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Abstract

Augmentation of regenerative ability is a powerful strategy being pursued for the biomedical
management of traumatic injury, cancer, and degeneration. While considerable attention has been
focused on embryonic stem cells, it is clear that much remains to be learned about how somatic
cells may be controlled in the adult organism. The tadpole of the frog Xenopus laevisis a powerful
model system within which fundamental mechanisms of regeneration are being addressed. The
tadpole tail contains spinal cord, muscle, vasculature, and other terminally differentiated cell
types and can fully regenerate itself through tissue renewal—a process that is most relevant

to mammalian healing. Recent insight into this process has uncovered fascinating molecular
details of how a complex appendage senses injury and rapidly repairs the necessary morphology.
Here, we review what is known about the chemical and bioelectric signals underlying this
process and draw analogies to evolutionarily conserved pathways in other patterning systems.
The understanding of this process is not only of fundamental interest for the evolutionary and cell
biology of morphogenesis, but will also generate information that is crucial to the development of
regenerative therapies for human tissues and organs.
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INTRODUCTION

The restoration of lost or damaged body parts has been a long-standing topic of interest in
biology. In the mid-seventeenth century, Abraham Trembley showed that hydra can regrow
into complete animals after being cut into several pieces (Dinsmore, 1991). In the early 20th
century, T.H. Morgan systematically studied the ability of planaria to regenerate even after
being cut into over 100 sections (Morgan, 1901). Subsequent studies have continued to focus
interest on animals with high regenerative abilities (Birnbaum and Sanchez Alvarado, 2008).

Urodele amphibians, such as newts and axolotls, are noted for their capacity to regenerate
multiple tissues, including limbs, tail, heart, lens, spinal cord, brain, jaw, and retina. Studies
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have revealed that urodele regeneration involves a high degree of cellular plasticity (for
review, see Brockes and Kumar, 2002). Existing cells at an injury site can undergo de-
differentiation to become proliferating precursor cells and later re-differentiate into multiple
cell types (also known as metaplasia) (Lo et al., 1993; Kumar et al., 2000). Although these
models have traditionally been difficult to manipulate genetically, this situation is changing
with the development of molecular techniques in these systems (Echeverri and Tanaka,
2002, 2003; Atkinson et al., 2006; Kumar et al., 2007).

More recently, work has extended to zebrafish and planaria, where loss-of-function genetic
screens using mutagenesis (Poss et al., 2003) or RNA. interference (Reddien et al.,

2005), respectively, have been successful in the identification of genes involved in the
regenerative process. In contrast to the animals mentioned above, mammals have very
limited regenerative ability (Heber-Katz et al., 2004; Price et al., 2005). Thus, in these
systems, the major focus has been on identifying, isolating, and characterizing stem cells,
with the goal of using them to generate multiple cell types that can then be transplanted
into animals to replace the lost or damaged tissues. However, most of these studies have
been performed in vitro. Because of the three-dimensional complexity of real organs, in vivo
studies are more likely to give a complete understanding of the interactions required during
the regenerative process.

The anuran frog, Xenopus laevis, is a well-studied model for the understanding of
developmental events. The majority of work has focused on early embryogenesis, taking
advantage of the relatively large size of the embryos, which can be obtained with ease and
cultured to allow access to any stage of development. Interestingly, later-stage Xenopus
larva, or tadpoles, are also capable of regeneration. Through most of development, larval
tails can regenerate fully after injury, making this a potentially fruitful model for the study
of regeneration (Deuchar, 1975). There are several important advantages. First, embryos
quickly develop into tadpoles with tails within 4 days after fertilization; the tail is highly
accessible and can be simply and reproducibly amputated with a scalpel blade. Second, the
tail is transparent and easily amenable to most microscopy techniques, including fluorescent
marker tracking, physiological reporter dyes, FRET, photo-bleaching, and laser ablation.
Third, the embryos do not require circulating water for growth, facilitating culture of

large numbers of animals. Most importantly, many genetic techniques are available for the
Xenopus system, allowing for direct molecular studies (Sive et al., 2000). Together, the fast
development time, ease of culture, accessibility of the tail, and the availability of molecular
approaches make the vertebrate Xenopus tadpole an excellent model in which to examine
and develop our understanding of regeneration as a process in which a complex appendage
recognizes damage and performs the necessary repairs.

OVERVIEW OF Xenopus TAIL REGENERATION

The developing Xenopus larval tail is a complex tissue consisting of muscle, notochord, the
spinal cord, and vasculature. In the tail, the spinal cord is located on top of the notochord,
and the two central structures are flanked by muscle bilaterally, with dorsal and ventral fins
at the midline. The tail is a developmental structure that enables tadpoles to move, gather
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food, and, in nature, escape predators. During thyroid-hormone-driven metamorphosis, the
tail is gradually resorbed and disappears as the tadpole transforms into a frog (Weber, 1965).

A scalpel blade can be used to amputate four-day-old larval tails at the midpoint between the
posterior end of the hindgut and the caudal tip of the tail (Fig. 1). Regeneration is rapid, and
by 7 days post-amputation (dpa), the previously injured tadpole is mostly indistinguishable
from its uncut siblings, although molecular differences have been described between the
primary and regenerated tissues (Mochii et al., 2007). Remarkably, tadpoles continuously
grow in size during development, and the process of tail replacement is significantly faster
than the normal tail growth rate, allowing regenerates to catch up in size to uncut siblings.

Throughout its larval life, the tail of the Xenogpus tadpole is able to regenerate fully when
injured, with the exception of a short period of time, at approximately the developmental
stages when tadpoles begin to feed (although the precise timing is somewhat variable).
During this “refractory” period, tadpoles with amputated tails fail to replace the lost

tissues and instead, produce a thick “skin-like” epidermis covering (Beck et al., 2003).
After this phase, tadpoles again regain tail-regenerative ability. It is unknown what, if any,
advantage this might confer on the tadpole. However, the existence of this refractory period
provides an important endogenous context in which to compare and contrast regenerative
and non-regenerative states. In particular, this may be an important model where the known
age-dependent reductions of human regenerative ability may be explored (Douglas, 1972;
Illingworth, 1974).

In Urodeles, such as newts, limb amputation leads to the formation of a blastema that
contains de-differentiated (or potentially multipotent) cells, some of which have the ability
to generate multiple cell types (Echeverri and Tanaka, 2002). Cell lineage studies during
tail regeneration have sought to determine whether similar mechanisms exist in the anuran
Xenopus, or whether precursor cells are lineage-restricted.

Lineage Analysis of Cell Types Regenerated in the Tail

Individual cell lineages in the regenerating tail were examined following the development of
specifically marked tissues by tissue grafting or electroporation of marker DNA into selected
cells. To determine the origin of the regenerated notochord and spinal cord, investigators
used transgenic embryos expressing green fluorescent protein (GFP) under the control

of cytomegalovirus early promoter (CMV) as a donor source for transplantation studies
(Gargioli and Slack, 2004). The CMV promoter directs ubiquitous expression of GFP

in Xenopus embryos; thus, grafts of selected tissues marked with GFP can be obtained

and integrated into normal, unmarked embryos so that their fates can be tracked. Grafts

of GFP-labeled notochord cells specifically populated the notochord of the GFP-negative
recipient embryos. After amputation of the tail, only the regenerated notochord showed

GFP expression, indicating that notochord cells are limited to generating their specific cell
population (Gargioli and Slack, 2004). The same result was obtained with spinal cord tissue
grafts.

To examine the source of the regenerated muscle tissue, investigators examined muscle cells
marked with GFP either by the Cre-Lox recombinase method (Ryffel et al., 2003; Gargioli
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and Slack, 2004) or by tissue grafts (Gargioli and Slack, 2004), after tail amputation. The
regenerated non-muscle cells did not express GFP, suggesting that transdifferentiation is
unlikely to occur in myocytes. Interestingly, the labeled differentiated muscle cells did not
contribute to the regenerating myocyte population (Gargioli and Slack, 2004; Mochii et

al., 2007). Instead, Pax7-expressing muscle satellite cells were identified as the progenitor
source for regenerating muscle tissue (Gargioli and Slack, 2004; Chen et al., 2006). Muscle
satellite cells are mononucleate cells that are found in the basal layer of muscle fibers (Gros
et al., 2005; Kassar-Duchossoy et al., 2005; Relaix et al., 2005). They are resident progenitor
cells that express the transcription factor Pax7, and are able to proliferate and contribute to
the regeneration of muscle fibers upon injury or damage (Charge and Rudnicki, 2004). After
tail amputation, the number of Pax7-expressing cells is increased. Inducing the expression of
a dominant-negative Pax7 transgene in Xenopus larvae reduced the number of satellite cells
in regenerating tails (Chen et al., 2006), which subsequently contained little or no muscle
tissue, even though the notochord and the spinal cord were comparable with the wild-type
regenerate.

To date, studies have provided no evidence of transdifferentiation during this process, in
contrast to newt regeneration (Tsonis et al., 1995; Echeverri and Tanaka, 2002), or of

a dependence on a large adult stem cell population, as occurs in planaria (Reddien and
Sanchez Alvarado, 2004). Thus, Xenopus appendage regeneration is likely to be highly
similar to the process of mammalian cell renewal, in which lineage-restricted progenitors
proliferate to generate cells of one specific type that subsequently differentiate to replace
lost tissue. Although the tadpole is still a developing organism, the ability of differentiated
neurons to proliferate bodes well for regenerative approaches based on the modulation of
somatic cells. Indeed, consistent with the role of bioelectric parameters in regenerative
control (discussed below), it is now known that mature CNS neurons from amniotes can be
induced to re-enter the cell cycle (begin mitosis) by sustained depolarization (Stillwell et al.,
1973; Cone and Cone, 1976).

Molecular Tools for the Study of Xenopus Regeneration

The study of Xenogpus tail regeneration has been facilitated by the development of chemical
and molecular biology technologies that can be used to manipulate molecular pathways.

A well-established method of gene transfer in Xenopus is transgenesis. The generation

of Xenopus transgenics involves the isolation of sperm nuclei that are treated to allow

the integration of a DNA vector containing the gene of interest into the haploid genome
(Kroll and Amaya, 1996). The treated sperm are then injected into unfertilized eggs

to produce embryos that can mature to become transgenic frog lines. More recently,
another approach, meganuclease-aided transgenesis, has been developed for the creation

of transgenic frogs (Ogino et al., 2006; Pan et al., 2006). This method bypasses sperm
treatment. Instead, the desired transgene is cloned into a vector that contains flanking
18-base-pair recognition sites for the meganuclease. The construct, along with the 1-Scel
meganuclease enzyme, is then directly injected into fertilized eggs. Because the Xenopus
laevis genome is pseudotetraploid, experiments that can induce gain-of-function activity
through over-expression or loss-of-function through the use of dominant-negative transgenes
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are likely to result in tractable phenotypes, whereas RNAI interference or similar methods
targeting inactivation of individual genes may not have similar effects.

Both methods allow for the use of promoters to create embryos with localized and specific
transgene expression, and well-characterized mammalian promoters (such as the ubiquitous
CMV, and the nerve-specific B-tubulin) have been used successfully in Xenopus to drive
gene expression. However, one problem is that gene expression driven by some promoters
during embryogenesis causes developmental defects or lethality. In this case, a heat shock
(Beck et al., 2006) or a chemically inducible promoter (Das and Brown, 2004) can be used
for temporal control of expression in the tadpole. An alternative method of gene transfer into
Xenopus tadpoles is electroporation (Lin et al., 2007; Mochii et al., 2007), which can allow
for the transfection of a small, targeted, population of cells (Eide et al., 2000; Haas et al.,
2001, 2002; Sasagawa et al., 2002).

Another important and highly useful approach to the manipulation of gene expression in
Xenopus does not require any direct modification of DNA or mRNA. Chemical genetics is
the use of small molecules to modulate protein function (Yeh and Crews, 2003; den Hertog,
2005). With the ever-increasing number of available compounds with known specificity
(Smith and Remsen, 2006), loss-of-function analysis by drug inhibitor screening has become
an excellent tool for the rapid and inexpensive identification of genes and gene families

that participate in specific biological events. A powerful strategy first uses compounds

with broad targeting, and then proceeds to more specific reagents when positive results

are obtained in the chosen assay from a compound targeting a particular protein set. This
strategy (Adams and Levin, 2006) relies on a hierarchical grouping of many different
molecular pathways, which can thus be probed by an efficient binary tree approach. While
any pharmacological result must ultimately be validated by molecular-genetic analysis,
there are several advantages for the use of chemical genetics in Xenopus embryos as a
screen to identify proteins functioning in specific aspects of regenerative response. First,

it bypasses the requirement to generate transgenic frogs to control gene function. Second,
animals can be treated with small molecules at specific timepoints. This feature is highly
useful in the determination of the temporal requirement for a gene function. Third, the
availability of chemical libraries and hierarchical databases can facilitate rapid /n vivo
screening to identify agents that disrupt a molecular pathway or biological process of
interest. Furthermore, because tadpoles can be reared in an area as small as a single well of a
six-well tissue culture plate, they are particularly well-suited for vertebrate studies involving
small-molecule probes (Adams and Levin, 2006).

In Xenopus, the use of chemical genetics has resulted in the successful identification of
several important pathways that regulate tail regeneration, including Notch (Beck et al.,
2003), ion flow (Adams et al., 2007), apoptosis (Tseng et al., 2007), TGF-g (Ho and
Whitman, 2008), and FGF (Lin and Slack, 2008). Because the specificity of each inhibitor
can vary, results from studies using chemical genetics must ultimately be validated with
molecular, gene-specific techniques.

In contrast to studies that focus on the effects of specific molecular targets, genome-wide
approaches present a global perspective on the changes in gene expression that occur in
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the tail, and help to identify the pathways that participate in a biological event such as

tail regeneration. A cDNA macroarray containing EST clones covering 17,000 Xenopus
genes was examined for differential expression patterns between 0, 1.5, and 3 days post-
amputation (dpa) (Tazaki et al., 2005). Further spatiotemporal analysis of the selected genes
by RNA /n situ enabled these targets to be categorized into several groups. Importantly,
these genes were specifically expressed in the regenerating tail, providing fertile ground for
further functional analysis.

The early-response genes identified from the macroarray are largely involved in
inflammation response, wound healing, cell proliferation, and signaling, processes that are
known to be required after injury. The late-response group includes genes that participate
mostly in cell proliferation and differentiation. In addition, genes were identified that were
novel or had no known function. For identification of the mechanisms that are regeneration-
specific, it will be necessary to characterize the functions of the genes that do not participate
in primary tail development, but are expressed during tail regeneration.

PATHWAYS THAT REGULATE TAIL REGENERATION

Overview of Tail Regeneration

Xenopus tail regeneration consists of three main steps: wound healing, formation of the
regeneration bud, and subsequent outgrowth and patterning. After tail amputation, a basal
layer of p63-positive cells covers the wound by 2 hrs post-amputation (hpa) (Ho and
Whitman, 2008). Wound healing is rapidly completed within 6-12 hpa as the apical wound
epithelium is formed. By 24 hpa, an outgrowth called the regeneration bud is visible at the
amputation site. The bud consists mainly of undifferentiated mesenchymal cells, the neural
ampulla (resulting from the closing of the cut spinal cord), the terminated notochord with a
group of precursor cells directly gathered at its distal end, and degenerating muscle fibers
(Gargioli and Slack, 2004). Tail outgrowth follows as cells in the bud undergo proliferation
and patterning. A fully functional tail can be reformed 7-21 days after amputation,
depending on the age of the larvae.

Within the last 10 yrs, studies of tail regeneration have identified several molecular pathways
that regulate this process, and ongoing work is attempting to integrate these into a detailed
stepwise synthesis of the regenerative process.

Early Requirements

Wound Healing—It has long been known that the wound epithelium is a key factor in

the regeneration and patterning of new tissue (Tassava and Mescher, 1975; Borgens, 1984;
Rajnicek et al., 1988; Yoshii et al., 2005; Armstrong et al., 2006; Campbell and Crews,
2007; Raja et al., 2007). Recently, it was observed that TGF-f signaling plays a role in
wound healing of the injured tail after amputation. The TGF-f pathway functions through
signaling by serine-threonine kinase receptors that phosphorylate downstream targets which
then translocate into the nucleus and interact with transcriptional components (Massagué,
1998). It is involved in multiple processes during development and repair (Gordon and
Blobe, 2008; Rhett et al., 2008). Expression of 2 ligands, XxTGFp-2 and XTGFp-5, can be
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seen in the early tail regeneration bud by 4 hpa (Ho and Whitman, 2008). Treatment of
amputated tails with SB-431542, a specific TGF-§ inhibitor, prevented regeneration. In the
presence of SB-431542, blot clotting after amputation appears to be normal. However, the
injury fails to heal since the wound epithelium does not form and cellular material continues
to leak from the site (Ho and Whitman, 2008). In contrast, normal closure of an untreated
cut is completed by 6-8 hpa. Subsequent withdrawal of SB-431542 at 8 hpa appears to
rescue the healing defect, since a wound epidermis is observed by 2 dpa. Phosphorylated
Smad2, a transducer of TGF-p activity, is present at the wild-type tail amputation edge in

a single layer by 1 hpa and remains there until 8 hpa. This expression is lost in SB-431542-
treated tail wound sites. Interestingly, p-Smad?2 expression in untreated wounds is seen in
the basal layer of the wound epidermis, suggesting that closure of the apical layer is TGF-p-
independent.

An examination of amputated tails treated with SB-431542 from 0-8 hpa showed that
inhibition of TGF-p signaling during wound healing also causes defects in the regeneration
bud. At 2 dpa, SB-treated tail buds show reduced proliferation, as well as a disorganized
neural ampulla, and a reduction in numbers of notochord precursor and muscle satellite cells
(Ho and Whitman, 2008), resulting in a regenerative failure. Together, these results indicate
that TGF-P is required for proper formation of the wound epidermis after injury in Xenopus
tails.

V-ATPase and Bioelectric Events—An extensive body of classic results suggests

that endogenous bioelectric events are involved in the control of regeneration (Borgens,
1983; Levin, 2007). Analysis of recent data has begun to reveal molecular details by

which ion flows control the early steps of tail regeneration (Adams et al., 2007). The
V-ATPase is a pump that exports H through membranes at the expense of ATP; while
many V-ATPases occur on intracellular vesicles, the regeneration-relevant subtype functions
on the cell surface to pump H* ions out of the cytoplasm, inducing hyperpolarization of

the transmembrane potential (Wieczorek et al., 1999). V-ATPase is up-regulated by 6 hpa

at the plasma membrane of cells on the surface of the regeneration bud, and functional
studies indicate that its activity is required in the first 24 hpa. Loss of V-ATPase function

in Xenopus, either through treatment with a specific inhibitor, concanamycin, or through
expression of a dominant-negative form of this pump complex, specifically abolished

tail regeneration (although this pump is not required for wound healing or primary tail
development). Importantly, it is the H* flux activity per sethat is required for regeneration,
and not ion-independent roles of the V-ATPase, since the pharmacological-dependent defect
can be rescued by expression of a concanamycin-insensitive yeast proton pump, PMA1
(Masuda and Montero-Lomeli, 2000). It was further revealed (Adams et al., 2007) that the
control of regeneration by VV-ATPase activity is mediated by V-ATPase’s regulation of cell
proliferation in the bud as well as of axonal patterning (a morphogenetic cue).

Examination of the physiology of the regeneration bud showed that, after tail amputation,
the wild-type bud is depolarized by 6 hpa, but becomes repolarized by 24 hpa. In contrast,
buds lacking V-ATPase function remain depolarized at 24 hpa. Similarly, refractory-stage
buds also remain depolarized at 24 hpa. Functional experiments have indicated that the
physiology of bud cells is a major determining factor in tail regeneration. Under permissive
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conditions, the bud is polarized and regeneration proceeds, while under non-permissive
conditions, the bud remains depolarized and growth is inhibited. Analysis of the data
indicated that direct manipulation of membrane potential was sufficient to modulate
regeneration of the tail, suggesting that a primary role of V-ATPase in this context is to
regulate membrane voltage. While this is consistent with the role of membrane potential
in the regulation of cell proliferation and migration (McCaig et al., 2005; Levin, 2007), it
is still not known whether localized pH gradients (intracellular or extracellular), as well as
long-range electric fields also generated by V-ATPase, are involved in this process.

Apoptosis—Another pathway that appears to play an important early role in determining
the regenerative ability of the tail is apoptosis (EImore, 2007). In uncut larvae, a

small number of randomly distributed apoptotic cells can be observed throughout the

tail. However, immunostaining with an activated Caspase-3 antibody, an indicator of
programmed cell death, identified a specific endogenous group of apoptotic cells that exists
in the regeneration bud by 12 hpa and extends even to 48 hpa (Tseng et al., 2007). Treatment
of amputated tails with 2 distinct chemical apoptosis inhibitors, M50054 (Tsuda et al.,

2001) and NS3694 (Lademann et al., 2003), induced a 20% decrease in apoptotic activity
and specifically inhibited regeneration (Tseng et al., 2007), suggesting—counter-intuitively
—that cell death is required for the process of rebuilding a tail.

In the Xenopus tail, the requirement for apoptosis in regeneration occurs in the first 24 hrs
after amputation, since treatment with inhibitors starting at 24 hpa or later did not affect
normal regenerative ability. Furthermore, apoptosis-inhibited tail regeneration buds showed
decreased proliferation and disrupted neuronal patterning. Unexpectedly, refractory-stage
tail amputation resulted in an increase in the apoptotic population in the bud as compared
with the regenerative stages, suggesting that a tight control of a specific level of apoptosis

is required for proper regeneration. The epistasis between apoptosis and membrane voltage
control mechanisms in the process of regeneration is currently under investigation in our lab,
because of the known links between transmembrane potential and programmed cell death
(Gilbert et al., 1996; Wang, 2004).

Tail Outgrowth and Patterning

BMP Signaling—After the establishment of the regeneration bud by 24 hpa, the initiation
and maintenance of regenerative growth and patterning are regulated by several pathways.
A main component is Bone Morphogenetic Protein (BMP) signaling. BMPs are growth
factors that belong to the TGF-p superfamily of proteins and have important roles in
embryogenesis (von Bubnoff and Cho, 2001). In the amputated tail, BMP-2 is expressed

at the edge of the regenerating fin by 24 hpa. Its antagonist, Noggin, is expressed at the

tip of the spinal cord (Beck et al., 2006). Three hours prior to tail amputation, inhibition of
BMP by Noggin expression did not affect regenerative ability (Beck et al., 2006). However,
Noggin induction at either 24 or 48 hpa reduced regeneration significantly, demonstrating a
requirement for BMP signaling in this process. Loss of BMP activity caused a reduction of
cells labeled by BrdU in the spinal cord and the notochord tissues of the regeneration bud
(Beck et al., 2006). TUNEL staining showed that there was no increase in apoptosis at the
amputation site. Together, these results indicate that the inhibition of BMP signaling leads to
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reduced proliferation in the tail. Importantly, promoting BMP signaling by expression of a
constitutively active BMP receptor, Alk3, can induce tail regeneration during the refractory
stage (Beck et al., 2003).

It has been proposed that since BMP loss reduces proliferation in notochord and spinal
cord cells, but activation of BMP signaling rescues regenerative growth of all tissues, the
signal for regeneration is non-cell-autonomous (Beck et al., 2003). Furthermore, perhaps
proliferation of neural and notochord cells is the main component that drives regeneration.
However, it is important to note that the experiments in which activated BMP expression
rescued regeneration during the refractory period utilized a constitutively active Alk3
transgene that was under the control of the Hsp70 promoter, which drives expression
ubiquitously in the embryo. Thus, it is possible that BMP may also drive growth outside of
its native expression regions. This hypothesis could be more rigorously tested by specifically
driving expression of the Alk3 transgene in the notochord and neural ampulla of tails
amputated during the non-regenerative state.

Msx1—Msx1 is a transcription factor that has been implicated in the regeneration of several
tissues (Odelberg et al., 2000; Kumar et al., 2004), and BMP activity can activate Msx1
expression (Suzuki et al., 1997). In amputated tails, the inhibition of BMP by Noggin
abolishes Msx1 expression in the neural ampulla of the regeneration bud, suggesting that,

in this event, Msx1 also acts downstream of BMP (Beck et al., 2006). To determine

whether Msx1 can recapitulate BMP function, investigators induced the expression of a
hyper-activated Msx1 transgene in tails cut during the refractory period (Beck et al., 2003).
Activated Msx1 was able to promote normal regeneration, indicating that its activity can
fully substitute for BMP in tail outgrowth, and that it is an important regulator of Xenopus
regeneration.

Notch Pathway—The Notch pathway is involved in multiple processes, including
proliferation and cell fate specification (Lai, 2004; Bolos et al., 2007; Fiuza and Arias,
2007). Genes involved in the Notch pathway are expressed in the regeneration bud

by 24 hpa. Treatment of amputated tails with MG132, an inhibitor that blocks Notch
activity, prevents regeneration without affecting overall development (Beck et al., 2003).
Furthermore, the presence of MG132 blocks the ability of the activated Alk3 transgene,
when expressed, to rescue tail regeneration during the refractory period, showing that
Notch likely functions downstream of BMP signaling. By itself, expression of a transgene-
containing activated Notch induces incomplete tails during the refractory period, with only
notochord and spinal cord present, but missing muscle and fin tissue. Interestingly, Msx1
expression was also not induced. These observations suggest that Notch signaling has a
more specific role in driving tail outgrowth downstream of BMP and, by itself, is not
sufficient to recapitulate complete regeneration.

Additional Pathways

Recently, 2 additional pathways regulated by BMP signaling have been identified that
also are required for regenerative tail outgrowth (Lin and Slack, 2008). Inhibition of FGF
signaling either with a chemical inhibitor, SU5402, or by expression of a dominant-negative
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FGF receptor transgene abolished tail regeneration. Similarly, expression of a transgene,
Dkk1, which inhibits Wnt/p-catenin activity, also prevented tail regeneration. Detailed
epistasis analyses with chemical inhibitors and induction of transgene expression showed
that Wnt activity can regulate FGF expression (Lin and Slack, 2008). However, both of
these components appear to act downstream of BMP activity. BMP4 expression is unaltered
in SU5402-treated or Dkk1-expressing larvae. However, ectopic expression of the BMP
antagonist, Noggin, in amputated tails abolished expression of several members of the FGF
and Wnt families.

Last, there is a second role for TGF-f signaling in promoting regenerative outgrowth.
Although TGF-B is well-known for its ability to inhibit proliferation, it can drive
proliferation in several cell types and conditions (Ruscetti et al., 2005; Seoane, 2006), and
activin (a TGF-p ligand) has recently been shown to promote zebrafish fin regeneration
(Jazwinska et al., 2007). At 48 hpa in Xenopustails, p-Smad2 was expressed throughout
the regeneration bud and blastema, but not in apical epidermis. Treatment of amputated
tails at 2 dpa with SB-431542 stopped regenerative growth and resulted in tail stumps

(Ho and Whitman, 2008). Quantification of the number of phospho-Histone H3-positive
cells, a marker of mitosis, showed a significantly reduced cell proliferation population

in the regeneration bud at 3 dpa. However, proliferation rates in the non-regenerating
tissues surrounding the regeneration bud remained constant, suggesting that this is a
regeneration-specific phenomenon. Inhibition of TGF-f activity by SB-431542 appears to
inhibit cell division directly, since treatment with cell-cycle-specific inhibitors resulted in a
similar phenotype. Thus, TGF-p signaling can regulate cell proliferation during regenerative
outgrowth.

TAIL REGENERATION: RECAPITULATION OF DEVELOPMENT OR NOVEL

EVENT?

Do the genes that function during tail regeneration recapitulate developmental events, or
should regeneration be considered a distinct process? Several of the pathways discussed

in the previous section, including BMP and Notch, are important in tail development, and
many genes that are involved during tail bud growth are also similarly expressed in the

tail regenerate (Beck et al., 2003; Christen et al., 2003; Tazaki et al., 2005), suggesting

that regeneration utilizes at least some of the developmental pathways to drive appendage
repair. However, a few genes showed differential expression patterns in both processes
(Sugiura et al., 2004), and thus may have different functions. Furthermore, some processes,
such as apoptosis and V-ATPase activity, do not appear to play a role in normal tail
development. However, it is logical that regeneration should integrate some of the existing
tail developmental pathways, especially those that are involved in outgrowth and patterning.
The differences are likely to occur during the early phase after tail injury (first 24 hpa), when
the animal makes the decision to undergo regeneration or not. Such events include, but are
not limited to, wound healing and the establishment of the regeneration bud. Interestingly,
the pathways that participate in these events have characteristics that also relate them to
other developmental processes, and we next consider the components of tail regeneration
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more broadly, as they relate to limb development and other instances of physiological
healing.

Epithelial Wound Healing: Drosophila, Xenopus, and Mammals

Wound healing after larval tail amputation requires the movement of epithelial cells to

cover the injury. How widely conserved are the mechanics of this process? One normal
developmental process that is highly similar to wound healing is Drosophila dorsal closure
during embryogenesis, which has served as an excellent model for the study of tissue repair
in animals (for review, see Martin and Parkhurst, 2004; Redd et al., 2004). Near the end of
gastrulation, after germband movements, an elliptical hole remains on the dorsal surface of
the embryo. Dorsal closure occurs when the epithelial edges are brought together to close
the hole; this process involves an actin filament cable at the leading edge, transient filopodia,
and permanent adherens junctions.

There are several strong similarities between this morphogenetic event and Xengpus wound
healing after tail injury. Both processes involve epithelial cell movement, do not require cell
proliferation, and do not generate a scar. In addition, wound healing in Xenopus larvae also
appears to begin at the fin edges of the amputation site (Ho and Whitman, 2008), similar

to the ‘zipper effect’ of dorsal closure. While there is no inflammation response during fly
embryo dorsal closure, it is not yet known whether larval tail wound healing induces an
inflammation response after injury, although several inflammation response genes have been
shown to be up-regulated during tail regeneration (Tazaki et al., 2005).

A gene family that has been widely implicated in wound healing is the matrix
metalloproteinases (MMPs), which are involved in tissue remodeling through the
degradation of extracellular matrix. Members of the MMP family have been implicated

in epithelial wound healing of the cornea, and the skin (Azar et al., 1996; Fini et al., 1998;
Ye and Azar, 1998), and in the regeneration of tissues including mouse muscle (Kherif et al.,
1999), zebrafish heart (Lien et al., 2006), and urodele appendages (Yang and Bryant, 1994;
Miyazaki et al., 1996; Yang et al., 1999). In particular, Xenopus MMP-9 is expressed after
epithelial wound healing. During the first 2 days after amputation, MMP-9 is specifically
up-regulated in both the ectodermal and mesodermal cells in the limb stump (Carinato et al.,
2000), suggesting that genes that participate in wound healing are also likely to be important
for the proper formation of Xenopus wound epidermis and subsequent repair. Furthermore,
cutaneous immunity genes that are implicated in mammalian skin repair and regeneration
are also expressed during wound healing of amputated Xenopus limbs (Mescher et al.,
2007). However, the roles of these immunity and wound-healing genes in tail regeneration
have not yet been characterized. Although analysis of the expression data indicates their
potential importance in Xenopus regeneration, it remains to be determined whether these
mechanisms are functionally conserved.

Epigenetic Control in Appendage Development

The ability of ion flows to regulate cellular events is an important and widely conserved
mechanism of epigenetic control over wound healing and subsequent regeneration (McCaig
et al., 2005; Zhao et al., 2006; Levin, 2007). Bioelectric events have been shown to
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have roles in wide-ranging biological processes, including limb development (Borgens et
al., 1983; Borgens, 1984), embryonic patterning (Metcalf et al., 1994; Shi and Borgens,
1995), and establishment of left-right asymmetry (Levin and Mercola, 1998, 1999; Levin
et al., 2002; Adams et al., 2006; Hibino et al., 2006; Shimeld and Levin, 2006). During
development, the presence of a current leakage due to breakdown in tight junctions between
epithelial cells results in an outward ion flow that predicts the location of limb bud
emergence in chick, Xenopus laevis, and mouse embryos by several days (Borgens et al.,
1983; Robinson, 1983; Altizer et al., 2001). Subsequently, the limb bud is populated by

a combination of neural crest and mesodermal cells that accumulate through migration
(Balinsky, 1981). It has been hypothesized that the leaky ion flow at the site of presumptive
limb bud directs the migration of mesenchymal cells to the site (Borgens, 1984) by means
of galvanotaxis (Nuccitelli and Erickson, 1983; Nuccitelli et al., 1993). Furthermore,
modification of the presumptive limb ion flow by the imposition of a reverse current
interfered with proper limb outgrowth (Altizer et al., 2001), suggesting that this is a causal
effect.

The role for ion flows during limb development may be helpful in understanding its role in
Xenopus tail regeneration. Amputation of the tail generates a surface that strongly expels H*
ions, resulting in a net outflow that correlates to the one seen prior to limb bud emergence

in several species. Moreover, evidence for ion flux in guiding cell migration is also present
during tail regeneration: The activity of V-ATPase H* pump in the regeneration bud provides
a morphological cue for cell migration, since its inhibition results in the mis-patterning of
axons at the amputation site (Adams et al., 2007). Together, the evidence indicates that the
mechanism underlying appendage regeneration in Xenopus may be highly similar to that of
limb development.

A recent study has shown that another form of epigenetic control is also important for
regeneration in the Xengpus limb. Changes in DNA methylation of promoter and enhancer
regions can be used by cells to regulate gene expression at the transcriptional level without
altering the coding sequence (Bird, 2002). DNA methylation regulates a variety of biological
processes, including genomic imprinting and X-chromosome inactivation. Recent work has
also shown that control of Sonic Hedgehog (S//4) expression in Xenopus regeneration is
regulated by DNA methylation (Yakushiji et al., 2007).

Shhplays an important in role patterning in many systems. After Xenopus tadpole limb
amputation, Shhis expressed at 4 dpa in the posterior-distal region in the regenerate. In
contrast, after amputation in the non-regenerative froglet limb, Sh/ expression was not
detected. Examination of the status of the major limb-specific S//enhancer, known as
MFCSL1, after amputation, showed that it was hypomethylated in the regenerating tadpole
limb, but hypermethylated in the non-regenerating froglet limb. In addition, urodeles able
to regenerate limbs during adulthood show constitutive hypomethylation at the MFCS1
site. Thus, there is a strong correlation between differences in DNA methylation states and
Shh expression during limb regeneration. Moreover, DNA methylation may represent an
additional mechanism that can contribute to the determination of regenerative capability.
A highly methylated state may prevent the expression of genes necessary for regeneration.
To support this hypothesis, potential targets of methylation control during tail regeneration
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would have to be identified, and their modification states determined. Nevertheless, it is
apparent that epigenetic pathways, either through promoter methylation to mediate gene
expression, or through modulation of ion flows by pumps, are key regulators of regeneration
in Xenopus.

The Role of Apoptosis in Development

It is well-known that cell death is required for the sculpturing of avian and mammalian
digits during limb development (Saunders and Gasseling, 1962). In contrast, amphibian
digit formation depends on differential proliferative growth, but apoptosis is largely absent
(Vlaskalin et al., 2004). Thus, the early requirement for endogenous apoptosis in tail
regeneration is surprising (Tseng et al., 2007). After all, regenerative growth requires
extensive proliferation to replace the lost tissue. We have hypothesized that the endogenous
group of apoptotic cells in the tail regeneration bud carries an inhibitory signal that needs
to be abolished before regenerative growth can proceed (Tseng et al., 2007). However, the
mechanism that underlies this process remains to be identified. Interestingly, a detailed
examination of the role of apoptosis during development shows that it exists endogenously
during Xenopus limb development (Suzuki et al., 2005).

Early-stage Xengpus larval limbs are also able to regenerate after amputation. Four days
after limb amputation, the normal blastema contains apoptotic cells at the distal periphery.
In contrast, in denervated blastemas that subsequently fail to regenerate properly, there is
a great increase in the number of apoptotic cells located throughout the region (Mescher
et al., 2000; Suzuki et al., 2005). This is analogous to the situation in the tail, where,
during the refractory period, there is a significantly expanded region of apoptosis in the
regeneration bud. Notably in all cases, apoptosis is also seen in the wound epidermis
(Mescher et al., 2000; Suzuki et al., 2005; Tseng et al., 2007). The increased apoptosis
during non-regenerative states may hinder the ability of the animal to replace the lost tissue.
However, it is unclear why a specific amount of apoptosis is required to drive regenerative
growth.

SUMMARY AND CONCLUSION

The current focus of studies on Xenopus tail regeneration has generated an increasingly
detailed understanding of how this process works in a vertebrate model, both
morphologically and molecularly (Fig. 2). Immediately after amputation, wound healing
is observed as epidermal cells undergo migration to cover the injury. This process is rapid,
occurring within 6 hpa, and requires TGF- activity, which is active by 2 hpa. Inhibition
of TGF-B signaling prevents wound closure. By 6 hpa, the V-ATPase H* proton pump

is expressed in the presumptive regeneration bud, which is depolarized. Within 24 hpa, a
regeneration bud is established at the amputation site, containing mainly undifferentiated
mesenchymal cells and precursor cells of the spinal cord and notochord. The first 24 hpa
appears to be the critical time in which regenerative ability is determined. During this
period, two events are known to be required. First, V-ATPase activity acts to re-polarize the
bud. Second, programmed cell death removes a specific cell population.
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By 24 hpa, the tail regeneration bud initiates appendage outgrowth by induction of cell
proliferation and subsequent patterning. The main component is the BMP signaling pathway,
which is required for extension, although the early function of the V-ATPase is required for
proper axonal outgrowth in subsequent days. TGF-p activity regulates downstream targets,
including the Notch pathway, the transcriptional repressor, Msx1, and the FGF and Wnt/p-
catenin pathways, ultimately regulating cell proliferation rates as required for regeneration.

What Are the Key Determining Factors for Initiating Tail Regeneration?

The definitive event initiating regeneration (mechanism of recognition of damage) remains
unknown. Under non-regenerative conditions, tail amputation results in wound healing that
contains a thickened epithelium as compared with regenerative healing. Is the thickened
wound epidermis a consequence of the failure to regenerate, or is it actually a mechanism to
prevent regeneration? Interestingly, the observation that the refractory period exists only for
a short duration indicates that there is a temporal-specific control present in the tadpole.

It would be an important insight to uncover the mechanisms involved in determining
regenerative ability, to be able to induce regeneration under non-permissive conditions.

Currently, the role of TGF-p in wound healing is the earliest molecular event identified
in tail regeneration. Continuous inhibition of TGF-B activity after tail injury prevents the
formation of a wound epidermis, but inhibition from 0-8 hpa results in the formation

of a thickened epithelium without regeneration (Ho and Whitman, 2008). However, the
expression and function of TGF-p in non-regenerative conditions would need to be
characterized to determine whether it may act as a key initiator of regeneration.

How Do the Molecular Pathways Interact to Drive Regeneration?

Multiple pathways have now been identified that participate in Xenopus tail regeneration.
Moreover, epistatic relationships have been established for the well-known signaling
pathways that are important in driving regeneration tail outgrowth, including BMP, Notch,
FGF, and Wnt (Beck et al., 2003, 2006; Lin and Slack, 2008). However, it is not understood
whether the early processes (TGF-, ion flux, and apoptosis) interact with each other,

or how they relate to the downstream pathways. It is likely that additional unidentified
molecular pathways are involved in this process. One hypothesis is that very early TGF-

B signaling may induce V-ATPase expression. But how does apoptosis of cells in the
regeneration bud fit into this model? And how are ion flux signals transduced to activate
downstream pathways such as BMP or Notch?

Recently, the protein Ci-VSP was identified (Murata et al., 2005). Notably, it contains

a voltage-sensing transmembrane domain and a cytoplasmic domain similar to phosphate
and tensin homologue (PTEN). PTEN genes are well-known regulators of growth and cell
behavior in cancer and stem cells (Dong et al., 2003; Li et al., 2003), and are specifically
implicated in electrically mediated corneal wound healing (Zhao et al., 2006). The discovery
of Ci-VSP raises the possibility that it may transduce the V-ATPase-driven voltage changes
to downstream pathways in regeneration. Characterization of such transducer proteins

that can participate in the regenerative processes would represent a major step in the
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understanding of how changes in ion flux are interpreted by the regeneration bud cells.
Thus, VSP is an also interesting candidate to act as an ion flux sensor in other systems.

CONCLUSION

The Xenopustadpole is a well-characterized and genetically tractable vertebrate model with
high regenerative ability. The easy accessibility of its tail for manipulation and visualization,
coupled with the availability of established molecular techniques, makes it an ideal system
for the study of regeneration. Notably, tissues undergoing regeneration in the tail are formed
from their specific cell types, and no transdifferentiation is observed, suggesting that tail
regeneration correlates well with mammalian tissue renewal.

Tail regeneration occurs at a significantly faster rate than normal growth, since it must
replace a lost structure even as the larvae continues to develop, grow, and mature. Crucially,
this process also knows when to stop; it is unknown how the regenerating system knows
when it is done, and the required target morphology has been rebuilt. This aspect of somatic
cell regulation is important, because utilizing these pathways in regenerative medicine
requires that we know how to induce growth that is patterned and does not result in runaway
tumor induction, as has been observed in stem cell transplantation approaches (Wakitani et
al., 2003; Arnhold et al., 2004).

Processes such as wound healing and establishment of the regeneration bud may integrate
components that participate in related endogenous events, such as dorsal closure and limb
bud formation, to generate a response to tissue injury. Furthermore, a recurring theme in
studies of Xengpusand other models is that the signaling pathways discussed here are
used reiteratively in widely varying regenerating systems (Stoick-Cooper et al., 2007). For
example, in addition to the Xenopustail, BMPs have roles in the regeneration of zebrafish
fin, mouse digit tips, and chick retina (Quint et al., 2002; Smith et al., 2006; Haynes

et al., 2007), among others. Interestingly, modulation of BMP activity has been utilized

in potential regenerative therapies for craniofacial defects (Suzuki et al., 2002; Jin et al.,
2003). Thus, with the rapidly accumulating knowledge relative to the molecular pathways
that participate in Xenopustail regeneration, it is likely that a detailed understanding of
vertebrate appendage regeneration can be achieved and leveraged into the development of
therapeutics for augmenting human regenerative repair.
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Figurel.
Example of Xenopus tail regeneration. (A) A schematic of the tail tip amputated in the

tadpole. (B) A tadpole at 7 days of development. (C) A tadpole that has regenerated its tail
(green arrow); several time-points during regeneration are shown in C” (24 hpa), C” (48
hpa), and C” (96 hpa). Blue stain in panel C” indicates new tissue produced in the core

of the tail regenerate. (D) A tadpole at 7 days that was treated with a V-ATPase inhibitor.
The wound healed, but the tail did not regenerate (red arrowhead; purple line shows plane of
amputation).
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A schematic of functional modules in tail regeneration. Injury triggers an immediate early
response via still-unknown mechanisms. The early response includes the generation of

a wound epithelium and rapid protein-level events. Next follows a set of physiological
responses, including up-regulation of specific ion transporters (and the resulting bioelectric
events) and programmed cell death of a specific cell group. Downstream lies a cascade of
gene expression changes, resulting in the secretion of factors that modulate subsequent cell
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behaviors, such as mitotic rates and migration. The process completes when the system
determines (v7a an unknown mechanism) that it has caught up to the correct tail size.
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