overcome the limitations of others. We
did not study the activation of other intracellular signaling
cascades that can also be activated by FGF signaling, such as
the PI3 Kinase pathway and PLCγ, and therefore cannot
discard their involvement in this process.

In conclusion, our characterization of retinal regeneration
in the Xenopus laevis tadpole could contribute significantly to
the elucidation of the molecular mechanisms that drive retinal
regeneration. We have started to do so by analyzing the role
of the MAPK signaling pathway, but this is only the beginning
of the possibilities that can be explored using this model.
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regeneration. In addition, we showed that the regenerated
retina is in many cases able to form an optic nerve (Figure 3),
something that has not been demonstrated in some other
models of retinal regeneration.
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Appendix 1. Regenerated retina immunolabeled by Xen-1 but not by
RPE-65.

To access the data, click or select the words “Appendix
1.” This will initiate the download of a compressed (pdf)
archive that contains the file. Tadpole eyes were
retinectomized, and an FGF-2-soaked bead (asterisk) was
introduced in them. These eyes were collected at 0 (B, G), 10
(C, H), 20 (D, I), and 30 (E, J) days postsurgery and processed
for immunohistochemistry. Labeling by Xen-1, a neural
marker, was observed in the intact retina (A). Its expression
was lost inside the eye at 0 and 10 days postsurgery (B and
C), but was detected again in the regenerated retina at 20 and
30 days postoperation (D and E). Inset in A is a close up of

the boxed area, showing that the ciliary marginal zone (CMZ)
and the nonpigmented ciliary body (NPCB) were positive for
Xen-1. Inset in E is a dark-field a close up of the 30-day
regenerated retina. RPE-65 expression was only detected in
the RPE and not in the retina or other pigmented eye tissues
at any of the time points analyzed (F-J). Abbreviations: retinal
pigmented epithelium (RPE); lens (L); retina (R); optic nerve
(ON); pigmented ciliary body (PCB); regenerated retina (RR);
cornea (C). Scale bar in J represents 100 μm and applies to all
panels.

Appendix 2. Cell marker distributions in INL of the regenerated retinas
mimic younger retinas.

To access the data, click or select the words “Appendix
2.” This will initiate the download of a compressed (pdf)
archive that contains the file. Immunolabeling for AP2α (A,
B) or islet-1 (C, D) was performed on 30-day regenerated
retinas of stages 51–54 tadpoles (exposed to FGF-2; A, C) and

on intact retinas of stage 46 tadpoles (B, D). Notice the similar
distribution of the labeled cells. Abbreviations: ganglion cell
layer (GCL); inner nuclear layer (INL); outer nuclear layer
(ONL). Scale bar in D represents 100 μm and applies to all
panels.

Appendix 3. Comparison between intact and 30-day regenerated retinas.

To access the data, click or select the words “Appendix
3.” This will initiate the download of a compressed (pdf)
archive that contains the file. The cells in each cell layer were
counted on 12 different 50-μm-long areas across the width of
the retina in either intact or 30-day regenerated retinas, and
their percentages with respect to the total number of cells in
each area was determined. The length of the rod photoreceptor

outer segments was also measured and compared between
both types of retinas. A Student t-test was performed to
evaluate the results, and no statistically significant differences
were found between the two groups. Abbreviations: ganglion
cell layer (GCL); inner nuclear layer (INL); outer nuclear
layer (ONL); photoreceptor (Pr.); standard deviation (St.
Dev.).
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