NEURAL REGENERATION RESEARCH

©.

www.nrronline.org

S

@ PERSPECTIVE

Developmental dependence for
functional eye regrowth in Xenopus
laevis

Introduction: A key challenge in designing tissue repair
strategies is knowing whether and how developmental mech-
anisms are used for successful repair of mature/adult tissues.
Although it is known that developmental components are
used in repair, it remains mostly unclear which ones are re-
quired and whether they act similarly as during development.
This issue is further complicated by the fact that it is difficult
to assess the similarities and differences between develop-
ment and the repair of mature tissues, since the two contexts
are highly dissimilar. A potentially useful yet underutilized
approach is to understand developmental regrowth (defined
here as the ability to compensate for missing tissues by restor-
ing normal organ structures and function). An ideal model
would have two key features: repair capacity in the organ of
interest during development, and well-understood develop-
mental mechanisms. This approach reduces the complexity
of comparing mature repair processes to developmental ones.
The African clawed frog, Xenopus laevis, has a high capacity
to restore lost body structures, including the eye (Beck et al.,
2009). It can regenerate the retina and lens after injury (re-
viewed in Barbosa-Sabanero et al. (2012) and Tseng (2017)),
and Xenopus eye development is well characterized with
known mechanisms (Viczian and Zuber, 2015).

We recently established an embryonic model of eye re-
growth using Xenopus laevis. Our study showed that the
developmental stage (st.) 27 tailbud embryo regrows its eye
after tissue ablation (Kha et al., 2018). Regrowth is completed
by 5 days and does not interrupt overall development. The
regrown and age-appropriate eye contains the normal com-
plement of eye structures and retinal cell types, connects to
the brain via the optic nerve, and demonstrates visual pref-
erence. As this is a new model, here we further define this
system by assessing the functionality of the regrown eye and
determining whether the ability to regrow the eye shows age
dependency.

Methods: Xenopus laevis embryos were obtained via in vitro
fertilization and were raised in 0.1x Marc’s Modified Ringer’s
(MMR) medium. The eye surgery and regrowth assay were
performed as described (Kha et al., 2018).

For chemical treatments, concentrations of 28 uM of
M50054 and 40 uM of NS3694 (Millipore, EMD Biosciences,
Burlington, MA, USA) were used. For vehicle control, di-
methyl sulfoxide (DMSO) treatment was used. After tissue
removal surgery at st. 27, embryos were allowed to recover
and then transferred to 0.1x MMR medium containing the
chemical for 24 hours. Embryos were then washed with two
changes of MMR and eye regrowth was assayed by 6 days
post surgery (dps). To examine visual function, the visual
preference assay was performed as previously described (Kha
et al., 2018). The time that tadpoles spent in each colored
background was measured within a two-minute time frame
(n = 12 per condition). All sets of tadpoles were tested for
two consecutive days. The results were similar for both days.
For each condition, the average percentage of time spent in a
white color background was calculated. Comparison of con-

ditions was analyzed using a Student’s ¢-test.

For eye regrowth assays, embryos at the following stages:
27, 28, 29-30, 31, 32, and 33-34 (Nieuwkoop and Faber,
1994), were anaesthetized prior to surgery with tricaine (n >
60 per stage(s)). Tissue removal surgery was performed using
fine surgical forceps (Dumont No. 5). After surgery, embryos
were allowed to recover, and then cultured at 22°C for 5 days.
The contralateral eye of the embryo served as an internal
control. Regrowth in operated eyes as compared to control
unoperated eyes of sibling embryos were assessed using the
Regrowth Index (RI) (Kha et al., 2018). The RI ranges from 0
to 300, where 0 indicates no regrowth in all embryos of a giv-
en condition and 300 indicates full regrowth in all embryos.
Raw data from scoring was used to compare eye regrowth ex-
periments. Comparison of regrowth under two different con-
ditions was analyzed with Mann-Whitney U test for ordinal
data with tied ranks, using normal approximation for large
sample sizes.

Restoration of functionality in eye regrowth: When given
the choice, young Xenopus tadpoles display a robust and
consistent preference for swimming in a white background
over a black background (Moriya et al., 1996). Blind tadpoles
lose this ability for background preference. This natural visu-
al preference has been used as an effective and efficient assay
to investigate the visual response of tadpole eyes (Viczian
and Zuber, 2014; Kha et al., 2018). In our previous work, we
demonstrated that that tadpoles with only a single regrown
eye showed strong preference to swim in the white back-
ground, similar to control tadpoles with only one unoperated
eye (Kha et al., 2018). While the regrown eye showed robust
background color preference, this tadpole behavior could po-
tentially be due to contributions from the small proportion
of st. 27 eye cells that remain after surgery. This is because
surgery removes approximately 83% of eye cells on average
(Kha et al., 2018). To confirm that functional recovery is due
to the regrown tissues, and not pre-existing cells, it is cru-
cial to show that visual behavior is restored in animals with
eye regrowth as compared to eyes that are inhibited from
regrowing.

To assess whether remnant st. 27 eye cells could contribute
to the white preference behavior shown by tadpoles with only
one regrown eye, we used chemical methods to inhibit eye
regrowth. We previously showed that eye regrowth required
apoptosis (programmed cell death) (Kha et al.,, 2018). At 6
dps, a regrown eye is of similar size and structure to an un-
injured eye (Figure 1A bottom left panel, compare regrown
eye on the left side - as indicated by green arrowhead - to the
uninjured eye on the contralateral right side). Chemical inhi-
bition of apoptosis using either M50054 or NS3694 blocked
eye regrowth resulting in the formation of small eyes (Figure
1A, compare control regrown eye (green arrowhead) to eyes
treated with M50054 or NS3694 (red arrowheads)). Using the
behavioral assay, we examined the visual preference of tad-
poles carrying only one growth-inhibited eye. First, we per-
formed surgeries to remove the left eye tissues at st. 27. The
embryos were then treated with either vehicle only (DMSO)
or with an apoptosis inhibitor. In order to test the tadpole
visual preference of the operated eye, the uninjured contra-
lateral (right) eye at st. 40 was removed (Figure 1A, bottom
row: middle and right panels). (Eye removal at st. 40 does not
induce replacement.) Six days after initial surgery, we per-
formed the visual behavior assay.
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Figure 1 Restoration of visual function requires eye regrowth.

(A) Representative images showing effects on eye regrowth after apoptosis inhibitor treatments (M50054 or NS3694) at 6 days post surgery (dps) as compared to a DMSO-vehicle
control (n = 12 per condition). Green arrowhead indicates a DMSO-treated regrowing eye. Red arrowheads indicate regrowth-inhibited eyes. To assay for visual function of a
single eye, the right contralateral eye was removed for all conditions (shown in bottom middle and right panels). Top panels: dorsal is up, and anterior is to the left. Bottom panels:
anterior is up. Scale bar: 500 um. (B) DMSO-treated tadpoles with either one normal or one regrown eye display white background preference. Tadpoles with an uninjured eye
treated with an apoptosis inhibitor also showed white background preference (n = 12 per condition, P > 0.05). Tadpoles with a regrowth-inhibited eye resulting from treatment
with an apoptosis inhibitor lost white background preference (n = 12 per condition, *P < 0.01).
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Figure 2 Eye regrowth declines with increasing age.

The Regrowth Index (RI) is a measure of eye regrowth quality (Kha et al., 2018). Each regrown eye is assigned to one of four phenotypes: full (comparable to an unoperated control
eye), partial (minor abnormalities with some reduction in size), weak (no lens and small size), and none (no regrowth). To obtain the RI value, the number of tadpoles in each
category is multiplied by: 3 (full), 2 (partial), 1 (weak), or 0 (none), added together, and then divided by total number of tadpoles. A value of 300 denotes full regrowth in all indi-
viduals in the group whereas a value of 0 denotes no regrowth in all individuals. (A) At 5 days post surgery (dps): developmental stage. 27, RI = 281 (n > 100); st. 28 RI = 251 (n =
67); st. 29-30, RI = 159 (n = 142); st. 31, RI = 82 (n = 106); st. 32, RI = 37 (n =113); and st. 33-34, RI = 10 (n = 70). *P < 0.01, vs. st. 27. (B) Representative images showing resulting
eyes at 5 dps. Corresponding top and bottom panel show side and top views of the same tadpole. (B1, B1’) Unoperated control eye indicated by yellow arrowheads. (B2, B2’) st. 27.
(B3, B3’) st. 28. (B4, B4’) st. 29-30. (B5, B5’) st. 31. (B6, B6’) st. 32. (B7, B7’) st. 33-34. Green arrowheads: Full regrown eyes; orange arrowheads: partial eye regrowth; red arrow-
heads: no regrowth. Top panels: dorsal is up and anterior is to the left. Bottom panels: anterior is up. Scale bar: 500 um.

Consistent with our previous results, tadpoles with one
regrown eye strongly preferred to swim in the white back-
ground, similar to control tadpoles with only one unoperated
eye (Figure 1B, n = 12 per condition, P > 0.05) (Kha et al.,
2018). As a second control, we also examined the uninjured
eyes of tadpoles that were treated with an apoptosis inhibi-
tor, M50054 or NS3694, for 24 hours after st. 27 (the normal
course of treatment to successfully inhibit eye regrowth).
There were no apparent morphological differences in the
apoptosis inhibitor-treated eyes as compared to their age-
matched siblings. These tadpoles showed a similar preference
to swim in a white background as compared to those with
a normal eye (n = 12, P > 0.05 for each inhibitor treatment
as compared to control). In contrast, tadpoles with a sin-
gle regrowth-inhibited eye showed a loss of preference for
swimming in a white background as compared to those with
a DMSO-treated regrown eye (Figure 1, n = 12 per condi-
tion, P < 0.01). Their behavior was similar to blind tadpoles.
Together, our data showed that regrowth-inhibited eyes
lack function when assessed using the visual preference as-
say. This indicated that presence of remnant eye cells is not
sufficient to restore visual preference in tadpoles. Thus the
restoration of visual function via eye regrowth is due to the
regrown tissues.

Decline of eye regrowth ability with increasing age: Xeno-
pus exhibits age-dependency in its regenerative abilities (Beck
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et al., 2009). This is a valuable and useful feature for studying
mechanisms of regeneration as it allows for direct compari-
son and understanding of regenerative versus non-regener-
ative states within a single organism. For example, Xenopus
tadpoles show decreased limb regeneration capacity as they
near metamorphosis (Muneoka et al., 1986). We sought to
examine whether eye regrowth ability changes with age.
During Xenopus eye development, retinal histogenesis
begins at st. 24 and is completed 2 days later at st. 41 (Holt
et al., 1988). At st. 24, > 95% of the retinal cell population is
mitotic. The proportion of mitotic cells in the developing eye
gradually decreases, such that by st. 37/38, only about 5% of
the retinal cells remain mitotic (Holt et al., 1988). We have
shown that the tailbud embryo at st. 27 has robust and rapid
eye regrowth ability (Kha et al., 2018). To determine whether
eye regrowth ability is retained throughout development,
we performed removal surgeries and assessed eye regrowth
from st. 28 to 34 using the eye Regrowth Index (RI) (Kha et
al., 2018). Our data showed a slight decline in Xenopus eye
regrowth ability at st. 28 as compared to st. 27 (Figure 2A; st.
27 RI = 281, st. 28 RI = 251, n > 60, P < 0.01). In particular,
87% of st. 27 embryos regrew an eye that was morphological-
ly indistinguishable from a corresponding normal eye at the
same stage, and contained the expected structures including
the lens, retina, and retinal pigmented epithelium (Figure 2A,
compare control normal uninjured eye shown in Figure 2B1
and BT, to st. 27 regrown eye shown in Figure 2B2 and B2’).
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Indicative of the decline in RI, only 66% of st. 28 embryos
showed the ability for full eye regrowth (Figure 2B3 and B3’).

There was a significantly greater decrease in regrowth abil-
ity during st. 29-30 (Figure 2A; RI = 159, n > 60, P < 0.01
when compared to st. 27). During these two stages, only 25%
of embryos were capable of full eye regrowth (Figure 2B4 and
B4’). Eye regrowth ability further declines with increasing
developmental age. By st. 33—-34, the RI has declined to 8 (n
> 60, P < 0.01 when compared to st. 27). We also found that
the ability for full eye regrowth is lost starting at st. 31; the
regrown eyes are smaller and do not reach comparable size to
normal, uninjured eye (Figure 2B5 and B5’). Together, our
data showed that eye regrowth ability decreases with increas-
ing developmental age. Furthermore, eye regrowth ability is
mostly absent by st. 32 (Figure 2A and B6-B7’).

These findings are consistent with previous reports that re-
moval of the late tailbud embryo eye at st. 33 failed to induce
regrowth (Sedohara et al., 2003). However, it is somewhat
surprising that the regrowth ability declined significantly by
st. 31 (Figure 2), given that greater than 50% of retinal cell
population in the uninjured embryonic eye remain mitotic at
this time (Holt et al., 1988). Retinal histogenesis occurs with-
in a short time window of approximately 2 days, as the optic
vesicle transforms from being composed of mitotic retinal
progenitor cells to a mature well-patterned eye containing the
same structures found in the adult frog. During Xenopus eye
regrowth, retinogenesis is delayed for over 24 hours but rap-
idly catches up to form a well-patterned and age-appropriate
eye by 3 days, when overall development has reached st. 42
(Kha et al., 2018).

There are potential explanations for the loss of eye regrowth
ability. During normal eye development, neural retina layer
formation begins at st. 33/34 even as a third of retinal cells
remain mitotic during that time (Holt et al., 1988). It could
be that retinal layer formation changes the environment and
properties of the retinal progenitor cells such that they are no
longer able to respond and productively restore tissues after
loss. Alternatively, there could be a developmental clock that
regulates the timing of the initiation of retinal histogenesis.
During eye regrowth, reparative retinal histogenesis is large-
ly completed within 2 days, a similar time window as in the
normally developing animal (Kha et al., 2018). Past a certain
developmental stage (for example, st. 31), it is possible that
retinal histogenesis could not be completed within the requi-
site time window and thus regrowth ability is lost. The decline
of repair capacity with increasing age occurs in a number of
animals, including humans, but remains little understood.
Further studies will help to elucidate the mechanisms that
regulate eye regrowth ability in Xenopus .

Conclusion and future perspectives: Xenopus laevis has
unique advantages as a well-characterized developmental and
regenerative model system. Furthermore, it displays age-de-
pendent regenerative and regrowth abilities, facilitating the
understanding of differences between endogenous regenera-
tive and non-regenerative states. Our embryonic eye regrowth
model can serve as a productive foundation for enabling an
efficient and systematic dissection of developmental mecha-
nisms in eye regrowth. In addition, it is known that apoptosis
is required for this process, even though it is not required for
normal eye development (Kha et al., 2018). Thus identifying
repair-specific mechanisms that can interact with develop-
mental pathways will also be critical for understanding eye
regrowth. This knowledge can be applied towards testing eye

repair strategies in adult and/or mature tissues. For example,
there are Xenopus tadpole models (with mature eyes) of reti-
nal degeneration (Choi et al., 2011). The genes identified from
additional studies of eye regrowth can serve as validation
targets for gain-of-function methods to prevent and/or repair
diseased frog retinas. This approach can potentially reduce
the time needed to generate viable candidates for mammalian
studies.
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