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irradiated planarian. The purple signal indicates the presence of pluripotent stem cells in
the grafted tissues (detected by expression of the gene smedwi-1).
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What is regeneration?

Historically, philosophers, naturalists and biologists alike
have referred to the restoration of missing body parts
after traumatic injury as regeneration. While still valid
today, the concept of regeneration has expanded through
the years to include a diverse set of phenomena. For
instance, August Weisman considered physiological cell
renewal to be regeneration and wrote so in a chapter
dedicated to regeneration in his seminal 1893 book The
Germ Plasm: ‘the functions of certain organs depend on
the fact that their parts continually undergo destruction,
and are then correspondingly renewed. In this case it is
the process of life itself, and not an external enemy, that
destroys the life of a cell’ [1]. Soon after, TH Morgan
would also attempt to refine the precision of the concept
of regeneration by coining terms that distinguish between
regeneration requiring cell proliferation (epimorphosis)
and regeneration effected by tissue remodeling (morphal-
laxis) [2]. Presently, regeneration is used to include
multiple restorative processes manifested either as a
result of physiological turnover (for example, the renewal
of blood, skin and gut epithelial cells) or injury, and more
recently has been used to define a branch of medical
practice referred to as ‘regenerative medicine! Thus,
rather than becoming more specific, the concept of re-
generation has become much more general. This
peculiarity can be attributed in great part to the fact that
presently, and not unlike previous centuries, little un-
ambiguous molecular, cellular, and evolutionary evidence
exists to support a common or divergent mechanism
controlling physiological and traumatic regeneration
within and between species. That such diverse biological
phenomena as adult neurogenesis and limb regeneration
can be catalogued under the same umbrella is indicative
of our limited mechanistic understanding of regenerative
processes, and thus underscores how much more
discovery research remains to be done.
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Regenerative ability is broadly but

unevenly distributed across species;

why can't all animals replace tissues and

organs after amputation?

A satisfactory explanation to this question is presently
lacking. Many organisms known to regenerate body
parts after injury have close relatives that have been
subjected to similar if not identical selective pressures,
and yet are incapable of regeneration [3]. Two possi-
bilities are plausible: 1) the common ancestor to both
species had regenerative capacities, but only one
descendant retained such properties; and 2) the common
ancestor had no such regenerative capacities and that
speciation somehow resulted in the acquisition of
regenerative properties in one, but not both descendants.
Thus, to understand the seemingly random distribution
of regenerative properties across animal species, it
becomes essential to determine whether regeneration
has evolved at a macroevolutionary (above and across
species) or at a microevolutionary (within species) level.
Brockes and colleagues [4] have recently proposed that
limb regeneration in salamanders may have evolved
locally in this organism, that is to say at a micro-
evolutionary level. Their hypothesis is based on the
observation that the three finger protein (TFP) family
member Prodl, a key regulator of both patterning and
growth in the regeneration of limbs, is likely unique to
the salamanders. While tantalizing, this hypothesis
needs to be tested in related, but phylogenetically more
primitive, salamanders (Figure 1). If indeed Prod1 arose
recently in Salamandridae (newts and salamanders) and
Ambystomatidae (Axolotl) evolution (Figure 1, in green)
as the result of a local expansion of the TFP family, more
basal salamanders such as Hynobiidae and Crypto-
branchidae would be expected to lack Prodl and thus
the capacity for limb regeneration (Figure 1, in red).
However, there is some evidence that primitive salaman-
ders (Cryptobranchidae) are nevertheless capable of re-
generating appendages [5,6]. Still, whether evolution is
ancestral or a species-dependent invention is a question
that has yet to be conclusively resolved.
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Figure 1. Phylogenetic relationships of the salamanders. In
green are the species known to possess Prod1 and to display limb
regeneration capacities. Red denotes the extant primitive groups of
salamanders (see text for explanation). The tree is based on multiple
sources [26-28].

Why is the evolutionary origin of regeneration an
important issue?

The emerging field of regenerative medicine aims to
identify strategies to repair tissues, organs, and human
body parts that cannot be naturally replaced when
damaged by either trauma or disease. Examples are spinal
cord injury, loss of limbs and the loss of neurons to stroke
and degenerative diseases like Parkinson’s and Alzheimer'’s.
Given that natural regeneration of such tissues occurs
with frequency across vertebrate and invertebrate
organisms alike, it stands to reason that if we can under-
stand these processes, we should be able to extrapolate
this knowledge to human health matters. If regeneration
is evolutionarily ancestral and its mechanisms conserved
across all animals with regenerative capacities, then it
should be possible to coax mammalian tissues to launch a
regenerative response by modulating pre-existing repair
and regenerative mechanisms. On the other hand, if
regeneration is an attribute invented independently
multiple times in evolution, understanding which aspects
of this process are unique, species-dependent inventions
will also have an impact on how to apply the knowledge
derived from animal regeneration studies to human
health. For instance, understanding why a particular
regenerative process takes place in a model system but
not in human tissues may help identify new molecular
pathways and cellular activities that could be extended to
human cells and tissues to stimulate regeneration should
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endogenous mechanisms not be readily available. Either
way, deciphering the modes and mechanisms driving
regeneration in multiple model systems will not only help
us resolve a long-standing question in biology and
evolution, but also have clear ramifications for our under-
standing of wound healing and regeneration in humans.

Why are planarians a good model system to study
regeneration?

There are many reasons why we chose planarians as a
model system for the molecular and cellular dissection of
animal regeneration [7]. Our decision was driven in great
part by a need to bridge experimental gaps left exposed
by traditional genetic model systems. The pronounced
limitations of somatic tissue turnover and regenerative
properties in standard invertebrate models such as
Drosophila and nematodes, coupled with the difficulties
of studying adult vertebrate somatic stem cells in vivo,
were compelling reasons to examine and test the suita-
bility of planarians, free-living members of the phylum
Platyhelminthes, to inform both regeneration and stem
cell biology. Planarians, which are non-parasitic flat-
worms, display remarkable regenerative capacities for all
of their tissues, irrespective of whether these were
derived from endoderm, mesoderm or ectoderm.
Because of their evolutionary position, these bilaterally
symmetric, triploblastic organisms were expected to
share with vertebrates a large number of the molecular
and cellular processes that make form and function
possible in animals. We now know that this is indeed the
case, as planarians share with vertebrates all of the major
developmental signaling pathways responsible for the
establishment of the bilateral body plan [8,9]. In addition
to their remarkable powers of regeneration, and in con-
trast to vertebrate regeneration model systems, planar-
ians are small (about the size of a toenail clipping), and
rather easy and relatively inexpensive to rear in great
numbers in the lab, allowing for genome-wide functional
studies of regeneration. Planarians were also very attrac-
tive as a model system because an extensive body of
literature spanning over two centuries exists, which
describes in great detail the remarkable developmental
plasticity of these animals [8]. This exquisite body of
knowledge has, for the most part, just begun to be
examined using the rigors and methods of modern
molecular and cellular biology.

Why study one particular species - Schmidtea
mediterranea?

This particular species was selected because it met a
number of criteria deemed necessary to perform mole-
cular, cellular, and mechanistic studies successfully [7].
First, S. mediterranea is a stable diploid possessing four
pairs of chromosomes (Figure 2). Second, it has a
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Figure 2. The planarian Schmidtea mediterranea. Sexual (left)
and asexual biotypes are shown with their corresponding diploid
karyotypes. Modified from [17,22].
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Figure 3. Sampling of the anatomical complexity displayed by
the planarian S. mediterranea. Overlay of gut (blue, Smed-porcn-1),
neurons (yellow, Smed-PC-2), axons, and pharynx (magenta, anti-a-

tubulin antibody). Scale bar 200 um. Modified from [8].

relatively small genome (approximately 800 Mb or the
equivalent of the first four human chromosomes),
making it relatively easy to sequence the genome [10].
Third, this species exists in two biotypes - one sexual, the
other asexual - allowing for a comparison of both sexual
and asexual reproduction and embryogenesis and
regeneration. Fourth, because of its robust regenerative
capacity, we were able to generate clonal lines that have
limited polymorphisms in the population, thus
facilitating gene isolation, and spatial and functional
assays. Finally, the complex anatomy of planarians is well
represented in S. mediterranea, allowing us to identify
tissue-specific markers and thus define and visualize all
organ systems (Figure 3).

What triggers regeneration?

Across multiple species and phyla, the stimulus for
regeneration is amputation. Planarians are no exception.
Wounding and amputation in this organism leads to a
coordinated cellular and molecular response that can be
measured and is currently under intense investigation.
We know, for example, that upon amputation, the body
wall musculature undergoes depolarization, which in
turn results in the contraction of the muscle fibers near
the amputation plane, effectively reducing the surface
area of the wound. This is followed by a loss of columnar
morphology of the epidermal cells adjacent to the wound
and their subsequent migration over the wound, until the
exposed tissues are completely covered by a monolayer of
these cells. This amputation-induced epithelial-mesen-
chymal interaction is likely involved in the signaling that
triggers regeneration, as one of the earliest genes induced
in response to wounding is part of the ancient, broadly
conserved Wnt/B-catenin signaling pathway [11-13],
which also plays a key role in wound healing [14].

Which types of tissue can regenerate?

All of them - that is why planarians are so attractive for
the study of regenerative mechanisms. As such, it becomes
possible to study how the differentiated derivatives of all
embryonic germ layers (ectoderm, mesoderm and
endoderm) can be restored in an adult context after they
have been lost to amputation.

What is the smallest fragment of tissue capable of
regenerating a complete worm?

This often-asked question was answered by TH Morgan
in 1898 [15]. He reported that a fragment equivalent to
1/279th the size of the original animal was sufficient to
produce a complete animal. He arrived at this number by
first measuring the animal using eye-micrometers in his
microscope, for which each division was 1/53 mm and
1/28 mm. After measuring the worm, Morgan would
then draw, cut, and weigh a thin but larger cardboard
scale replica of the intact animal. He would then cut the
animal into the smallest possible pieces, measure each
piece, and then cut an equivalent sized fragment form the
cardboard replica. He followed the regeneration of the
cut fragments, and then measured the weight of the
cardboard pieces corresponding to the animal fragments
that completed regeneration successfully. In other words,
the cardboard replica was measured to weigh 279.5 mg,
and the smallest planarian fragment that could regenerate
corresponded to a cardboard piece weighing 1 mg, thus
resulting in the 1/279th value for the smallest piece
capable of regenerating a complete worm.

Is some sort of specialized stem cell required for
regeneration?

Yes. Large numbers of small, undifferentiated cells popu-
lating the body plan of many flatworms were noticed
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Figure 4. In vivo migration of stem cells in planarians. (a) Neoblasts labeled with the stem cell marker Smed-piwi-1 (purple) in a partially
irradiated, unamputated (intact) animal. (b) Migrating neoblasts in a decapitated, partially irradiated animal. Arrow points to neoblasts at or near
the site of amputation. (c) A decapitated, partially irradiated animal in which cells are visualized via fluorescent in situ hybridization. Neoblasts
are in green (Smed-piwi-1) and post-mitotic progeny in magenta (Prog-1). (a,b) Arrowheads denote the boundary between irradiated (top) and
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towards the end of the 19th century [8]. These cells were
also noted to be mitotically active, and their role in
regeneration was confirmed by the pioneering work of
Bardeen and Baetjer [16]. These investigators reported in
1904 that animals exposed to ionizing radiation lost their
regenerative capacities. When the worms were inspected
histologically, Bardeen and Baetjer reported a complete
absence of both mitotic activity and undifferentiated
cells. These specialized cells are referred to as neoblasts.

What are neoblasts?

Neoblasts are pluripotent, somatic stem cells that are
broadly distributed across the planarian anatomy. In
asexual animals they are the only cells capable of under-
going cell division and as such can be readily eliminated
by gamma-irradiation to produce an animal that can
survive for several weeks, but is incapable of mounting a
regenerative response upon wounding. Neoblasts are
small (approximately 5 um in diameter) and by morpho-
logy alone correspond to approximately 25% of all cells in
the organism. They share with other stem cells the
characteristic of having a large nucleus containing highly
decondensed chromatin and a scant, basophilic cyto-
plasm [17]. Molecular markers and genes affecting the
function of neoblasts and their progeny have been
identified [18-20], providing the field with novel mole-
cular tools to characterize their biological functions in
vivo.

Can a single neoblast generate a whole animal?

While the in vitro culture of neoblasts has yet to be
established, single stem cell transplantation into adult
planarians is possible, making the animal itself a tissue

culture chamber in which to grow these cells. Recent
experiments have unambiguously demonstrated that,
with some frequency, single, transplanted neoblasts can
restore viability and rescue many of the morphological
defects of lethally irradiated adult animals [21]. Interest-
ingly, under these conditions, the rescue of the irradiated
animals occurs through a clonal expansion rather than
migration of the injected cell, followed by expansion of
the resulting colony of stem cells. These data would
indicate that neoblasts are not migratory cells, a
somewhat surprising result given how many niches (that
is, the cellular microenvironment capable of supporting
the maintenance of stem cells in plants and animals) were
left vacant by the irradiation that would have been
expected to promote stem cell mobilization.

Can neoblasts migrate?

Recently, we have shown that neoblasts can in fact
migrate, but appear to do so only when a breach in
structural integrity such as amputation is inflicted upon
the animal. This stem cell behavior was discovered by
selectively eliminating stem cells from only parts of the
animal with gamma-irradiation. Essentially, the trunks of
animals were protected from irradiation by a lead shield,
while the head and tail were subjected to lethal doses of
irradiation. When the animal is not amputated, the stem
cells residing in the protected region do not mobilize to
repopulate the irradiated tissues (Figure 4a). However, if
the partially irradiated animal is then decapitated, a
marked mobilization of neoblasts towards the wound site
becomes readily apparent (Figure 4b,c) [22]. The fact that
neoblasts do not appear to migrate in the absence of
amputation, while at the same time continuing to effect
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tissue homeostasis [21], indicates that different mecha-
nisms for restorative versus injury induced regeneration
are likely to exist.

Can the regenerative behavior of cells be traced to
gene function in planarians?

Yes. RNA interference (RNAi) can be used to robustly
abrogate specific gene function [16], which became
possible in 1998, when we extended to planarians Dr
Andy Fire (our then downstairs neighbor at the Carnegie
Institution for Science in Baltimore, MD) and Dr Craig
Mello’s discovery that double-stranded RNA could
silence gene expression in Caenorhabditis elegans. We
demonstrated the efficiency and specificity of this
method in planarians by targeting and measuring the
protein products of the myosin and tubulin genes
(Figure 5a), which appeared in press a year later [23].
Presently, RNA is the principal methodology being used
by the planarian community to functionally interrogate
genes and their functions in this organism. This method
has allowed investigators to uncover remarkable pheno-
types in RNAi-based screens [24] and signaling pathway
perturbations (Figure 5b) [13,25].

What lies ahead for planarians in particular and the
field of regeneration in general?

Regeneration remains one of the last untamed frontiers
of developmental biology. It is amongst the oldest
biological problems known to humankind, dating back to
antiquity in many cultures and, perplexingly, still awaiting
a satisfactory mechanistic explanation. It is my firm belief
that the time to plumb the molecular depths of re-
generation is now. Tremendous strides have been made
in the study of regeneration in Hydra, planarians, zebra-
fish, newts, and salamanders. Hence, a critical mass of
knowledge is accruing that would permit a systematic
interspecies comparison of regenerative capacities across
very distant and diverse phyla. Equally important, a
systematic and formal exploration of how the mecha-
nisms of regeneration compare to embryogenesis can
now begin in earnest. Such a comparison would help
address the long-standing question of whether regeneration
is simply a recapitulation of development or made possi-
ble by independent mechanistic innovations. In the case
of planarians, are their embryonic stem cells functionally
different from neoblasts? When during embryogenesis
are neoblasts specified? To what extent are embryonic
axes formation and organogenesis mechanisms similar or
dissimilar between planarian embryogenesis and re-
generation? Is the genetic toolkit required to organize
body axes and facilitate organogenesis during embryo-
genesis the same as during regeneration? This is a parti-
cularly important question because many organisms such
as the mouse, fruitfly, and frog can recover from ablation
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Figure 5. Functional perturbation of gene function by RNA-
mediated genetic interference (RNAI) in planarians. (a) First
RNAI effects reported in planarians show the specific loss of myosin
(green) and tubulin (red) in regenerating tissues [23]. (b) Formation
of multiple heads in an unamputated organism treated with

B-catenin(RNAI) [25].

of numerous blastomeres or substantial
embryonic organs, yet display limited regenerative capa-
cities as adults. Therefore, testing whether regulative
development occurs in planarian embryos, for example,
may help us identify key differences crucial to preserving
regenerative abilities into adulthood. These and many
more fascinating questions abound [8], so it is clear that
when it comes to regeneration, we have but just begun to
scratch the surface.

injury to

Acknowledgments

ASA is an investigator of the Howard Hughes Medical Institute and the
Stowers Institute for Medical Research and is a recipient of NIH NIGMS MERIT
award R37GM057260.



Sanchez Alvarado BMC Biology 2012, 10:88
http://www.biomedcentral.com/1741-7007/10/88

Published: 8 November 2012

References

1.

Weismann A: The Germ-Plasm. A Theory of Heredity. First English edition. New
York: Charles Scribner's Sons; 1893.

Morgan TH: Regeneration. New York: The Macmillan Company; 1901.

Brockes JP, Kumar A, Velloso CP: Regeneration as an evolutionary variable.
JAnat2001,199:3-11.

Garza-Garcia AA, Driscoll PC, Brockes JP: Evidence for the local evolution of
mechanisms underlying limb regeneration in salamanders. Integr Comp
Biol 2010, 50:528-535.

Griffin PC, Solkin VA: Ecology and Conservation of Onychodactylus fischeri
(Caudata, Hynobiidae) in the Russian Far East. Asiatic Herpetol Res 1995,
6:53-61.

Developing a monitoring protocol for Siren and Amphiuma in the
Southeastern United States [http:/fl.biology.usgs.gov/posters/Herpetology/
Sirens_and_Amphiuma/sirens_and_amphiuma.htmi]

Sénchez Alvarado A: Planarian regeneration: its end is its beginning. Cell
2006, 124:241-245.

Elliott SA, Sénchez Alvarado A: The history and enduring contributions of
planarians to the study of animal regeneration. WIREs Dev Biol 2012.

doi: 10.1002/wdev.1082.

Sénchez Alvarado A: Regeneration and the need for simpler model
organisms. Philos Trans R Soc Lond B Biol Sci 2004, 359:759-763.

The Schmidtea mediterranea genome database (SmedGD)
[http://smedgd.stowers.org/]

Gurley KA, Elliott SA, Simakov O, Schmidt HA, Holstein TW, Sdnchez Alvarado
A: Expression of secreted Wnt pathway components reveals unexpected
complexity of the planarian amputation response. Dev Biol 2010, 347:24-39.
Petersen CP, Reddien PW: A wound-induced Wnt expression program
controls planarian regeneration polarity. Proc Natl Acad Sci U S A 2009,
106:17061-17066.

Rink JC, Gurley KA, Elliott SA, Sanchez Alvarado A: Planarian Hh signaling
regulates regeneration polarity and links Hh pathway evolution to cilia.
Science 2009, 326:1406-1410.

Whyte JL, Smith AA, Helms JA: Wnt signaling and injury repair. Cold Spring
Harb Perspect Biol 2012, 4:a008078.

Morgan TH: Experimental studies of the regeneration of Planaria maculata.
Arch Entw Mech Org 1898, 7:364-397.

Bardeen C, Baetjer F: The inhibitive action of the Roentgen rays on
regeneration in planarians. J Exp Zo6/ 1904, 1:191-195.

20.

21

22.

23.

24,

25.

26.

27.

28.

Page 6 of 6

Newmark PA, Sanchez Alvarado A: Not your father’s planarian: a classic
model enters the era of functional genomics. Nat Rev Genet 2002,
3:210-219.

Reddien PW, Oviedo NJ, Jennings JR, Jenkin JC, Sénchez Alvarado A:
SMEDWI-2 is a PIWI-like protein that regulates planarian stem cells. Science
2005,310:1327-1330.

Guo T, Peters AH, Newmark PA: A Bruno-like gene is required for stem cell
maintenance in planarians. Dev Cell 2006, 11:159-169.

Eisenhoffer GT, Kang H, Sdnchez Alvarado A: Molecular analysis of stem cells
and their descendants during cell turnover and regeneration in the
planarian Schmidtea mediterranea. Cell Stem Cell 2008, 3:327-339.

Wagner DE, Wang IE, Reddien PW: Clonogenic neoblasts are pluripotent
adult stem cells that underlie planarian regeneration. Science 2011,
332:811-816.

Guedelhoefer OC, Sanchez Alvarado A: Amputation induces stem cell
mobilization to sites of injury during planarian regeneration. Development
2012,139:3510-3520.

Sénchez Alvarado A, Newmark PA: Double-stranded RNA specifically
disrupts gene expression during planarian regeneration. Proc Natl Acad Sci
USA1999, 96:5049-5054.

Reddien PW, Bermange AL, Murfitt KJ, Jennings JR, Sanchez Alvarado A:
Identification of genes needed for regeneration, stem cell function, and
tissue homeostasis by systematic gene perturbation in planaria. Dev Cell
2005, 8:635-649.

Gurley KA, Rink JC, Sanchez Alvarado A: Beta-catenin defines head versus
tail identity during planarian regeneration and homeostasis. Science 2008,
319:323-327.

Weisrock DW, Harmon LJ, Larson A: Resolving deep phylogenetic
relationships in salamanders: analyses of mitochondrial and nuclear
genomic data. Syst Biol 2005, 54:758-777.

Wiens JJ, BOnett RM, Chippindale PT: Ontogeny discombobulates
phylogeny: paedomorphosis and higher-level salamander relationships.
Syst Biol 2005, 54:91-110.

Zhang P, Wake DB: Higher-level salamander relationships and divergence
dates inferred from complete mitochondrial genomes. Mol Phylogenet Evol
2009, 53:492-508.

doi:10.1186/1741-7007-10-88
Cite this article as: Sdnchez Alvarado A: Q&A: What is regeneration, and
why look to planarians for answers? BMC Biology 2012, 10:88.




	What is regeneration?
	Regenerative ability is broadly but
unevenly distributed across species;
why can’t all animals replace tissues and
organs after amputation?
	Why is the evolutionary origin of regeneration an important issue?
	Why are planarians a good model system to study regeneration?
	Why study one particular species - Schmidtea
mediterranea?
	What triggers regeneration?
	Which types of tissue can regenerate?
	What is the smallest fragment of tissue capable of regenerating a complete worm?
	Is some sort of specialized stem cell required for regeneration?
	What are neoblasts?
	Can a single neoblast generate a whole animal?
	Can neoblasts migrate?
	Can the regenerative behavior of cells be traced to gene function in planarians?
	What lies ahead for planarians in particular and the field of regeneration in general?

