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Abstract

The ability of animals to regenerate missing parts is a dramatic and poorly understood aspect of
biology. The sources of new cells for these regenerative phenomena have been sought for decades.
Recent advances involving cell fate tracking in complex tissues have shed new light on the cellular
underpinnings of regeneration in Hydra, planarians, zebrafish, Xenopus, and Axolotl. Planarians
accomplish regeneration with use of adult pluripotent stem cells, whereas several vertebrates
utilize a collection of lineage-restricted progenitors from different tissues. Together, an array of
cellular strategies—from pluripotent stem cells to tissue-specific stem cells and dedifferentiation
—are utilized for regeneration.

Sources of new cells in animal regeneration

The ability to regenerate is widespread in the animal kingdom, with representatives from
most animal phyla displaying the ability to regrow missing body parts (Brockes et al., 2001,
Sanchez Alvarado, 2000). Prominent examples include cnidarians such as Hydra, annelids,
molluscs, nemertean worms, platyhelminthes such as planarians, and chordates including
vertebrates. The regenerative capacities of these animals vary. Planarians, for instance, are
capable of regenerating missing heads or entire bodies from small fragments, whereas
salamanders are capable of regrowing missing limbs. In this review we discuss work in
classic animal regeneration model systems, which are capable of regenerating large missing
parts of their bodies.

Experimentation with regeneration dates back to the 1700s and the experiments of Abraham
Trembley with Hydra (Lenhoff and Lenhoff, 1986). There are many questions that have
captured the imagination of the generations of biologists who have since seen new heads and
limbs growing from injured animals. How does the process start? How do the wounded
tissues specify what to make? Where do the new cells come from? Recently, significant
progress clarifying the source of new cells for regeneration has been made in multiple
different regenerative contexts and is therefore the focus of this review.
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Regenerative phenomena in the animal kingdom involve differences in the number of cell
types to be made, ranging from replacing a single cell type (such as in the case of the
salamander lens) to replacing all the cells within a region of the body (such as in the case of
planarian regeneration). In the case of the salamander lens, the dorsal iris normally
regenerates the missing lens. Because a dorsal iris placed into a regenerating limb still
regenerates a lens, the regenerative potential of the dorsal iris appears to be restricted and
unipotent (Reyer et al., 1973; Tsonis et al., 2004; Wolff, 1895). By contrast, at the tissue-
scale level, a small piece of planarian tissue can be considered pluripotent because it can
regenerate all cell types of the entire organism, including cell types typically made in the
embryo from the three embryonic germ layers (Reddien and Sanchez Alvarado, 2004). A
crucial issue for understanding planarian regeneration, however, is how this capacity of
tissues to regenerate all adult cell types is achieved at the level of individual cells (Figure 1).
The regenerative pluripotency at the tissue scale could be achieved either by the action of
pluripotent cells that, as individual cells, have the potential to produce all cells of the body.
Alternatively, tissue-level pluripotency could be attained via the collective action of multiple
cell types that each has different, restricted potential.

There are multiple possible means by which injured tissues could provide new cells for
regeneration (Figure 1A). First, new cell types could be produced by resident stem cells.
Stem cells are a type of cell that self renews (dividing to produce more cells like itself) and
can produce one or more differentiated cell types (Weissman et al., 2001). Second, new cells
could be produced through de-differentiation — loss of the differentiated character of a cell
type — to produce a dividing cell that acts as a progenitor cell (Jopling et al., 2011). Finally,
new cell types could arise as a result of transdifferentiation, or a change in state of one cell
type into another (Jopling et al., 2011; Selman and Kafatos, 1974). Transdifferentiation
could happen without cell division, or via a progenitor cell produced by de-differentiation.
Multiple of these candidate sources of new cells could in principle act in concert to allow
regeneration of a complex tissue. For any specific cell type that acts as a source for new
cells, whether it functions as a stem cell or through de-differentiation to a progenitor state, it
is important to determine the developmental potential of that cell type in regeneration
(unipotent, multipotent, or pluripotent).

Determination of the source of new cell types in regeneration connects the trait of
regeneration at the organismal scale to cellular behaviors that can be studied on a molecular,
mechanistic level. Only a fraction of the cells at the injury site may represent the source cells
for the regenerating tissue. Important work over recent years has identified tissue
interactions and signaling molecules associated with injured tissues that are required for
proper regeneration (for reviews see (Adell et al., 2010; Antos and Tanaka, 2010;
Forsthoefel and Newmark, 2009; Poss, 2010; Reddien, 2011; Stoick-Cooper et al., 2007;
Yokoyama, 2008)). Mechanistic analyses of molecules involved in regeneration have been
hampered by the inability to precisely identify the source cells for regeneration, and to
follow how they undergo proliferation, patterning, and differentiation. An important next
step in the regeneration field will be to define how the molecular changes that occur upon
tissue removal control the biology of progenitor cells for the regenerating tissue.

Identifying the cellular underpinnings of regeneration has historically been a difficult
challenge. Various models and hypotheses for the cellular basis of regeneration have been
posited and debated for decades. The lack of clarity can in part be explained by limitations
in tools available for cell-lineage experiments. Development of cellular and molecular tools
for study of highly regenerative animals has lagged far behind the case for other organisms
that have been the workhorses of molecular and developmental biology. However, new tools
are rapidly emerging that allow a new generation of experiments to address the fundamental
questions of regeneration. Recent work in several classic regenerative organisms has thus
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begun to shed light on the central and long-standing topic of the cellular explanation for
regeneration.

cNeoblasts: Adult pluripotent stem cells and the source of new cells in
planarian regeneration

Planarians are flatworms and one of the classic model systems for the study of regeneration.
Planarians are capable of re-growing new heads, tails, sides, or even entire organisms from
tiny body fragments (Morgan, 1898; Randolph, 1897). Planarians possess bilateral
symmetry and complex internal anatomy, including nervous system, musculature, excretory
system, epidermis, eyes, and intestine (Hyman, 1951; Reddien and Séanchez Alvarado,
2004). Planarian regeneration involves changes in pre-existing tissues and formation of an
outgrowth at wounds called a blastema, in which missing tissues are produced. Because
small fragments of tissue can regenerate new animals, all of the various organ systems and
cell types of the body can be produced in the adult. Therefore, pluripotency at the tissue-
scale level exists in adult planarians. Planarians of the species Schmidtea mediterranea come
in two types: sexual animals that are crossfertilizing hermaphrodites, and asexual animals
that reproduce by transverse fission and regeneration. Because entire adult strains of animals
can be generated by amputation and regeneration, including animals capable of sexual
reproduction, adult planarian tissues could be considered to possess totipotency (for adult
cell types). Furthermore, because any planarian body region containing roughly 10,000 or
more cells (Montgomery and Coward, 1974) (with the exception of the tip of the head and
the pharynx) can regenerate an entire animal, this attribute of tissue-scale pluripotency is
spread throughout the planarian body. How this widespread, adult tissue pluripotency in
planarians is explained at the level of cells has been explored for over a century.

Planarian regeneration requires a proliferative cell population

A population of adult dividing cells, called "neoblasts”, has long been prominent in
planarian regeneration research. In the late 1800s, dividing cells with simple morphology
were described to exist in the bodies of flatworms (Curtis, 1902; Keller, 1894; Lehnert,
1891; Wagner, 1890). These cells have gone by multiple names, such as Stammzellen and
formative cells (Wolff, 1962), but eventually the name neoblast became affixed to these
cells (Buchanan, 1933; Dubois, 1949; Wolff, 1962). Providing one name to a cell population
sometimes led to the perception that all adult dividing planarian cells are the same (which
would imply all neoblasts are pluripotent). However, the term neoblast, by contrast, has
historically described all adult somatic planarian cells that are dividing and not necessarily a
specific single cell type. This distinction is important, because dividing cells in many cell
populations are frequently very heterogeneous (Spangrude et al., 1988), and neoblasts could
therefore consist of a collection of very different cell types. Hereafter in this review, the
word neoblast is used strictly to refer to all somatic dividing cells in adult planarians.

Dividing somatic cells (neoblasts) are distributed throughout the planarian body in a tissue
region called the parenchyma, which is beneath the basement membrane and body wall
musculature, and surrounds the intestine and nervous system (Figure 2A) (Hyman, 1951;
Pedersen, 1961). Dividing cells are absent from the tip of the animal head and the animal
pharynx, providing a candidate explanation for the inability of these two regions to
regenerate other parts of the body in isolation (Newmark and Sanchez Alvarado, 2000;
Reddien and Sanchez Alvarado, 2004). Evidence that proliferating cells (neoblasts)
contribute to blastema formation originally came from irradiation experiments. Irradiation is
commonly used to kill dividing cells, and was observed to cause neoblast degeneration and
block regeneration in planarians (Bardeen and Baetjer, 1904; Curtis and Hickman, 1926;
Dubois, 1949; Lange, 1968; Wolff, 1962; Wolff and Dubois, 1948). These observations
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correlate the absence of cell division with the lack of regenerative capacity, although it
remained possible that irradiation blocked some other process. Analysis using molecular
markers that label dividing cells have since confirmed that irradiation can effectively and
largely specifically eliminate the dividing cells and their immediate descendent cells
(Eisenhoffer et al., 2008; Newmark and Sanchez Alvarado, 2000; Reddien et al., 2005b).

Whether or not planarian regeneration is explained entirely by a dividing, self-renewing cell
population or involves other types of cellular changes, such as dedifferentiation has been
explored. Some experiments have suggested that differentiated cells can contribute to new
cell formation in planarian regeneration. These observations included those made using
histological approaches and electron microscopy (EM) (Flickinger, 1964; Hay, 1966;
Woodruff and Burnett, 1965), as well as those made with the use of vital dyes for lineage-
tracing (Rose and Shostak, 1968). Additional support for de-differentiation came from
observations involving planarian species containing cells with different ploidy; cells with the
ploidy of germ cells were observed in regeneration blastemas following amputation through
gonads (Gremigni and Miceli, 1980; Gremigni et al., 1980; Gremigni et al., 1982). Overall
the possibility of dedifferentiation was controversial because of multiple potential
interpretations for some of the data and because other EM investigations did not observe de-
differentiation (Bagufia, 1998; Bagufia et al., 1989; Reddien and Sanchez Alvarado, 2004).

Several transplant experiments have been performed that support the idea that a renewing
population of dividing cells are the primary contributors to planarian regeneration. First,
transplant of normal tissue into irradiated hosts can rescue the capacity for regeneration
(Dubois, 1949; Lange, 1968) and contribute [3H]uridine-labeled tissues to the host (Lender,
1962; Lender and Gabriel, 1965). Second, transplant of a population of small cells, enriched
for small cells, restored regeneration and changed animal behavior from sexual (the host) to
asexual (the donor), whereas transplant of differentiated cells showed no effect (Bagufa et
al., 1989). Furthermore, BrdU-labeling experiments demonstrate that dividing cells
contribute new cells to blastemas, and that cells with simple morphology (rather than
differentiated morphology) are the first cells labeled following a BrdU pulse (Newmark and
Sanchez Alvarado, 2000). Together, these observations are consistent with the existence of a
population of adult dividing cells responsible for new tissue formation in planarian
regeneration; however, they do not exclude the possibility of de-differentiation or
transdifferentiation as candidate contributing sources for dividing cells or other cells in
regeneration.

Clonal analysis of dividing planarian cells identify pluripotent stem cells

Taken together, prior data described above indicated dividing cells contribute to
regeneration, but do not distinguish between multiple possible models for how these
dividing cells participate in regeneration (Figure 1B). Whether the dividing cell population
possesses a pluripotent cell type or whether the dividing cells consist of many different cell
types with each possessing more restricted potential is a critical distinction for
understanding planarian regeneration and has only recently been determined (Wagner et al.,
2011). Dividing cells (neoblasts) can be isolated with flow cytometry, based simply on their
possession of greater than 2N DNA content during replication and mitosis (Hayashi et al.,
2006). A variety of genes are expressed broadly in this population of dividing cells
(Aboobaker, 2011; Reddien et al., 2005b; Shibata et al., 2010), with the commonly used
neoblast marker gene smedwi-1 expressed in all dividing cells (Wagner et al., 2011).
However, heterogeneity in gene expression does in fact exist within this population of
dividing cells (Hayashi et al., 2010). Regardless of potential heterogeneity within the
dividing cells, some subset of the proliferating cells could be the ultimate source of new
cells and be pluripotent at the single cell level.
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To determine whether pluripotent cells explain planarian regeneration, the potential of single
dividing cells was examined (Wagner et al., 2011). Some cells were observed to have
clonogenic potential, that is, the capacity to produce a large number of descendent cells
through the process of cell division. Two different and complementary assays were
developed and used to obtain these data (Figure 2B, C). The first assay relies upon an
irradiation dose that leaves a small number of dividing cells that survived irradiation behind.
This method was made possible by the recent development of markers for dividing cells and
their progeny (Eisenhoffer et al., 2008; Reddien et al., 2005b; Wagner et al., 2011). A
strength of this method is that remaining dividing cells reside in their original tissue
environment. A second assay was developed that involved transplant of single cells from a
donor into a lethally irradiated host lacking all dividing cells. A strength of this more
technically challenging method is that cells of different genotypes can be transplanted into
hosts, and the location of the cell that will divide is known.

Following sublethal irradiation, some surviving dividing cells were capable of producing
large numbers of clonally derived descendent cells. These colonies presented the first
opportunity to analyze the differentiation potential of single cells from within the neoblast
population, for example, by using established markers for immediate, nondividing neoblast
progeny cell types (Eisenhoffer et al., 2008). The clonally derived descendent cells in
colonies included cells that differentiated into intestine, neurons, and all other known
neoblast progeny cell types (Figure 2B) (Wagner et al., 2011). The capacity to make these
cell types existed in colonies derived from throughout the body. Cells from within the
dividing cell population, therefore, have the capacity to produce differentiated progeny
spanning multiple germ layers, displaying pluripotency at the single cell level. Cells with
these attributes were defined as "cNeoblasts," for clonogenic neoblasts. Adult planarians
constantly turnover their tissues, with the progeny of dividing cells replacing aging
differentiated cells (Pellettieri and Sanchez Alvarado, 2007; Reddien and Sanchez Alvarado,
2004). As a consequence, irradiated animals are incapable of long-term survival without cell
division. As few as 3 to 5 cNeoblasts surviving irradiation in asexual animals were sufficient
to lead to survival and to restore regenerative capacity (Wagner et al., 2011).

The capacity of cNeoblasts to produce large numbers of dividing cells, to repopulate
planarian tissues with dividing somatic cells, and to produce cells spanning germ layers was
confirmed with transplantation experiments (Wagner et al., 2011). In the transplantation
experiments, individual cells from asexual animals were transplanted into lethally irradiated
sexual hosts, which lacked any other source for dividing cells. These experiments were
made possible by the development of a cell-sorting procedure for isolation of individual
cNeoblasts involving flow cytometry followed by morphological identification of cells. Also
important was the development of a transplant procedure yielding high frequency
engraftment of single cells and the identification of sequence polymorphisms for
genotyping. Optimization of this procedure relied upon recently identified molecular
markers for detection of proliferating cells. Remarkably, single transplanted cells were
sufficient to lead to survival and a restored capacity for regeneration in some of these sexual
hosts (Figure 2C). In order for enough time to elapse for repopulation of tissue with
proliferating cells, transplant recipients needed to survive for 40-50 days without other
sources of cell division, and 7/130 animals recovered. These rescued animals displayed
asexual behavior, and importantly, the asexual genotype. Therefore, the single transplanted
cell slowly but surely replaced host tissues, with the animal becoming a genetic clone of the
donor. This experiment confirms that the transplanted cell had the capacity to make the
essential tissues of planarians, and provides candidate cellular explanation for planarian
regeneration: the persistence into adulthood of a pluripotent stem cell type that is widespread
throughout the body.
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The origin of a clonogenic neoblast has not yet been characterized in detail; however,
several observations support the idea that cNeoblasts self-renew. First, cNeoblasts produce
large, growing colonies of dividing cells, in fact, repopulating the animal with dividing cells.
The restoration of regenerative potential (and even entire strains of clonal animals) from
animals harboring from one or a few cNeoblasts further suggests that capacity for tissue
pluripotency expanded in these animals. Therefore, self-renewal appears to be an attribute of
cNeoblasts. cNeoblasts are scattered along the head-to-tail axis in the animal parenchyma.
However, the percentage of dividing cells that function as cNeoblasts is unknown—it could
be that the vast majority of dividing cells have this clonogenic potential and pluripotency, or
there could be more complexity in the dividing cell population (neoblasts) than was
previously imagined. Many possibilities exist for the behavior of cNeoblast descendant cells
—from rapid differentiation, to the existence of long-lived transit amplifying cells. It will be
of great interest to understand the processes by which so many different cell types emerge
from a single adult cell type, and whether this requires slow-and-steady lineage restriction
through many rounds of division, or dramatic and rapid steps to final cell states.

An expanding set of molecular tools are emerging for the study of genes in planarian
regeneration (Newmark and Sanchez Alvarado, 2002; Sal6 et al., 2009; Sanchez Alvarado,
2006), including efficient inhibition of gene function with RNAi (Newmark et al., 2003;
Reddien et al., 2005a; Sanchez Alvarado and Newmark, 1999), labeling of dividing cells
with RNA probes, BrdU, or antibodies (Guo et al., 2006; Newmark and Sanchez Alvarado,
2000; Reddien et al., 2005a), isolation of dividing cells using flow cytometry (Hayashi et al.,
2006), and assessment of differentiation of progenitor cells (Eisenhoffer et al., 2008; Guo et
al., 2006; Newmark and Sanchez Alvarado, 2000; Scimone et al., 2010; Wagner et al., 2011,
Wenemoser and Reddien, 2010). Many genes have already been identified that impact
biology of the neoblast population (Fernandez-Taboada et al., 2010; Guo et al., 2006;
Hayashi et al., 2010; Oviedo and Levin, 2007; Pearson and Sanchez Alvarado, 2010;
Reddien et al., 2005a; Reddien et al., 2005b; Scimone et al., 2010; Solana et al., 2009;
Wenemoser and Reddien, 2010). cNeoblasts therefore present the opportunity for molecular
genetic dissection of maintenance, differentiation, and deployment for regeneration of a
pluripotent stem cell in vivo.

Regenerative cells must respond to wound signals for the initiation of regeneration.
Furthermore, to regenerate, the identity of missing tissues must be specified. For example,
recent work has identified Wnt signaling as important for controlling head-versus-tail
regeneration decisions at transverse wounds and serves as a paradigm for study of the
specification of regeneration programs (Gurley et al., 2008; Iglesias et al., 2008; Petersen
and Reddien, 2008, 2011, Adell et al., 2009; Gurley et al., 2010; Petersen and Reddien,
2009; Reddien, 2011). The identity of these wound and missing tissue identity signals, and
whether they act on the cNeoblasts or lineage-committed cNeoblast progeny, will be
important research directions for understanding the regulatory logic of regeneration.

Hydra regeneration and stem cells

Hydra, like planarians, display some of the most dramatic regenerative feats known to occur
in the animal kingdom (Galliot and Schmid, 2002). Hydra are cnidarians that live as
freshwater polyps with a polarized, primary body axis. Cnidarians are metazoans that
possess two germ layers and represent an outgroup to the Bilateria (Adoutte et al., 2000;
Putnam et al., 2007). The Hydra body axis contains two poles separated by a body column
(Figure 3A). The oral pole, or head, contains tentacles and hypostome (mouth) and the
aboral pole, or foot, contains the basal disc. These animals are composed of two tissue
layers, each a single cell thick: an outer layer of ectodermal myoepithelial cells and an inner
layer of endodermal myoepithelial cells, arranged together in a tube ending in tentacles
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(Figure 3B). Hydra were the first subjects of described regeneration experimentation
(Lenhoff and Lenhoff, 1986) and are capable of regenerating entire polyps from tiny body
fragments (Bosch, 2007; Holstein et al., 2003). In a remarkable display of body organization
capacity, dissociated Hydra cells can even be re-aggregated and produce a new Hydra polyp
(Gierer et al., 1972; Noda, 1971; Technau et al., 2000). Because of the ability of small body
fragments to regenerate Hydra polyps, tissue pluripotency is spread broadly in these
animals. The current model, described below, for tissue pluripotency in Hydra does not
involve a single cNeoblast-like cell type, but instead involves action of multiple different
stem cell types.

Regeneration in Hydra can be accomplished by changes in tissue morphology involving
existing cells in the absence of cell proliferation (often referred to, for Hydra, as
morphallaxis) (Bosch, 2007; Cummings and Bode, 1984; Galliot and Ghila, 2010; Holstein
etal., 1991; Marcum and Campbell, 1978a, b; Park et al., 1970; Wittlieb et al., 2006).
Despite regeneration being capable of occurring without significant cell division, new cells
in Hydra are normally continuously made for maintenance of the polyp. Small body
fragments can regenerate polyps through morphogenetic changes, which can then feed and
grow to produce an individual similar to the original (Bode and Bode, 1980). Furthermore,
regenerated individuals can reproduce long-term through budding. Therefore, sources for
massive cell production exist in the adult Hydra. Finally, following mid-gastric amputation
(but not after decapitation close to the head), stimulation of interstitial cell proliferation
occurs and contributes to regeneration (Chera et al., 2009). What is the source of new
materials?

The epithelial cells in the Hydra body column continuously proliferate and replace
differentiated epithelial cells at the poles of the polyp, with older cells sloughed off at the
tentacle and foot (Campbell, 1967; Dubel et al., 1987). These dividing epithelial cells of the
body column carry out differentiated tasks, such as osmoregulation (ectoderm), food
digestion (endoderm), and muscle-like contraction (both layers) (Bode, 1996). These two
cell layers in the body column are broadly considered to each possess cells that act as
separate epithelial stem cell types (Figure 3C) (Bosch, 2007). Understanding the division
and differentiation behavior of these cells could be enhanced with single cell-based lineage
studies.

In addition to proliferation occurring in the myoepithelial cells, highly proliferative
interstitial cells exist within the epithelial cell layers (Figure 3B) (Bode, 1996). To
investigate the potential of individual interstitial cells, clonal analyses were performed
taking advantage of the capacity of Hydra to re-aggregate following dissociation to a cell
suspension (Bosch and David, 1987; David and Murphy, 1977). Animals lacking the
interstitial cell lineage (following treatment with nitrogen-mustard or using a strain with
temperature-sensitive interstitial cells) were dissociated and re-aggregated together with a
small number of cells from normal animals. Clones of growing interstitial cells emerged in
these chimeras, with clonal growth having occurred from donor-derived cells, demonstrated
using [3H]thymidine-labeled donor cells. A statistical approach was used to indicate the
majority of clones analyzed arose from single cells. From these experiments, it was shown
that interstitial cells are multipotent stem cells that can generate neurons, nematocytes,
secretory cells, and gametes but not the epithelial layers (Figure 3C) (Bosch and David,
1987; David and Murphy, 1977). Similar chimera experiments demonstrate that interstitial
cells with clonogenic capacity, deemed to be stem cells, are distributed throughout the body
column (David and Plotnick, 1980) in the ectodermal epithelial layer (Smid and Tardent,
1986) with descendant cells present in both epithelial layers.
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Because under starvation conditions, regeneration in Hydra can occur by tissue
morphogenesis without new cell production, some differentiated cells will initially find
themselves in inappropriate areas. Some observations have led to proposals that certain
differentiated cells can change state. For example, zymogen gland cells (ZGC) of the body
column can become found in the regenerating head region following amputation (Siebert et
al., 2008). Histological studies of cells with intermediate appearance between body column
(ZGC) and head mucous gland cells (MGC), suggest that ZGCs can transdifferentiate to
become MGCs (Siebert et al., 2008). Some experiments involving elimination of neuron
precursors (interstitial cells) followed by amputation and assessment of maintenance or
change in neuron cell state led to similar proposals that pre-existing neurons might be
capable of changing type during regeneration (Bode, 1992, 1996). By contrast, other
experiments have suggested that peduncle neurons arise largely, if not entirely, from
interstitial cell-derived precursors (Technau and Holstein, 1996). Lineage-tracing
experiments will therefore be important for investigating the possibility of changes in the
state of differentiated cells in Hydra regeneration more definitively.

In summary, tissue pluripotency in Hydra involves three stem cell types (ectodermal and
endodermal epithelial cells, and interstitial stem cells) that enable continual new tissue
production (Bosch, 2007). Transgenic Hydra have now been generated that allow
observation of individual cells during regeneration (Khalturin et al., 2007; Wittlieb et al.,
2006). This innovation will in principle enable a new suite of chimera and transplantation
experiments that allow observation and lineage tracing of individual cells. A limited number
of labeled epithelial cells have already been observed to expand in number and populate the
entire epithelial layer (Wittlieb et al., 2006). Transplantation of single epithelial cells has
been described as possible (Wittlieb et al., 2006), and it will be of interest to observe the
behavior of such single cells. These transgenic and chimera methods should prove powerful
for evaluating the potential of individual proliferative cells, the lineage decisions between
stem cells and differentiated cells, and candidate transdifferentiation events that occur
during Hydra regeneration. Numerous factors have been identified that regulate the process
of Hydra regeneration, including Wnt signaling and the MAP kinase-CREB pathway
(Bosch, 2007; Galliot and Chera, 2010). Understanding Hydra regeneration requires
combining knowledge of the cellular sources for new tissue with knowledge of wound
signaling and other molecular mechanisms that specify the identity of new tissues in
regeneration (Bosch, 2007; Galliot and Chera, 2010). Therefore how regulatory molecules
control the division and differentiation behavior of Hydra stem cells and stem cell-progeny
cells is an important area of investigation.

How do vertebrates regenerate all of the missing cells?

While regenerative vertebrates such as salamanders, frogs, and fish, do not show full body
regeneration, they can regrow substantial parts of the body. For example, tissue or cell
removal from internal organs such as the heart, the brain, and the kidney in these animals
result in a regeneration response (Kirsche and Kirsche, 1963; Oberpriller and Oberpriller,
1974; Parish et al., 2007; Poss et al., 2002). In many of these cases, the correct cell types and
tissue mass are restored but exact organ form is not always replicated. By contrast,
amputation of appendages results in restoration of the correct cell types and form. The
salamander limb faithfully regenerates the missing limb segments, upper limb, lower limb or
foot/hand, when amputated anywhere along the limb axis. Vertebrate appendages are
composed of intricately patterned tissues originating from multiple germ layers. For
example, the vertebrate limb consists of epidermis and peripheral nervous tissue deriving
from ectoderm, and other internal tissues such as muscle, bone, dermis and blood vessels
that derive from mesoderm. Therefore the same conceptual issues arise as for invertebrate
regeneration—how is the full spectrum of cell types and pattern re-formed after tissue
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removal? Does, for example, a resident, pluripotent cNeoblast exist in vertebrate tissues that
executes regeneration?

A brief history of blastema cell origin and potency

During limb regeneration, a zone of seemingly homogeneous, undifferentiated progenitor
cells, called the blastema, forms at the amputation site. The blastema consists of
mesenchymal blastema cells encased by a simple, wound epidermis. The cellular sources of
the limb blastema and the potency of blastema cells have been investigated by excellent
researchers over many years, but, until recently, many questions remained unresolved and a
diversity of conflicting conclusions had arisen because of the lack of satisfactory lineage-
tracing tools and molecular markers to address these questions. In the salamander limb
system, where much of this work has been performed, two primary classes of experiments
were historically used to examine blastema cell potency and tissue origin. The first involved
grafting limb blastemas to ectopic sites such as the fin that support blastema growth and
differentiation in order to reveal the intrinsic differentiation capacities of blastema cells
(Pietsch, 1961; Stocum, 1968). The diversity of cell types and the completeness of limb
segments that formed in such experiments varied widely, leading some researchers to
propose that blastema cells had limited potential and others to speculate that blastema cells
were pluripotent (Holtzer, 1969; Pietsch, 1961; Steen, 1970).

Many researchers then attempted to directly track the fate of cells coming from specific cell
types by transplanting triploid or tritiated thymidine-marked tissues into normal or irradiated
regenerating host limbs. Cartilage was recognized as one tissue where grafts consisting
purely of cartilage cells could be isolated. Steen transplanted triploid and tritiated thymidine-
labeled cartilage pieces into normal regenerating limbs and found that labeled cells
contributed to the blastema with the vast majority of cells reforming cartilage (Steen, 1968).
These results led Steen to conclude that during normal regeneration, cartilage cells only
form cartilage. Interestingly, when Namenwirth (1974) performed similar experiments
transplanting cartilage into irradiated limbs, the labeled cells formed not only cartilage, but
also perichondrium and soft connective tissues in the joints and dermis (Namenwirth, 1974).
It was proposed that under conditions where host cells cannot contribute to blastema
formation, a broader potential of cartilage to form soft tissue connective cells was revealed.
Given that cartilage and soft connective tissue cells arise from a common progenitor during
limb development, this hypothesis is plausible (Pearse et al., 2007). However, it is also
possible that the transplanted cartilage pieces in the separate experiments were of differing
purity. Because the perichondrium that encases the limb cartilage is a likely source of cells
with soft connective tissue potential, any graft that had not sufficiently removed this layer
could also have given this result. Therefore, whether or not cartilage can contribute to soft
connective tissue regeneration remains unresolved. Wallace and colleagues performed a
similar irradiation rescue experiment using unlabelled cartilage and found regenerated limbs
possessing cartilage and muscle (Wallace et al., 1974). These investigators concluded that
cartilage cells have the potential to form all limb tissue types, including muscle. Due to lack
of any lineage-tracing markers in this latter experiment, it was unclear if the muscle tissue
arose from the host or the graft; and the purity of the grafted piece was also a consideration.
In summary, many possible interpretations of cartilage cell potential have historically been
proposed.

Tracking of the fate of other limb tissues during regeneration, such as muscle, Schwann cells
and dermis, had yielded uninterpretable results due to the complexity of these tissues. When
Steen transplanted labeled muscle tissue he observed efficient contribution to regenerating
cartilage (Steen, 1968). He wisely noted that since muscle is actually a complex tissue
consisting of muscle fibers, muscle satellite cells, connective tissue and vessels, the cellular
source of this regenerated cartilage, and thus the true regenerative potential of muscle cells,
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remained unclear. Similarly, the potential of dermis to form muscle was unclear based on
sporadic muscle labeling in graft experiments. When Namenwirth rescued irradiated limbs
with skin transplants that included dermis, patterned limbs formed, with some, but limited
muscle tissue formation (Dunis and Namenwirth, 1977). The muscle formation observed
was ascribed to contamination of skin transplants with some muscle cells. Finally, the
regenerative potential of nerve cells was studied by Wallace, who rescued amputated,
irradiated limbs with unirradiated nerve grafts (Wallace and Wallace, 1973). Because such
samples generated limbs consisting of all tissue types, Wallace concluded that cells in nerve
grafts can dedifferentiate and ultimately form other cell types, such as muscle and
connective tissue. Whether the source of cells was Schwann cells or accompanying
connective tissue cells was unresolved. In summary, the study of the fate of internal limb
tissues during regeneration was largely obscured by the inability to label defined cell types
within a given tissue and therefore the true potency of blastema cells coming from different
cell types was unresolved.

Vertebrate appendage regeneration implements lineage-restricted
progenitors

Recent advances in generating GFP-expressing transgenic frogs, salamanders, and fish,
combined with molecular marker analysis, have allowed in vivo tracking of cells with higher
precision to resolve many of the questions from the previous studies. In this recent work,
limited cell potential in regeneration has been found for all examined tissue lineages in frog,
salamander, and fish. Each different tissue provides a distinct progenitor cell pool to the
regeneration blastema indicating that from the very outset, the vertebrate blastema is not
generated from or comprised of cells of a single type. By contrast, the blastema as a whole is
a mixture of cells with different, restricted potentials and tissue origins that together
coordinately regenerate the complex appendage. In other words, vertebrate appendages do
not harbor a pluripotent cNeoblast-like cell as found in planaria.

Limb of newt and tail of frog

The first demonstration in a vertebrate that different tissues such as muscle and nerve are
regenerated from distinct progenitor cell pools came from investigation of Xenopus tadpole
tail regeneration. Embryonic grafts of posterior neural plate, posterior presomitic mesoderm,
or posterior axial mesoderm from GFP-transgenic donors into unlabeled hosts were used to
generate animals, each having one of the three major tissues (spinal cord, muscle, or
notochord) labeled in the Xenopus tail (Figure 4A) (Gargioli and Slack, 2004). Amputation
of the differently labeled tails revealed that each tissue layer regenerated separately and did
not contribute to the other. These studies also addressed whether muscle regeneration
occurred via dedifferentiation or recruitment of stem cells. Vertebrate skeletal muscle
harbors a population of stem cells called satellite cells, which lie adjacent to mature muscle
fibers and are activated by injury to proliferate and then differentiate and fuse into muscle
fibers during repair (for review see Le Grand and Rudnicki, 2007). Tissue grafts of early,
medial presomitic mesoderm yielded labeling only of tail muscle fibers but not satellite
cells. Amputation of these tails showed no GFP* cells in the regenerate. In contrast, later
stage presomitic mesoderm grafts that produced labeling of both muscle fibers and satellite
cells did regenerate GFP* muscle. These results indicated that stem cell activation rather
than dedifferentiation was the major mechanism of muscle regeneration in Xenopus tail
regeneration.

Since Xenopus loses regeneration ability during metamorphosis when the tail is resorbed, it
was unclear whether these results were generalizable to all appendage regeneration,
especially to animals that display lifelong limb and tail regeneration, such as salamanders.
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This was an important consideration in light of contrasting results obtained by following the
fate of electroporated spinal cord cells in the salamander species, Axolotl, which indicated
contribution to muscle and cartilage (Echeverri and Tanaka, 2002). Further transgenic
labeling methods are currently being used in Axolotl to resolve the fate of the cells exiting
the regenerating Axolotl spinal cord (McHedlishvili et al., 2007).

Limb regeneration in salamanders, such as Axolotl and newts, represents the canonical
example of complex vertebrate regeneration, where previous lineage-tracing studies had
raised many unanswered questions. Recently, many long-standing issues were resolved
using transgenic animals. Transgenic Axolotls that constitutively express a GFP transgene
were used as donors in embryonic tissue grafts of prospective limb forming regions to
specifically label limb epidermis, muscle, Schwann cells, or connective tissue (Figure 4B)
(Kragl et al., 2009). GFP labeling was used to sensitively detect and eliminate samples with
labeling of undesired cell types prior to initiation of the regeneration experiment.
Furthermore, by using embryonic grafts rather than limb tissue grafts, defined cell
populations could be labeled. Limbs of animals with different GFP-labeled tissue types were
amputated and the identity of GFP* regenerated tissues was determined. These experiments
answered three of the major issues raised in previous studies in salamanders. First, they
showed that labeled muscle (muscle fibers and satellite cells) did not contribute to cartilage
or epidermis but gave rise primarily to muscle. Because the muscle labeling experiments
involved grafts of presomitic mesoderm, blood vessels (which have a common origin in
somitic mesoderm with muscle) were also unavoidably labeled. Therefore, it is still
unresolved whether muscle can potentially contribute to endothelial cells and vice versa.
Second, the embryonic lateral plate mesoderm as well as adult skin grafting studies showed
that dermis cells contributed to cartilage and connective tissue, but did not give rise to
muscle — neither Pax7* muscle satellite cells nor mature muscle fibers. Third, the question
of whether or not irradiation rescue causes cells to display broader cell potency was
addressed by combining nucCherry-expressing transgenics as irradiated hosts with nerve
grafts derived from GFP transgenics, or from GFP-Schwann cell-labeled animals. If the
irradiated animals were rescued with nerve tissue where all the cells were GFP*, then all the
regenerated cartilage was GFP*. However, if nerve grafts — where only Schwann cells were
GFP* — were used to rescue nucCherry hosts, the cartilage in the regenerated host was
negative for both transgenes. This indicated that Schwann cells had not acquired cartilage
regenerative potential during irradiation rescue. By contrast, Schwann cells only reformed
Schwann cells, whereas the regenerated cartilage and connective tissue derived from an
accompanying cell—presumably connective tissue fibroblasts that are closely intertwined
with the Schwann cell in nerve sheaths. An important dimension of the irradiation
experiments was that since all cells in the regenerates were either transgenic GFP* or
nucCherry™, the origin of the different tissues could be quantitatively assessed. As a whole,
in these GFP embryonic labeling experiments of Schwann cells, muscle, and cartilage/
connective tissue, a large majority of the given tissue type could be labeled, allowing the
conclusion that the observed lineage restrictions reflects the behavior of the vast majority of
the cells.

While the Axolotl limb experiments resolved the overall lineage restrictions of the Axolotl
limb blastema, they did not address whether the cellular mechanisms involved in producing
blastema cells from the different tissues involves activation of a resident tissue-specific
stem/progenitor cell, or involves the dedifferentiation of a post-mitotic cell. This is an
important issue, discussed further below, because the concept and occurrence of muscle
dedifferentiation has been a major theme in salamander limb regeneration studies (for
review see Straube and Tanaka, 2006).
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Lineage-restrictions during zebrafish fin development and regeneration

The fish caudal fin is another major experimental system for investigation of vertebrate
appendage regeneration. The caudal fin is an innervated structure consisting of segmented
bony fin rays that surround fibroblasts that together are encased in epidermis; no muscle is
present in the region of the fin that regenerates (for review see Akimenko et al., 2003). Upon
amputation, the tip of each fin ray forms a growth zone called the blastema, which
independently grows to elongate the missing fin ray. Until present, it was unknown if the
different fin tissues each supplied distinct, lineage-restricted progenitors to the blastema, or
whether blastema cells represented a single cell type that had the potential to form all cell
types of the fin. Two recent studies that employed different cell-tracking methods to follow
the fate of fin cells in regeneration both came to the conclusion that cells show lineage
restriction. The Johnson group used sporadic Tol2 transgene insertion to follow cells during
fin development and regeneration while the Weidinger group, as described in the next
section, used Cre/loxP-marking technology to follow the fate of osteoblasts during
regeneration. Tu and Johnson (2011) generated mosaically labeled fish fins by injecting
embryos with limiting amounts of plasmid that insert a XenEF1a:GFP transgene by Tol2
transposition. By analyzing coherent cell groups that label a given tissue type as clones, the
authors propose that the fin is built in a highly mosaic fashion from 9 different cell lineages
—vessel/artery, osteoblast, fibroblast, glial, melanophore/xanthophore, iridiphore,
epidermis, and lateral line. Since most fins were apparently labeled with more than one
clone, the authors use co-occurrence analysis to infer that most lineages, by the time cells
form the fin bud, were unipotent except the bipotent vein/artery lineage and the
melanophore/xanthophore lineage. Upon fin amputation through labeled cell patches, the
labeled cells regenerated the same cell type and did not contribute to other cell types. The
authors point out that in their work the dermal and osteoblast lineages remained separate
during both fin development and regeneration. These results are quite distinct to results from
the development of other vertebrate appendages. For example, clonal analyses in the mouse
and chicken limb bud showed that single progenitor cells contribute to dermis, cartilage,
tendon, and connective tissue (Arques et al., 2007; Pearse et al., 2007). During salamander
limb regeneration, transplantation of dermis-containing skin onto an amputated host limb
results in dermis cells contributing to, and even fully regenerating, patterned bone (Dunis
and Namenwirth, 1977; Kragl et al., 2009). Biological and/or technical reasons may be
responsible for the divergent dermis/bone tracking results between the fish fin and other
vertebrate appendages. First, it is likely, though not established, that bone origin and
formation in the fish fin differs significantly from that in vertebrate limbs. The vertebrate
limb consists of endochondral bone with a clear origin in lateral plate mesoderm that
differentiates through a cartilage intermediate (for reviews see Goldring et al., 2006; Tuan,
2004). In contrast, the zebrafish fin consists of dermal bone that may derive from neural
crest and that appears to ossify directly from progenitors without a cartilage intermediate
(Smith et al., 1994). Therefore, the lineage relationship between bone and connective tissue
may be different in these two contexts. Furthermore, because many of the cell types
described in the fish fin study may be of neural crest origin, the results may largely reflect
the diversification and commitment of neural crest during fin development and regeneration.
On the other hand, because the method of clonal analysis did not address whether the
labeling was representative of all fin cells, it is still possible that other, less restricted, clone
behaviors may be occurring in fish fin development and regeneration.

The fish results emphasized that during regeneration there is no crossing between neural
crest subtypes such as glia and melanophore/xanthophore lineages. This is interesting in
light of cell culture work characterizing the ability of chick and quail glia to dedifferentiate
and form melanocytes, and the ability of clonally cultured melanocytes to dedifferentiate to
a progenitor state that can differentiate into myofibroblasts and glial cells (Dupin et al.,
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2003; Real et al., 2006). It should be investigated whether these differences reflect
organism-specific traits or whether long-term clonal culture conditions impart a broader
potential onto cells than they normally have in vivo.

Dedifferentiation versus stem cells

With the exception of the Xenopus studies, the lineage-tracing results left open whether
blastema formation occurs via the activation of resident tissue stem cells, or via
dedifferentiation. When taking all studies across different tissues into account, it is likely
that both processes contribute to regeneration by differing amounts for different tissues. In
the context of newt limb, tail, and heart regeneration, a number of studies, mostly employing
non-genetic cell lineage tracers, previously suggested that skeletal and cardiac muscle cells
can dedifferentiate and become proliferative during regeneration (Echeverri et al., 2001;
Kumar et al., 2000; Laube et al., 2006; Lo et al., 1993). Nongenetic lineage tracers such as
fluorescent lipidic molecules or fluorescent cytoplasmic tracers used in these experiments,
however, are not ideal because there is always the possibility of transfer to other cell types.
Most recently, three studies in zebrafish, two in the heart and the other in the fish fin, used
genetic-labeling-based fate mapping to establish that cardiomyocytes and osteoblast cells do
dedifferentiate and proliferate during heart and fin regeneration (Jopling et al., 2010;
Kikuchi et al., 2010; Knopf et al., 2011).

Zebrafish and salamanders regenerate heart tissue after resection of the ventricle. To address
whether resident differentiated cardiomyocytes contribute to this regeneration, Jopling et al.
and Kikuchi et al. used Cre/loxP-based genetic marking to track cardiomyocytes (Figure
5A). Both studies implemented double-transgenic animals harboring a cardiac myosin light
chain (cmlc2) promoter driving a tamoxifen-inducible CreER gene as well as a loxP-reporter
transgene where a cardiac-restricted promoter drove a floxed STOP cassette followed by the
GFP gene (Figure 5A). To obtain cardiomyocyte-specific GFP expression, Jopling et al.
treated double-transgenic embryos with tamoxifen, while Kikuchi et al. injected tamoxifen
into adults prior to regeneration. These treatments caused Cre-mediated excision of the
STOP cassette and GFP expression specifically in embryonic and adult cardiomyocytes
respectively. After adult heart transection essentially all of the newly made cardiomyocytes
were derived from these pre-labeled, GFP-expressing cardiomyocytes, indicating that the
primary cell source for heart regeneration was differentiated cardiomyocytes that had
proliferated rather than an unlabeled stem cell that had differentiated after transection.
Interestingly, Kikuchi and colleagues showed that the proliferating cardiomyocytes
reactivate a transgenic reporter for the heart developmental regulator, GATAA4. These results
indicate that cardiomyocytes proliferate to restore heart mass in zebrafish heart regeneration.
Since a cardiomyocyte-specific promoter was used to drive expression of the loxP reporter,
no conclusions on whether the labeled cardiomyocytes contribute to other lineages were
made.

It will be important to further map the fate of cardiomyocytes and other cardiac cell lineages
to gain a complete picture of cell fates during zebrafish heart regeneration. Recently,
Kikuchi and colleagues investigated the fate of another major cell type in the heart, the
epicardium (Kikuchi et al., 2011). The authors identified tcf21 as a gene that is specifically
expressed in the developing and adult zebrafish epicardium. Using a similar Cre/loxP-based
cell tracing strategy as described above, the authors showed that driving CreER by the tcf21
promoter yielded no GFP-positive cardiomyocytes. To track the potential contribution of
epicardium to other heart cell types, tcf21:CreER transgenic animals were crossed to the
loxP reporter gata5:RnG that drives reporter expression in all heart cells. When tamoxifen
was administered in growing larvae that were later examined as adults, GFP* cells were
found not only throughout the adult epicardium but also in some MLCK* smooth muscle
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cells of the bulbus arteriosus and coronary vessels. Resection of these adult hearts was
followed by the appearance of GFP+ perivascular cells in the regenerated heart. Similar
results were found when tamoxifen was administered in the adult stage prior to regeneration.
These results indicate that epicardial cells do not form cardiomyocytes during heart
regeneration and appear to show limited flexibility to form perivascular cells.

Similarly, Knopf et al. implemented Cre/loxP-based fate mapping of osteogenic populations
during fish fin regeneration, and found that differentiated osteoblasts temporarily
dedifferentiate, enter into the fin blastema and then redifferentiate into osteoblasts. In the
fish fin bones, an osterix:GFP reporter labels pre-osteoblast precursors as well as mature
osteoblasts, while the osteocalcin:GFP reporter labels mature osteoblasts. Amputation of the
fish fin caused proliferation as well as downregulation of both osterix:GFP and
osteocalcin:GFP in osteoblasts at the amputation plane and upregulation of the transcription
factor, Runx2, which is expressed in osteoblast precursors. To show that osteoblasts enter
the fin blastema, cells that remained transiently GFP* in the osteocalcin:GFP fish were
followed into the early blastema. This participation of osteoblasts in fin regeneration was
confirmed by Cre/loxP-mediated genetic fate mapping implementing an osterix:CreERT2
transgenic in conjunction with a loxP reporter where the heat shock promoter drove a floxed
DsRedStop cassette followed by nucGFP (Figure 5B). Injection of tamoxifen into double
transgenic animals caused excision of the DsRed cassette, and expression of nucGFP from
the heat shock promoter in osteoblasts and their immediate precursors. NucGFP-expressing
cells were observed to enter the regeneration blastema, and form newly regenerated
osteoblasts, and did not appear to significantly contribute to other lineages. Taken together,
these results indicate that during zebrafish fin regeneration, osteoblasts dedifferentiate,
proliferate, and re-differentiate into osteoblasts. Since the Cre-based labeling was sporadic
and did not include all osteoblasts, it is still not known if osteoblast dedifferentiation
accounts for the major cell type that regenerates the bony fin ray or whether other cell types
also contribute. In summary, heart and fin regeneration results in zebrafish both demonstrate
that limited dedifferentiation occurs resulting in expansion and redifferentiation to the
original cell type.

Amphibian appendages harbor skeletal muscle, and this situation is likely more complex
than the cardiomyocyte and fin osteoblast situation described above. Vertebrate skeletal
muscle harbors a population of stem cells called satellite cells, which lie adjacent to mature
muscle fibers and are activated by injury to proliferate and then differentiate and fuse into
muscle fibers during repair (Le Grand and Rudnicki, 2007). Pax7* satellite cells were shown
to reside in salamander limb skeletal muscle (Kragl et al., 2009; Morrison et al., 2006). Four
days after newt limb amputation, the blastema was shown to contain Pax7* cells that
presumably derived from muscle satellite cells but with the absence of cell-tracing data,
other sources of the Pax7* cells were not excluded. Furthermore clonally-expanded newt
muscle satellite cells from cell culture transplanted into regenerating newt limbs contributed
to both regenerated muscle and cartilage (Morrison et al., 2010). These results indicate that,
as was the case in frog, muscle stem cells contribute to the newt regeneration blastema.
Considering that the in vivo muscletracking experiments in Axolotl showed no contribution
to cartilage, it needs to be resolved whether this difference in muscle tissue potency reflects
a biological difference between two different salamander species (Axolotl versus newt) or is
due to satellite cells acquiring an increased potency upon extensive culturing.

On the other hand, a number of experiments tracking in vivo or implanted muscle cells
suggest that differentiated muscle cells may fragment, dedifferentiate and proliferate during
salamander but not frog appendage regeneration (Echeverri et al., 2001; Kumar et al., 2000;
Lo et al., 1993). TenascinC, an extracellular matrix protein consisting of 14 EGF-like
repeats, and at least eight fibronectin-111 domains, has been implicated in the fragmentation
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process while msx1 has been proposed to be important for the dedifferentiation process
(Calve et al., 2010; Odelberg et al., 2000). Since the studies have focused on tracking a
small number of in vivo or implanted myotubes, the true contribution of these cells to
regenerating muscle has not been evaluated. Cre/loxP-based lineage tracing of skeletal
muscle fibers versus satellite cells will be critical to evaluate the significance of muscle
dedifferentiation versus stem cell activation in this lineage. Similarly, regeneration from the
dermal compartment is widely assumed to derive from the dedifferentiation of fibroblasts to
a lateral plate mesoderm-like cell, but the possibility of a resident stem cell taking on most
of the regenerative role has not yet been excluded (Dunis and Namenwirth, 1977; Weiss,
1925).

Implications of the mosaic composition of the blastema

The vertebrate studies have shown that regeneration occurs by each tissue providing a
separate pool of progenitor cells, with each having limited, if any, flexibility to form other
tissue types. This information has several important implications. First, it suggests that some
of the stem/progenitor cells utilized in appendage regeneration, for example the muscle
satellite cell are similar to cognate stem/progenitor cells used during tissue repair in
mammals. How limb amputation in salamanders can induce such progenitor cells to build an
entire limb and why this does not occur in mammals is an enduring question. During limb
regeneration, cut nerves and the convergence of skin cells from around the amputated limb
are two crucial events required to signal the accumulation of blastema cells that can
collectively build the missing limb structure. The work investigating these phenomena and
the associated molecular knowledge have recently been reviewed (Nacu and Tanaka, 2011;
Yokoyama, 2008). Second, cells deriving from the different tissues may respond to injury
and regeneration cues differently. A host of molecular signaling factors including WNTS,
BMP/TGF-s, IGFs, and FGFs, have been identified as involved in appendage regeneration
based on the inhibition of regeneration upon their inactivation, but detailed analysis of these
phenotypes has been limited (for reviews see: Antos and Tanaka, 2010; Poss, 2010; Stoick-
Cooper et al., 2007; Yokoyama, 2008). Precisely how these pathways affect cells from each
different tissue is crucially lacking. Third, the similarity in lineage restriction between limb
blastema cells and progenitors found in the developing limb bud suggests that
morphogenesis and patterning events occurring during limb development and regeneration
may be more similar than previously appreciated (Nacu and Tanaka, 2011). Finally, it is
interesting that in vertebrate limb regeneration, blastema cells show restriction not only in
their tissue fates, but also in the positional identity they can adopt along the proximal distal
axis (Butler, 1955; Kragl et al., 2009). Understanding the molecular basis of positional
identity and its restriction during regeneration is also an important future goal (Tamura et
al., 2010).

Concluding remarks

The recent advances in identifying the cell sources for regeneration in several invertebrate
and vertebrate model organisms have revealed a diversity of ways by which injured tissues
provide progenitor cells for regeneration. Hydra and planarians, which regenerate whole
body structures from small animal pieces, display distinct modes of achieving tissue-level
pluripotency in the adult. Hydra appears to employ several separate, restricted stem cell
pools, whereas planarians utilize a clonogenic, pluripotent stem cell. Among vertebrates, the
blastema used for appendage regeneration is a mosaically built structure made up of several
distinct, restricted progenitor cell pools that act in concert. However, the types of cellular
mechanisms involved in new tissue production can be varied. Dedifferentiation and stem
cell activation both appear to be contributing mechanisms for producing proliferating
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progenitors for regeneration, whereas regeneration of tissues such as the lens occurs via
transdifferentiation (Eguchi, 1986).

These results demonstrate the importance of studying regeneration in many different animal
and tissue contexts, as each system contributes distinct concepts for understanding tissue
regeneration biology. The pluripotent planarian cNeoblast provides a unique system for
studying how a dispersed population of pluripotent stem cells can be maintained in an adult
tissue context and how pluripotent cells can be directed along different lineages to
regenerate complex tissues and organs. The vertebrate models provide an arena for study of
how tissue-restricted stem cells are implemented towards functional regeneration instead of
imperfect tissue repair. Finally, the ability to track a differentiated cell through
dedifferentiation toward regeneration events opens the path for dissection of the molecular
control of in vivo dedifferentiation. In summary, the cell-tracking results described in this
review go beyond the achievement of addressing longstanding, fundamental questions of
regeneration biology and evolution, to opening exciting new opportunities to delve into
molecular mechanisms of regeneration.
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Figure 1. Sources for new cells in regeneration

A. Top, stem cells self-renew and produce one or more differentiated cells. Middle,
dedifferentiation is the process by which a cell loses differentiated character to produce a
progenitor cell that can divide to produce more differentiated cells. Bottom,
transdifferentiation involves the change of one cell type into others. This could occur
without division, or following de-differentiation of one cell type into a progenitor for
additional cell types. B. Distinct ways for accomplishing tissue-level pluripotency. Left, a
pluripotent progenitor cell (a stem cell is depicted) produces differentiated progeny cells
spanning multiple germ layers. There could exist multiple, and/or self-renewing
intermediates along different lineage paths. Right, different lineage-restricted progenitor
cells (stem cell types are depicted) each produce different differentiated cells. Each different
tissue separately generates or harbors a restricted stem cell. These stem cells together can
reconstitute the three different tissues, while any individual on its own is not sufficient.
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Figure 2. Planarian regeneration is accomplished with pluripotent stem cells called cNeoblasts
A. Neoblasts (blue), are the somatic dividing cells of planarians and are depicted in blue.
Neoblasts are scattered throughout the body, but restricted to behind the eyes and absent
from the pharynx (centrally located). B. Irradiation with 1,750 rad can result in animals with
a single surviving neoblast. This single cell can divide and produce a colony of neoblasts,
ultimately producing differentiated cells spanning germ layers (Wagner et al., 2011). For
example, individual neoblasts can generate both neurons and intestine cells, as well as
defined neoblast progeny populations. C. Irradiation with 6,000 rad eliminates all neoblasts.
Transplant of a single cNeoblast from a donor strain (red) results in clonogenic growth and,
ultimately, the restored capacity for regeneration.
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Figure 3. Hydra regeneration is accomplished with three different stem cell populations

A. Hydra are cnidarians with a primary body axis containing a hypostome (or head) at one
end and a foot at the other. Cell proliferation in the body column continually pushes cells to
the poles of the body. Asexual reproduction is accomplished by budding. B. The body wall
contains two epithelial cell layers, ectodermal and endodermal epithelial cells. Interstitial
stem cells exist within the ectodermal epithelial cell layer. C. The ectodermal and
endodermal epithelial cells proliferate continuously to maintain these tissue layers,
producing differentiated epithelial cells, and are therefore considered to be distinct stem
cells. A third stem cell type, the multipotent, interstitial stem cell can self-renew and
produce neurons, nematocytes, secretory cells, and gametes.

Dev Cell. Author manuscript; available in PMC 2012 July 19.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Tanaka and Reddien

Page 26

Xenopus tail:

Neural-Plate
™

\M
Notocho
il '\II
S
Somites

o
\M

Axolotl limb

Neural crest —— Schuwann
( cells
\ o

Presomitic

mesoderm £/ Muscle

l
l

I

— —
— —

— I

l

l
LINT iy
l

l

l
ol
l

l

Dermis %
Cartilage %’ —

Figure 4. Cell tracking of GFP-labeled cells in amphibians shows that vertebrate appendage
regeneration occurs by producing lineage-restricted progenitors in the Xenopus tail and Axolotl
limb blastema

Cell labeling was primarily achieved via grafting of embryonic tissues during the neurula
stage from GFP-expressing donors to normal hosts. (Top) Xenopus: posterior neural plate,
presomitic mesoderm, and notochord were transplanted to label tail spinal cord, muscle, and
notochord, respectively. After tail amputation, the labeled tissues regenerated the same
tissue type as prior to amputation (Gargioli and Slack, 2004). (Bottom) Axolotl limb
Schwann cells and muscle were labeled by embryonic presomitic mesoderm and neural crest
transplantation (Kragl et al., 2009). Dermis and cartilage were labeled by direct tissue
transplantation in the limb, as well as embryonic tissue grafts (Kragl et al., 2009). After limb
amputation, labeled Schwann cells regenerated Schwann cells only. Muscle regenerated
muscle and no cartilage. Dermis regenerated dermis, cartilage and connective tissues (also
described by Dunis and Namenwirth, 1977), while cartilage regenerated cartilage (also
described by Steen, 1968).
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Figure 5. Cre/loxP-based cell fate mapping establishes that dedifferentiation occurs during
zebrafish heart and fin regeneration

A. Prior to heart resection, cardiomyocytes were labeled via a cardiomyocyte-specific
promoter driving the CreER sequence. CreER acted on a cardiomyocyte-specific loxP
reporter where a floxed STOP cassette was excised by CreER, which is active in the
presence of 4-HT (4-hydroxytamoxifen), to induce GFP expression. Newly regenerated
cardiomyocytes (right, below dotted line) express GFP, indicating that they derived from
cardiomyocytes in the injured heart tissue (Kikuchi et al, 2010; Jopling et al, 2010). B.
Tracking of osteoblasts during caudal fin regeneration demonstrates that they contribute to
the regenerated fin and remain restricted to an osteoblast identity. osterix:Cre-ERT2 acting
on the loxP reporter; upon Cre-mediated excision of a STOP cassette, the hsp70 promoter
drives expression of GFP. GFP expression was induced prior to fin amputation leading to
sporadic cell labeling. GFP-expressing cells generate osteoblasts in the regenerated fin,
indicating that osteoblasts de-differentiated and divided to produce more osteoblasts,
remaining restricted to the osteoblast fate during regeneration (Knopf et al, 2011).
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