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A newt’s eye view of lens regeneration
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ABSTRACT In this paper we describe the basic process of lens regeneration in adult newt and we
pinpoint several issues in order to obtain a comprehensive understanding of this ability, which is
restricted to only a few salamanders. The process is characterized by dynamic changes in the
organization of the extracellular matrix in the eye, re-entering of the cell cycle and dedifferentia-
tion of the dorsal iris pigment epithelial cells. The ability of the dorsal iris to contribute to lens
regeneration is discussed in light of iris-specific gene expression as well as in relation to factors

present in the eye.
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A general background of lens regeneration

Regeneration of the lens in adult newts was observed first by
Collucci in 1891 and independently by Wolff in 1895, after whom
the process is often called Wolffian regeneration. A few species of
fish and premetamorphic frogs can also regenerate the lens. Inthe
fish and newts the regenerating lens is derived from the pigment
epithelial cells (PECs) of the dorsal iris, whereas in the frog it is
derived fromthe cornea (Sato, 1961; Freeman, 1963). Subsequent
work over several decades provided very importantinsights about
the process and its restriction to only some adult salamanders.
First, notall salamanders are capable of lens regeneration (Stone,
1967). The axolotl, which can regenerate its limbs and tail very
well, is unable to regenerate the lens and this mystery might unveil
crucial mechanisms (see below). Second, the PECs must re-enter
the cell cycle and de-differentiate for regeneration (Eguchi and
Shingai, 1971; Reyer, 1977; Yamada, 1977). Then these
dedifferentiated cells can differentiate to lens cells. This process
has been called lens transdifferentiation and it was clearly shown
by Eguchi and colleagues in several studies including cell culture
(Eguchi 1988). The ability of the dorsal and not the ventral PECs
to transdifferentiate /7 v/vois very important, especially in relation
to the fact that ventral PECs are able to transdifferentiate to lens
after prolonged culturing (Eguchi, 1988). Indeed, newt PECs from
the ventral iris as well as retinal pigmented epithelium (RPE) cells
from many different vertebrates are capable of ttransdifferentiation
to lentoids after cultured under certain condition. This is true for
even aged human PECs (reviewed in Eguchi, 1988; Tsonis et a/,
2001). Much work, especially using chick RPE has led to
identification of factors that seem to mediate this ability of pigment
epithelial cells in culture. The most notable of all are FGF,
hyaluronidase, phenylthiourea and vitamin C (Eguchi, 1988;
Kosaka er a/, 1999).

So it seems that the ability for transdifferentiation is presentin
all PECs, but /7 vivo it can only be retained by the dorsal iris PECs
of the adult newt. This calls for extensive search for factors
restricted to the dorsal or ventral iris specifically and also for
comparative studies with the axolotl. Thus, the processesinvolved
in lens regeneration have become primary paradigms in the study
of cell plasticity, cell determination, aging and reprogramming
(Tsonis, 2000; Del Rio-Tsonis and Tsonis, 2003; Tsonis and Del
Rio-Tsonis, 2004). In this paper we will address all these issues
and outline research directions that most likely would provide
answers to such a remarkable biological phenomenon.

The process of lens regeneration

PECs re-enter the cell cycle

It is conceivable that this is a necessary step. PECs must
proliferate to create the lens vesicle and the subsequent lens.
However, studiesinthe past have clearly indicated that the ventral
iris PECs re-enter the cell cycle as well, eventhough, seemingly
atalowerrate. These previous studies have shown that proliferation
ensues at about 4 days post-lentectomy and that at that time both
dorsaland ventral PECs show comparable levels of cell proliferation
(Eguchiand Shingai, 1971; Reyer, 1977; Yamada, 1977). Following
that period, proliferation rates are higher in dorsal PECs, but
obviously this must correlate with the process of lens regeneration,
which has been initiated from the dorsal iris. In relation to this,
expression of a hyperphosphorylated form of Retinoblastoma
(Rb) has been found in the PECs of both dorsal and ventral iris
(Thitoff er a/, 2003). Rb is a paramount player in cell cycle
regulation and when hyperphosphorylated is inactive and leads to
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Fig. 1. Early stages of lens regeneration as depicted by SEM and pseudocoloring. (A) Dorsal iris 5 days post-lentectomy. Note that the iris is
decondensing, X1,000. (B) Dorsal iris, 10 days post-lentectomy. Note that the tip of the iris has dedifferentiated and produced an early lens vesicle
(gray). Colored orange is the stroma and light pink is the extracellulat matrix, X750. (C) This is a higher magnification of B to show that the
dedifferentiated cells lack of the globular structures that contain pigments, X3,500. (D) Ventral iris 5 days post-lentectomy. Note that the ventral iris
is also decondensed, X1,000. (E)Ventral iris 10 days post-lentectomy. No dedifferentiation of PECs, X750. (F) Higher magnification of E indicating the
characteristic structure of PECs with the pigment granules, X3,500. All the figures are from sections observed with a SEM.

dissociation from E2F, which then allows re-entering of the cell
cycle (Rampalli ef a/, 1998). However, treatment with a CDK
inhibitor (whichisinvolvedin Rb regulation and inhibits proliferation)
does not completely inhibit transdifferentiation (Tsonis ez al/.,
2004a). Also, when ventral cells are cultured for about two weeks
andthenimplanted as aggregates in the eye cavity they can never
transdifferentiate to lens, eventhough they undergo considerable
proliferation (Ito eza/, 1999; our observations). In different studies
it has been demonstrated that thrombin activation is predominant
inthe dorsaliris and that its inhibition results in loss of proliferating
cells (Imokawa and Brockes, 2003). Nevertheless, PECs from
both dorsal and ventral iris are responsive to thrombin when
stimulated /77 vitro (Simon and Brockes, 2002). This might imply
that while proliferation is necessary to prepare cells for the
process of regeneration it might not be sufficient for the subsequent
transdifferentiation, and, thus, events other than the ones involved
in cell cycle re-entering are decisive for transdifferentiation and
lens regeneration.

Transdifferentiation

The histological events leading to dedifferentiation have been
well studied at the microscopic level. Soon after lentectomy the
pigment epithelial cells dedifferentiate by shedding their pigment.
Macrophages recruited to the site mediate such a process. Four
days post-lentectomy (a time frame that coincides with the onset
of cell proliferation) the iris is decondensing and the PECs begin
to elongate and at about 8-10 days these cells become columnar
and depigmented (Fig. 1). The first depigmented cells are obvious
at the tip of the dorsal iris (Fig. 1). At about 10 days a lens vesicle
has been formed, but no crystallin expression is yet apparent.

Many of the genes that are known to be expressed and involved
in lens development, such as pax-6, FGFs, FGF receptors and
prox-1 are expressed in the early lens vesicle. We can confidently
saythatthe genetic program, whichisinvolvedinlens development,
is recruited during lens regeneration as well. This makes sense
since the same tissue is produced in both processes. However,
caution should be exercised in equating these two events especially
as far as the induction signals are concerned because of the lack
of adequate information at the moment. After the vesicle is formed
the events of lens differentiation are initiated. At the posterior
edge ofthe vesicle elongation of the cells ensues with concomitant
induction of crystallin synthesis (Fig. 2A). The elongated cells
differentiate to lens fibers and the anterior part of the vesicle
becomes the lens epithelium, which continues to contribute by
proliferation and differentiation to the growing of the lens (Figs.
2,3). Once lens differentiation has started the process is remarkably
similar to lens development (as far as the sequential appearance
of the different crystallins is concerned). Indeed, studies using
antibodies to crystallins or cDNA probes have conclusively shown
that there is a parallel of their synthesis during developing and
regenerating lens. The examined crystallins were oA, BBl and y.
These crystallins appeared all at the same time at the ventral
portion of the lens vesicle (Sato stage IV; nearly 10 days post-
lentectomy), with y-crystallin (in contrast with the other two) being
specific forthe lens fibers and not the lens epithelial cells (Yamada,
1977; McDevitt and Brahma, 1981; Mizuno ef a/, 2002). As can
be seen in Fig. 4A the lens epithelium proliferates extensively
throughout. As in normal lens development, when lens epithelial
cells differentiate to lens fibers, they stop dividing. At the same
time events of apoptosis are also observed, but at a minimal rate
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Fig. 2. (A) Regenerating lens 15 days post-lentectomy. Note that the cells in the posterior part of the vesicle (arrow) elongate as they differentiate
to lens fibers. (B) Regenerating lens 20 days post-lentectomy. Note the definite formation of the lens epithelium (yellow), the differentiation of lens
fibers at the equator (arrow). (C) regenerating lens 25 days post-lentectomy, depicting the more advanced stage of growth. Color code as in Fig. 1.

All figures are X350.

(Fig. 4B; Tsonis eral, 2004a). It is interesting to note that even at
stages before completion of regeneration of the lens cell death is
part of the normal routine.

Dynamic changes in the matrix of the eye

The lens divides the eye cavity in two chambers. Anterior to the
lensisthe aqueous chamber and posterior is the vitreous chamber.
As can be seen in Fig. 5A the aqueous chamber is very clear and
nothing is there to disrupt the passage of the light though the lens.
The situation is not the same at the vitreous chamber that
separated the lens from the retina. The vitreous chamber is
dominated by extracellular matrix that morphologically looks like
condensed fibers and sheets. At the dorsal and ventral iris such
structures are also important for the attachment of the lens.
Lentectomy, however, disrupts the dissociation of the two
chambers. As a result, the aqueous chamber is filled with

extracellular matrix. The matrix seems less compact and is
arranged in sheets that form a beehive-like structure (Fig. 5B).
This matrix arrangement persists up to 15 days post-lentectomy.
By 20 days we see that a compact sheet of membranes is
covering the anterior part of the eye and that slowly there is a
clearance in the newly established aqueous chamber (Fig. 5C).
Also at this time we can observe synthesis of membranes that will
eventually mediate attachment of the regenerating lens to the
irises (Fig. 5C). Finally the anterior part of the lens is cleared as
well. Eventhough such changes in the matrix have not been well
appreciated, they might bear significance in release and/or
trafficking of factors. It has been well established before that
factors released from the retina are very important for the initiation
of lens regeneration (Reyer, 1977). The nature of these factors is
not known. However, FGFs seem to be very good candidates for
such regulation. These factors are synthesized in the retina and

Fig. 3 (Left). Higher magnification near the bow region of intact lens (A, X750) and a regenerating lens 20 days post-lentectomy (B, X1,000).
Note how compact the fibers are in the intact lens in comparison with the regenerating, owing to the continuous growth that is observed in the intact
lens. Also note how compacted the iris (red) is in the intact eye and compare with the one during lens regeneration (Fig. 1A,D).

Fig. 4 (Right). Profiles of cell proliferation and crystallin synthesis (A) and apoptosis (B) during lens regeneration. (A) 75 days post-lentectomy;
crystallin is stained red with an antibody directed to fiber-specific B-crystallin antibody and proliferating cells are green (BrdU incorporation). Note extensive
proliferation in the dorsal iris and in lens epithelium. The posterior cells are differentiating to lens fibers. (B) An apoptotic cell (arrow) in the dorsal iris and
lens epithelium of a regenerating lens 20 days post-lentectomy.
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Fig. 5. Sections through the intact and regenerating eye viewed by a SEM. (A) A section through
an intact eye. v: vitreous chamber, a: aqueous chamber. Note that the aqueous chamber is clear, while
the vitreous chamber is dominated by compacted layers of extracellular matrix. Light blue is cornea, the
retina is purple and brown are the ligaments and matrix associated with the attachment to the lens. The
rest of the structures are colored as in the previous figures. (B)A section through an eye 5 days post-
lentectomy. Note the invasion of the extracellular matrix in the aqueous chamber and the thickening of
the irises. (C) A section through an eye 25 days post-lentectomy. Note the gradual clearing of the
aqueous chamber, the attachment of the lens to the ventral iris (arrow) as well as the re-organization

of the matrix in the vitreous chamber. All figures are X50.

their graded presence in the vitreous and aqueous humor control
the differentiation of lens fiber cells at the posterior region of the
lens during development (Caruelle er a/, 1989).

Approaching the dorsal (or ventral) iris identity issue

Specific gene regulation along the dorsal-ventral irises

The main challenge here is to find whether or not specific factors
in either dorsal or ventral PECs are responsible for their identity. If re-
entering the cell cycle is not sufficient for the subsequent events of
transdifferentiation, then we should expect that a unique regulatory
factor (?) should be the determinant of dorsal iris identity, which will
induce regeneration from that site. The hypothesis is that if such a
factor is found it can then be used to engineer the ventral iris to
undergo regeneration. Same scenario could be followed with the
disappearance of factor(s) from the ventral iris as well.

However, todate no such afactor orevents have been conclusively
confined to dorsal iris. Earlier studies had suggested that certain cell
surface proteoglycans and RNA are sequentially lost from the dorsal
iris as dedifferentiation ensues. However, comparative studies with
the ventral iris were not presented and therefore these events cannot
be attributed to transdifferentiation (Zalik and Scott, 1973). Expression
of other genes (important for eye or lens determination) has also
been studied during the process of regeneration. Among these, pax-
6, FGFR-1 and prox-1 have been shown to have a preferential
expression in the dorsal iris, however, the ventral iris also expresses
pax-6 and prox-1 (Del Rio-Tsonis efa/, 1995, 1997, 1999; Mizuno ef
al, 1999). Recently, in another study, it has been shown that the
Hedgehog pathway might be involved in lens regeneration, however,
Shh and Ihh are expressed in both dorsal and ventral iris after
lentectomy (their expression could be related to cell proliferation)
(Tsonis eral, 2004b). These expression patterns might indicate that
some activation could take place in the ventral iris as well and that

maybe there is a subsequent inhibitory
eventinthe ventral iris. Unfortunately not
muchinformation exists about expression
of key molecules in the intact dorsal and
ventraliris. Itis imperative to undertake a
detailed analysis of gene expression in
both irises before and after lentectomy.
Using methods of genomics and
proteomics, molecular signatures could
be unveiled. This should provide valuable
information about the identity issue of the
dorsal iris.

Related to the above discussion the
thorny question arises whether or not
such a capability for lens regeneration
can be assigned to presence of a single
factor alone. Drawing examples from the
field of eye development the answer
should be more elaborate than a simple
yes or no. It is true that genes such as
pax-6 and six-3 have beenfoundtoinduce
lens formation when ectopically
expressed (Halder et a/, 1995; Oliver et
al, 1996). This might indicate that one
factor could dothis, but the picture during
lens regeneration, we believe, will turn
out to be more complicated. Indeed, several factors have been
identified as eye or lens-inducing factors, but it now seems that all
these factors are members of a regulatory network, with multiple
feedback loops and dosage-dependent effects (Goudreau ef a/,
2002; Zuber et al, 2003). Likewise, the same might be happening
during lensregeneration. The use of mutants should provide valuable
information in this area, but transgenesis or mutagenesis techniques
inthe newt are at present unavailable. The use of Xenopus, however,
could compliment this research very well. Recent technology using
the frog can target genes in the lens and knockdown screens using

Fig. 6. Lens transdifferentiation from a piece of newt dorsal iris
implanted in the axolotl eye cavity after lentectomy.



morpholinos are now possible (Henry and Elkins, 2001; Hirsh et a/,
2002; Kenwrick eral, 2004). Athorough screeninginlensregeneration
might identify mutants and subsequently the gene(s) involved.

Is the regenerative ability of the dorsal iris intrinsic?

Certain experiments have suggested that this indeed might be
the case. This conclusion has been mainly derived from
experiments involving same species or cross-species
transplantation of the dorsal iris. When a piece of newt dorsal iris
or aggregated PECs from the dorsal iris are transplanted into the
regenerating newt limb a well differentiated lens, sometimes with
impressive A-P polarity is produced (Ito efa/, 1999). This means
that a factor in the eye is not necessary. Alternatively, if a factor
is needed, it could mean that the regenerating limb supplies this
factor and that possibly similar signals are involved in two different
regenerative phenomena. However, when a piece of newt dorsal
iris is transplanted in the eye of an axolotl (a salamander that
regenerates the limbs, but not the lens) a lens can be obtained as
well! (Fig. 6) (Reyer, 1956). This could argue that a factor might
not be necessary and that the ability of the dorsal iris to
transdifferentiate to lens is intrinsic. It also suggests that the
axolotl eye does not contain an inhibitor. Another explanation
could be that the dorsal iris has a regeneration-specific regulator,
but a factor is needed as well. In this case the factor could be a
ligand (and the axolotl has it) but the iris has a defective or post
transcriptionally modified/repressed receptor. If this is true, then
the ventral iris of the newt (and the irises of other vertebrates)
must have the same regulation in this putative receptor, but also
to complicate things, there could be additional regulation of other
factors that compete for the receptor! We would like to propose
that a mutation in this receptor should be out of the question. Itis
hard to account for a gene that has been mutated in one area of
the iris and not the other. However, a mutation in regulatory
sequence could be possible. Experiments with cross-species
transplantations could in fact be more informative and should be
extended. For example, ventral iris PECs are known to be able to
transdifferentiate to lentoids after prolonged period on culture.
This might indicate that dissociation triggers some crucial events
on the cell surface that could lead to transdifferentiation. Cross-
species transplantation should be undertaken with cultured cells
as well. This might define a critical timing in the ability for
transdifferentiation.

Can the ventral iris be induced to transdifferentiate?
Having discussed these issues we must stress that 7 /s
possible to transform the ventral iris to assume dorsal iris identity
and transdifferentiate to lens. A potent carcinogen (Methyl-Nitro-
Nitrosoguanidine) has been shown to elicit regeneration of a lens
from the ventral iris as well (Eguchi and Watanabe, 1973). Is this,
however, a genetic or epigenetic change? In these experiments
the carcinogen was applied as a crystal in one dose immediately
after lentectomy and might have not affected proliferating cells to
induce mutations. By the time of the onset of proliferation (4 days
post-lentectomy) the carcinogens might have been metabolized.
Therefore, most likely the effect of this carcinogen was either in
inducing regulation of a gene that is responsible for lens
transdifferentiation or the treatment resulted in epigenetic
alterations in cell surface and cell to cell communication, which in
turn perturbed the ventral PECs toward assuming dorsal iris
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properties. Indeed, Eguchi (1988) has reported preliminary studies
where ventral irises treated with a monoclonal antibody (reacting
to an antigen thatdisappears fromthe dorsal site after lentectomy)
were able to transdifferentiate to lens. This antigen is a cell
surface marker, butits identity was never revealed and subsequent
studies were not pursued. However, this does show that
transforming the ventral iris to dorsal is possible.

Work in our laboratories is taking the above issues into serious
consideration. We strongly believe thatinducing the ventral iris to
transdifferentiate to lens and identifying factors that are involved
will lead to a breakthrough not only in the field of regeneration, but
cellfate determination, reprogramming and aging. Future directions
should include revisiting older experiments with a fresh look using
modern technology, especially as it relates to global and
comparative gene expression. These studies are completely
lacking in the field and they are much needed. Since many
different tissues of the adult newt have the ability to regenerate via
transdifferentiation, genomic studies might identify molecular
signatures common to different regenerative processes in the
newt. Such signatures can be then compared to common
signatures found in stem cells (lvanova et a/, 2002; Ramahlo-
Santos eral, 2002). Eventually this will lead to understanding the
molecular mechanisms of the different ways that tissues and
animals employ to repair damaged tissues.
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