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One of the most striking natural examples of adult tissue plasticity

in vertebrates is limb and tail regeneration in urodele amphibians.

In this setting, amputation triggers the destabilization of cell

differentiation and the production of progenitor cells that

extensively proliferate and pattern themselves to recreate a

perfect replica of the missing part. A precise understanding of

which cells dedifferentiate and how plastic they become has

recently begun to emerge. Furthermore, information on which

developmental gene programs are activated upon injury is

becoming better understood. These studies indicate that, upon

injury, an unusual cohort of genes are co-expressed. The future

challenge will be to link the systems for studying dedifferentiation

with activation of gene expression to understand on a molecular

level how cells are ‘pushed backward’ to regenerate a complex

structure such as a limb or tail.
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Introduction
The ability to regenerate an entire limb or tail, a remark-

able trait of urodele amphibians, represents one of the

most striking examples of cellular plasticity in biology.

Although this field has had a long history of research,

recent technical developments have made limb and tail

regeneration an excellent system to understand how

adult cells are transformed into progenitor cells that

will rebuild the missing part. Cell-tracking studies indi-

cate that mature differentiated cells can dedifferentiate

and radically change their identity during the process

of regeneration. In addition, molecular information on

developmental genes that are re-expressed is accumu-

lating. These results reveal unusual gene expression

patterns at the start of regeneration that distinguish this

process from development.

The challenge facing the field is to elucidate the

molecular mechanisms that link the initial injury signal

to the machinery that reverses differentiation and re-

activates developmental gene expression programs.

Does this involve simply turning off gene transcription

associated with cell differentiation, or is there a larger

scale dismantling of epigenetic, chromosomal machin-

ery that stabilizes cell identity in adult tissue? An

intriguing general issue is whether the cell reprogram-

ming that occurs during regeneration is related to the

nuclear reprogramming that occurs when a somatic cell

nucleus is transplanted into an oocyte to form an entire

organism.

During embryonic development, the totipotent egg

divides to produce cells specified into three major germ

layers. Subsequently, progenitor cells become committed

to different tissue cell fates and finally differentiate into

post-mitotic cells [1]. The progressive and stable commit-

ment of progenitor cells to different tissue fates means

that they acquire the ability to autonomously form their

specified tissue even when placed in a new context. Such

determination allows similar extracellular signaling mole-

cules to be used in many different tissue contexts to

control cell proliferation, patterning and differentiation

without compromising tissue identity.

How does the process of regeneration impinge on the

mechanism of commitment? Does the process of dedif-

ferentiation create progenitor cells uncommitted to any

cell lineage, or is some cell determination maintained?

Cell tracking studies have started to reveal the extent of

cell plasticity during regeneration, and in future, cell-

transplantation studies will be required to reveal whether

cells maintain any commitment to a cell lineage during

regeneration. The use of rhodamine–dextran to label

defined cell populations during regeneration has led to

many of these new insights [2,3,4�]. More recently, the

use of small, mutant axolotls that are optically transpar-

ent, combined with the development of single-cell elec-

troporation of GFP plasmids have provided further

breakthroughs for documenting the multipotency of indi-

vidual cells during regeneration [5,6��].

Reprogramming adult tissue to make
progenitor cells
Axolotl limb and tail regeneration proceed through the

formation of a blastema — a zone of dividing progenitor

cells — that will eventually differentiate into the new

tissue. Cell-tracing studies of two cell types from the

mature tissue, skeletal muscle and spinal cord radial glia,
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have provided crucial evidence that multipotent progen-

itors are created from these cells during regeneration.

Muscle dedifferentiation

Early histological studies indicated that muscle fibres at

the amputation plane might dedifferentiate by budding

off mononucleate cells from syncitial muscle cells but

needless to say, this idea was controversial [7,8]. How-

ever, this hypothesis has been confirmed recently by

several cell-tracking experiments. Lo, Allen and Brockes

[2] transplanted rhodamine–dextran-labeled cultured

myotubes into the newt limb and found that one week

later, the blastema contained mononucleated, labeled

cells. A switch in cell fate was observed at 4 weeks when

the regenerating tissue began to redifferentiate. Labeled

cells contributed not only to muscle, but also infrequently

to cartilage. These implantation results were largely

confirmed by Kumar et al. [9], who used pseudotyped

viruses to genetically label the cultured myotubes with

the human alkaline phosphatase gene before implanta-

tion. The above studies left open the question of whether

endogenous mature muscle fibres truly dedifferentiated

during regeneration. To address this question, Echeverri,

Clarke and myself labeled and followed the fate of

endogenous muscle fibres in live tissue during axolotl

tail regeneration [3]. Under these circumstances, the

muscle cells four days post-amputation synchronously

‘fragmented’ into mononucleated cells that subsequently

divided and populated the blastema. Because endogen-

ous muscle fibres were tracked, we could estimate from

the data that 17% of the tail blastema must derive from

dedifferentiated muscle cells. The ultimate fate of the

blastema cells could not be followed in the last study

because of the dilution of the cell label. Therefore, it is

not yet known if dedifferentiated muscle cells are capable

of redifferentiating into cell types other than cartilage.

In Hay’s histological observations [8], the nuclei that were

apparently budding from fibres displayed dramatic

changes in morphology, such as an increase in size, and

an increase in nucleolar volume, indicating large-scale

changes in nuclear organization. However, little else is

known about the genetic events that drive these dramatic

changes. Studies on mammalian muscle have demon-

strated that the differentiated state is actively maintained

at the transcriptional level [10]. This conclusion came

from analysing heterokaryons — multinucleated cells

created by inducing fusion of two different cell types.

The fusion of muscle cells with various non-differentiated

cells caused the non-muscle nuclei to express muscle-

specific genes [11]. It is therefore plausible that the first

step in dedifferentiation is simply to either turn-off or run

down these transcriptional states. Heterkaryons made

between urodele and mammalian muscle suggest that

the dedifferentiation programme is a dominant programme

that actively reverses the differentiation state [12]. Urodele

myotubes that can dedifferentiate are able to re-enter

S-phase in response to serum factors whereas mouse

myotubes that cannot dedifferentiate do not re-enter

S-phase in response to serum [13]. When urodele/mouse

myotube heterokaryons were produced, the mouse nuclei

in the heterokaryons were stimulated to re-enter the cell

cycle, indicating that a cytoplasmic factor in the urodele

myotube over-rode the mouse cell cycle block.

The heterokaryon experiments were limited in analysis

to cell cycle re-entry and did not address issues of cell

identity. Strikingly, Odelberg, Kollhof and Keating [14]

showed that the expression of the homeodomain-

containing protein Msx1 in mouse myotubes caused a

small fraction to form mononucleate cells. These mono-

nucleated cells went on to produce chondrocytes, osteo-

blasts, and adipocytes when given the correct inductive

cues, suggesting that the expression of a single transcrip-

tion factor was sufficient to drive them back to an earlier

mesodermal precursor. In vivo confirmation of Msx1’s

role in dedifferentiation will provide further insight into

its function.

Neural progenitors drive spinal cord regeneration and

contribute to mesodermal structures

Whereas muscle dedifferentiation studies indicated that

cells could revert to an earlier mesodermal progenitor,

studies of neural progenitors during axolotl tail regenera-

tion revealed that cells can even cross germ layer bound-

aries. During axolotl tail regeneration, the spinal cord

regenerates via the proliferation of radial glial cells that

line the central canal [15]. These cells migrate and then

divide to form clones along the growing ependymal tube

that extends out of the mature spinal cord as the regen-

erating tail grows [5]. These radial glial cells that act as the

neural progenitors for regeneration appear to be equiva-

lent to the neural progenitors of the embryonic and adult

mammalian central nervous system [16–18]. They derive

from similar anatomical cell layers, and express similar

markers such as glial acidic fibrillary protein (GFAP) and

vimentin [19]. Therefore, in contrast to muscle dediffer-

entiation that appears to be unique to urodeles, spinal

cord regeneration involves the activation of a progenitor

pool that is found both in urodeles and in mammals.

Differentiated neurons apparently do not dedifferentiate

to form progenitor cells although some differentiated

neurons from the mature tissue migrate or are pushed

into the regenerating tissue as differentiated cells [4�].

By driving green fluorescent protein (GFP) expression via

a GFAP promoter, Echeverri and myself addressed

whether the GFAP-positive glial cells gave rise exclu-

sively to neural structures or if the cells also contributed to

other tail tissues [6��]. Although the labeled cells pro-

duced expected cell types such as radial glia, neurons, and

neural crest, surprisingly, they also frequently migrated

out of the ependymal tube to form muscle and cartilage.

These results indicated that during a real example of
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regeneration, neural progenitor cells acquire broad multi-

potency and contribute to structures quite different from

their embryological origin.

The distinction between ectodermal, mesodermal and

endodermal lineages is made early in embryonic devel-

opment, with mesoderm forming from ectoderm in

response to inductive signals from the endoderm. The

time in which ectoderm cells are competent to form

mesoderm is restricted to a very short time window, after

which they are refractory to inductive cues. In the

embryo, this competence is controlled at least in part

by expression of specific H1 linker histones [20]. With the

finding that during regeneration, neurectoderm cells form

mesoderm, the question arises, do the neurectoderm cells

revert to a state where they are competent to receive

mesoderm-inducing cues when they migrate into the

blastema, or is mesoderm formed via a different route

during regeneration?

The answer to this question is not yet known but there are

several hints from embryological studies suggesting that

neurectoderm may harbor a pre-potency to form meso-

derm, particularly muscle. Expression of the myogenic

regulatory factor Myf-5 has been described in a subset of

ventro-lateral neural tube cells [21]. The action of these

factors must normally be repressed, as muscle is not

usually formed from the neural tube. However, if neural

tube cells are placed in culture, some cells form myotubes

[22]. Furthermore, ectopic expression of Pax3 in neural

tube explants also leads to muscle formation [23]. These

conditions appear to unleash the myogenic potential of

neural tube cells. It is therefore possible that during tail

regeneration, a subset of radial glia, already expressing

myogenic factors, exists in the spinal cord and specifically

migrates out into the blastema where their myogenic

potential can be realized (Figure 1a) If this scenario is

correct, it will be important to know if the ‘myogenic’

cells of the spinal cord are strictly restricted to form only

myogenic cells during regeneration, or if this subpopula-

tion represents a multipotent cell type capable of forming

either muscle or bona fide neural cells. Interestingly

another in vivo example of spinal cord cells transdiffer-

entiating into skeletal muscle has been described. Sohal,

Ali and Ali [24] infected developing chick hindbrain

neural tube with B-gal virus, and later found B-gal-

positive cells in head muscle. The authors in this study

argue that these myogenic cells derive from the ventral

Figure 1

(a)

(b)

(c)
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Models for how spinal cord progenitors switch to a muscle cell fate during regeneration. During axolotl tail regeneration, the spinal cord grows as an

ependymal tube (violet) into the surrounding tail blastema (grey). Some progenitor cells from the spinal cord migrate out into the blastema to
differentiate into muscle (blue spindle). A key question is: when does the conversion from a neurectodermal to mesodermal identity occur? (a) Mosaic

model: cells within the mature spinal cord already have different, restricted potentials (blue and red). Upon tail regeneration, the muscle precursors

(blue) migrate into the blastema where they can differentiate into muscle. (b) Progenitor cells are initially uncommitted until inductive events taking

place within the ependymal tube signal some cells to assume a mesodermal potential (blue). These cells migrate out and differentiate into muscle

cells in the regenerating tail. (c) Progenitor cells remain uncommitted while they reside in the ependymal tube. Cells that migrate out encounter

mesoderm-inducing cues once they are within the blastema.
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portion of the neural tube, and migrate into the surround-

ings via cranial nerve routes.

Another candidate subpopulation that could display such

plasticity is the neural crest (see review by Le Douarin

and Dupin, this issue). The ability of the neural crest to

form cartilage in the head during development is well-

known. Is it possible that the neural crest in the regen-

erating tail assumes unusual properties that allows it to

form vertebrae and tail muscle, a cell fate that is normally

ascribed to somite-derived cells during development?

Clearly, it must be resolved whether the mesoderm-

forming cells of the regenerating spinal cord derive from

a specific sub-population that is already specified within

the mature tissue (Figure 1a), or whether a generic neural

progenitor cell is induced by regeneration-specific signals,

either in the regenerating spinal cord or blastema to

undergo the cell-fate switch (Figure 1b,c).

Reactivation of gene expression during
regeneration
Regeneration clearly reactivates developmental gene

expression programs in order for the blastema to grow

and pattern itself into the proper structure. The expres-

sion of key developmental genes has been investigated

during limb and tail regeneration in several studies. From

these studies, it is clear that at the mid-bud blastema

stage, when a sizeable population of progenitors has

accumulated, the expression pattern of such genes closely

resembles that in development. For example in the limb

blastema, Sonic hedgehog, a gene that controls posterior

patterning of the distal limb, is expressed in a small zone

in the posterior limb blastema just as during normal

development [25,26]. HoxA genes that control proximal–

distal limb identity are expressed in a nested set also as

in development [27].

There are, however, several observations on unusual

profiles of Hox gene expression that occur early during

regeneration. A key issue is whether these expression

patterns either reflect or are causative of cell dediffer-

entiation and plasticity. HoxA9 and HoxA13 expression

was examined during axolotl limb regeneration [27]. In

contrast to the developing limb bud where these Hox

genes turn on in a 30 to 50 sequence according to their

position in the complex, during early limb regeneration

these two genes are turned on coincidently in time and

appear to have overlapping expression domains. These

data suggests that Hox gene regulation may be quite

different at the onset of regeneration when cells are being

reprogrammed to enter the blastema. Gardiner et al. [27]

argue that this expression profile reflects the patterning

process of the limb blastema, where it is believed that

upon limb amputation the first blastema cells formed

have a finger-tip identity. Alternatively Christen et al.
[28�] suggest that the Hox genes may themselves have a

role in cellular dedifferentiation. Finally, it is also possible

that reactivation of the HoxA complex from the adult state

may first result in a general derepression of the complex

with a subsequent re-exertion of developmental control

mechanisms. In addition to the HoxA genes, the HoxC10

gene has unexpected expression profiles during regenera-

tion [28�,29]. Whereas during development, HoxC10 is

expressed in the posterior region of the primary body axis

and the hindlimb, during regeneration, HoxC10 is also

activated in the forelimb. As with the HoxA genes, it will

be important to establish if this unique regulation is related

to functional differences in patterning during regeneration

or related to the early events of reprogramming cells.

It would be fascinating to know if the unusual Hox gene

regulation is a property of the genomic organization of the

axolotl Hox clusters, or is a result of unique regulatory

mechanisms within regenerating cells. Would the mam-

malian HoxA complex display a regeneration-specific

expression profile if put into axolotl cells? Studying

Hox gene regulation may also provide key insights into

how epigenetic states of gene regulation are dismantled

during regeneration. In Drosophila and in mammals, the

Polycomb group of gene regulators is required to propagate

the repression of Hox genes during development and into

adulthood [30]. The activity of Polycomb genes must

presumably be deactivated upon regeneration in order

to reactivate Hox gene expression. Nothing is yet known

about the regulation of this gene class during regeneration.

Conclusions
The basic cellular and molecular observations that reveal

plasticity have been firmly established in the urodele

regeneration system. The ability to trigger reprogram-

ming in a population of cells at the end of a limb may well

make urodele limb and tail regeneration one of the most

experimentally accessible systems for studying plasticity

compared to mammalian stem cell engraftment into

foreign tissues, or nuclear transplantation into oocytes.

Furthermore, the ability to efficiently express genes in

regenerating tissue via electroporation now opens the

field to molecular analysis [5]. The future goals will be

to use the existing knowledge and techniques to develop

functional molecular assays to study reprogramming —

whether this involves changes in epigenetic chromosome

states or changes in transcriptional networks — and how

reprogramming is triggered by injury.
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