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B Abstract The principles underlying regeneration in planarians have been ex-
plored for over 100 years through surgical manipulations and cellular observations.
Planarian regeneration involves the generation of new tissue at the wound site via cell
proliferation (blastema formation), and the remodeling of pre-existing tissues to re-
store symmetry and proportion (morphallaxis). Because blastemas do not replace all
tissues following most types of injuries, both blastema formation and morphallaxis are
needed for complete regeneration. Here we discuss a proliferative cell population, the
neoblasts, that is central to the regenerative capacities of planarians. Neoblasts may
be a totipotent stem-cell population capable of generating essentially every cell type
in the adult animal, including themselves. The population properties of the neoblasts
and their descendants still await careful elucidation. We identify the types of structures
produced by blastemas on a variety of wound surfaces, the principles guiding the re-
organization of pre-existing tissues, and the manner in which scale and cell number
proportions between body regions are restored during regeneration.
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INTRODUCTION

Planarians (Figure 1) are bilaterally symmetric metazoans of the phylum Platyhel-
minthes commonly found in freshwater streams and ponds where they prey pre-
dominantly upon insects, insect larvae, and other invertebrates. Planarians have
the capacity to replace large regions of missing structures through regeneration.
An extensive and disparate body of literature exists regarding both the cell biology
of regeneration and the restoration of animal form that dates back to the initial
observations in 1774 (Pallas 1774) and to systematic studies in the 1890s. Al-
though many of the older studies of planarians contain outdated hypotheses about
the cellular and/or molecular events related to specific experiments (Brgndsted
1969), many of the observations are still of fundamental importance to our under-
standing of regeneration in planarians. Techniques for studying gene function in
planarians, such as RNAi (Sdnchez Alvarado & Newmark 1999) (double-stranded
RNA-mediated genetic interference; Fire et al. 1998), and in situ hybridizations
(Umesono et al. 1997), combined with the characterization of a large number of
cDNAs from the species Schmidtea mediterranea (Sdnchez Alvarado et al. 2002),
have allowed the initiation of molecular genetic studies of planarian biology. Dis-
cussions of the usage of molecular techniques to study gene and cell function in
planarians have been extensively described elsewhere and are not described here
(Baguna 1998, Agata & Watanabe 1999, Cebria et al. 2002, Newmark & Sanchez
Alvarado 2002, Newmark et al. 2003). What is lacking, however, is a synthesis of
more than 100 years of study of planarian regenerative phenomena that identifies
key regeneration principles and unresolved issues related to these principles. Un-
derstanding what is already known and needs to be learned about these principles
is essential as we enter into a period of molecular perturbation of planarian biol-
ogy. Here, we aim to generate such a synthesis. In order to avoid confusion and
to facilitate reading of this review, anatomical areas and types of amputations are
illustrated in Figure 1.

Anatomy

Planarians lack a coelom, i.e., an organ-containing internal cavity, and possess
derivatives of all three germ layers (ectoderm, mesoderm, and endoderm). All
space between the various organ systems is filled with a mesenchyme, generally
referred to as the parenchyma (Hyman 1951). The nervous system is organized
into bi-lobed cephalic ganglia connected to two ventral longitudinal nerve cords
(Cebria et al. 2002a), which are interconnected by commissural neurons (Robb &
Séanchez Alvarado 2002). Sensory structures, such as photoreceptors (Carpenter
et al. 1974), chemoreceptors (MacRae 1967), and rheoreceptors (Hyman 1951),
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Figure 1 The freshwater planarian. (¢) External characteristics and the anterior, pos-
terior, dorsal, and ventral regions of the planarian body plan are shown using a sexual
strain of Schmidtea mediterranea. Scale bar: 1 mm. (b) Nomenclature used to describe
different body parts of the planarian anatomy. (c) Types of amputations used to study
the regenerative properties of planarians.
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are found at the anterior end of the animal and send projections to the cephalic
ganglia. A submuscular nervous plexus runs beneath the body wall musculature
and connects to the main nerve cords (Hyman 1951).

The body wall musculature contains longitudinal, diagonal, and circular muscle
fibers (Cebria & Vispo 1997, Orii et al. 2002) not used for locomotion, but rather for
negotiating obstacles. Ventral ciliated epithelial cells accomplish locomotion. Food
is ingested through a muscular, extensible pharynx that serves as both the mouth
and the anus of the animal; the pharynx connects to the three-branched (triclad)
digestive system, consisting of one anterior and two posterior branches (Newmark
& Séanchez Alvarado 2002). Freshwater planarians reproduce either asexually by
transverse fission or sexually as cross-fertilizing hermaphrodites (Hyman 1951).
The reproductive system consists of paired ovaries situated behind the cephalic
ganglia, with numerous testes located dorsolaterally. Posterior to the ventral pha-
ryngeal opening is the gonopore, an aperture in the ventral surface leading to the
muscular copulatory apparatus (Figure 1a) (Hyman 1951).

Terminology

There are many types of regenerative phenomena found throughout the Metazoa
(Sanchez Alvarado 2003). These range from the replacement of limbs, to the
replacement of individual cells, and to the reorganization of cells without cell
proliferation (Sanchez Alvarado 2000). Such a wide variety of regenerative events
can lead to a confusing set of definitions for the term regeneration. Throughout this
manuscript, the phrase planarian regeneration refers to the old, and rather broad
definition of regeneration: the replacement of missing structures following injury
(Morgan 1901).

Historically, planarian regeneration has been subdivided into two types of pro-
cesses defined by the terms “epimorphosis” and “morphallaxis” (Morgan 1901),
terms that, unfortunately, have created some confusion and controversy (Salé &
Baguia 1984, Galliot 1997, Ito et al. 2001, Agata et al. 2003). Morgan defined
them as follows: “. . .there are known two general ways in which regeneration may
take place, although the two processes are not sharply separated, and may even
appear combined in the same form. . .I propose to call those cases of regeneration
in which a proliferation of material precedes the development of the new part,
"epimorphosis’. The other mode, in which a part is transformed directly into a new
organism, or part of an organism without proliferation at the cut surfaces, ‘mor-
phallaxis’.” (Morgan 1901). Whereas it is implied that epimorphosis involves cell
proliferation at the wound site, morphallaxis defines events occurring away from
the wound. Morgan does not specify the cell biology involved in morphallaxis,
which was unknown at the time and remains unknown to date. He coined the word
morphallaxis simply to describe that after amputation . . .the relative proportions
of the planarian are attained by a remodelling of the old tissue.” Thus the term
morphallaxis is useful in discussing the remodeling of pre-existing tissues, and
not in discussing the cell biology of such remodeling. Here we use morphallaxis
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to refer to tissue remodeling with no intended restrictions on the cell biology that
might be involved, and epimorphosis to refer to the formation of blastemas at
wound surfaces via cell proliferation.

THE PLANARIAN BLASTEMA

Responses to Wounding

The stimulus for regeneration is injury (Needham 1952). In planarians, amputa-
tion elicits a series of responses that ultimately result in a minimization of tissue
loss. First, the animal pulls away from the wounding agent, possibly reflecting a
predator avoidance reflex. A strong muscular contraction at the site of wounding
occurs within seconds and minimizes the surface area of the wound (Chandebois
1980, Newmark & Sanchez Alvarado 2002). Specialized planarian cells, referred
to as rhabdites, release their contents at the wound site producing a protective
mucosal covering, with possible immunological functions (Reisinger & Kelbetz
1964). A head fragment containing the brain will continue to locomote, possibly
to escape the fate its body might have befallen to a hungry predator. Although
trunk fragments can move and typically keep their ventral sides down, they remain
relatively stationary during regeneration.

A thin layer of epithelium covers the wound within 30 min (Baguiia et al. 1994,
Sanchez Alvarado & Newmark 1998), a process that occurs by cell spreading
rather than proliferation (Chandebois 1980). The spreading involves both dorsal
and ventral epithelial cells, which lose their characteristic morphologies as they
cover the wound (Sanchez Alvarado & Newmark 1998). In contrast to wounds
produced in humans, scarring (i.e., deposition of dense collagenous fibers) does
not seem to occur in planarians (Dubois 1949). As a result, the epithelium is in
direct contact with tissues at the site of amputation. In the case of a transverse
amputation, such tissues typically will involve muscle cells, nerve tracts, intestine,
and mesenchymal cells.

Possible Cues for the Initiation of Regeneration

The molecular nature of the stimulus or stimuli responsible for initiating regenera-
tion after injury in planarians is unknown. In light of the instructive morphogenetic
role played by vertebrate epithelia in limb blastemas (Gardiner et al. 1995) and limb
buds (Niswander et al. 1993), the planarian epithelium has, accordingly, received
attention as a possible source of stimulatory signals (Chandebois 1980, Baguiia
etal. 1988, Katoetal. 2001). Although it is known that continuous contact between
the epithelial cap and the underlying mesenchyme is required for regeneration to
occur in vertebrates (Goss 1956), little evidence exists regarding the nature of this
putative interaction in planarians (Bagufia et al. 1988).

Because amputation and wound healing provide a context in which dorsal and
ventral epidermis come into direct contact with each other, it has been suggested
that this dorsal/ventral (D/V) interaction may trigger the regenerative response
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(Kato et al. 2001, Ogawa et al. 2002). For example, when a fragment is trans-
planted with reverse D/V polarity from one planarian to another (see below), a
regenerative response takes place (Kato et al. 2001). However, not all regenerative
events in planarians require D/V interactions to occur. Amputation of the pharyn-
geal tip results in the proliferation of cells at the base of the pharynx rather than at
the site of amputation, and before there is healing of the pharynx (Ito et al. 2001).
Furthermore, when two different anterior/posterior (A/P) regions are placed to-
gether via transplantation, regenerated tissue appears between the two fragments
(Okada & Sugino 1937, Brgndsted 1942, Sal6 & Bagufia 1985b, Kobayashi et al.
1999a). In these cases, when tissues from different positions contact one another,
regeneration occurs without cues from an epithelial covering. In summary, the
epithelium, D/V interaction-induced signals, and confrontation of tissues with dif-
ferent positional information might all instruct planarian tissues to regenerate.
Whether these three different situations share similar molecular mechanisms is
unknown.

Cell Proliferation, Cell Migration, and
the Regeneration Blastema

In intact adult planarians cell proliferation is constantly occurring as part of a
homeostatic mechanism by which cells lost to normal physiological turnover are
replaced. Cell division has been assayed in planarians by at least three methods:
direct observation of mitotic figures in paraffin sections (Dubois 1949, Salé &
Baguiia 1984), electron microscopy (Le Moigne 1965, 1966; Morita et al. 1969;
Pedersen 1972), and with BrdU labeling (Newmark & Sanchez Alvarado 2000).
The use of a single pulse of BrdU in intact animals, for example, followed by
fixation and inspection 24 h later, shows cell proliferation throughout the entire
animal, with the notable exception of the areas in front of the photoreceptors and
the pharynx. This result is confirmed by using antibodies against the phosphory-
lated form of Histone H3 (Newmark & Sanchez Alvarado 2000), a marker of the
G2/M transition in the cell cycle (Hendzel et al. 1997). Because there is an absence
of proliferation in both the pharynx and the distal anterior tip of the animal, and be-
cause the cells within essentially all planarian tissues appear to be replaced during
normal homeostasis, these two tissues must depend on cell migration to maintain
their structural integrity (Newmark & Sanchez Alvarado 2000, Ito et al. 2001).
This suggests that both cell proliferation and migration are processes normally
occurring in the maintenance of tissues in intact planarians.

When mitotic activity is assayed in amputated animals, a local burst of pro-
liferation is observed near the site of injury (Dubois 1949, Sal6é & Bagufia 1986,
Newmark & Sanchez Alvarado 2000) leading to the production of an unpigmented
epithelial/mesenchymal bud known as a regeneration blastema (Sanchez Alvarado
& Newmark 1998). In the regeneration of a head, most cell proliferation is re-
stricted to the region at the boundary of the old tissue and the blastema, and
little to no proliferation is observed within the head blastema proper (Figure 2b)
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(Pedersen 1972, Sal6 & Bagufia 1984). Because cell proliferation in planarians
can be abrogated by gamma-irradiation (Dubois 1949), a number of experiments
have been carried out to identify the contribution of cell proliferation to blastema
formation. When animals are subjected to high doses of irradiation (e.g., 8—10,000
rads) and amputated immediately after treatment, some blastema formation is ob-
served (Bardeen & Baetjer 1904, Chandebois 1976). However, as time proceeds,
the blastema is resorbed and the animal eventually dies (Bardeen & Baetjer 1904).
On the other hand, if animals are irradiated and amputation performed 7 days
after irradiation, blastemas do not form and the animals also die a few days later
(Dubois 1949). These experiments are interpreted as follows. First, cell division
in the intact, unirradiated animal produces nonmitotic cells whose viability is
unaffected by irradiation. If the nonmitotic division progeny have not differen-
tiated to replace cells in the body normally lost to tissue turnover, they can be
recruited to mount a regenerative response (blastema formation observed after
amputation within 2 days after irradiation). If, on the other hand, the nonmitotic
cells have differentiated, then undifferentiated cells are not available to form a
blastema (amputation 7 days after irradiation). Thus elimination of proliferation
by irradiation creates a situation in which the nonmitotic cells responsible for dif-
ferentiating into tissues eventually turnover and are no longer renewed, resulting in
the eventual demise of the organism. These data indicate that formation and main-
tenance of the regeneration blastema require both cell division and migration: cell
division to produce nonmitotic cells, and migratory mechanisms to target these
nonmitotic cells to active areas of regeneration (e.g., the regeneration blastema)
(Figure 2b).

THE CELL BIOLOGY OF PLANARIAN REGENERATION

What Are Neoblasts?

Interest in the large numbers of embryonic-like cells distributed throughout the
body of adult planarians and other platyhelminthes is long-standing (Wagner 1890,
Lehnert 1891, Keller 1894), especially because the cell proliferation observed in
both intact and amputated planarians is restricted to this population of small (5—
8 um in diameter), highly undifferentiated cells with large nuclei and very little
cytoplasm (Figure 2a). These cells are referred to as neoblasts (Dubois 1949, Wolff
1962), a term first used by Harriet Randolph to describe a particular cell type in the
annelid Lumbriculus (Randolph 1892), and later adopted to describe similar cells
in planarians (Buchanan 1933, Wolff 1962). By morphology, neoblasts represent
~25-30% of all planarian cells (Bagufia et al. 1989). The progeny of neoblasts have
been shown to produce epidermis (Skaer 1965, Hori 1983a, Ehlers 1992, Newmark
& Séanchez Alvarado 2000), rhabdite cells (Lentz 1967, Hori 1978), muscle (Sauzin
1967, Hori 1983b, Morita & Best 1984), and germ cells (Gremigni 1974), among
others. Considering that neoblasts are the only dividing cell type in planarians,
they may well be totipotent stem cells. However, the paucity of specific markers
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and the relatively uniform morphology of neoblasts make it difficult to determine
the extent of heterogeneity that may exist in this cell population.

BrdU labeling has begun to provide key information on the population dynamics
of neoblasts. For example, we now know that a large subpopulation of G2-arrested
cells do not exist in the intact organism (Newmark & Sanchez Alvarado 2000).
Such a subpopulation was invoked in the past to explain the early mitotic peak that
occurs in the initial 5-12 h of regeneration (Bagufia 1976, Sal6é & Baguiia 1984).
Still not clear, however, is how amputation can trigger the proliferative response
of neoblasts. Moreover, even in intact animals, an average of 6% of all neoblasts
are labeled soon after a single injection of BrdU, suggesting that neoblasts are
entering S phase at a relatively rapid rate (Newmark & Sanchez Alvarado 2000).
Although BrdU experiments have begun to shed light on the cell cycle parameters
of neoblasts, these alone cannot elucidate if the proliferating compartment of
planarians is made up of one or multiple types of stem cells. It is still possible that
the apparent totipotency of the neoblasts may reflect the compound activities of
multiple types of stem cells.

Because current methods lack the necessary resolution to distinguish between
totipotent neoblasts and neoblast descendants committed to particular lineages,
we find it necessary to make the following distinction of terms. We refer to those
cells that proliferate, have a large nucleus and small cytoplasm, are 5-8 pum in
diameter, and are presumed to be capable of producing both multiple tissue types
and themselves as neoblasts. Some progeny of neoblasts might be morphologically
indistinguishable from neoblasts proper, e.g., lineage-committed cells. When it
is possible that neoblasts and/or these other cells were observed in a particular
experiment, for clarity, we state “neoblast and/or neoblast progeny.”

What Is the Source of Neoblasts?

For the most part, the planarian literature invokes dedifferentiation of somatic
cells, self-renewal of a stem cell population, or a combination of the two to explain
the origin of neoblasts. For reasons described below, most in the field of planarian

Figure 2 The planarian neoblast. (a) Electron micrograph of a neoblast near a site
of amputation in the planarian Schmidtea mediterranea. The nucleus and cytosol are
pseudocolored in light red and blue, respectively. Absence of differentiation in the
cytoplasm and decondensed chromatin are prominent. Original magnification, 7,000 x .
(b) Model illustrating known and presumed neoblast activity in the formation of a
regeneration blastema by both symmetric and asymmetric cell divisions. (c¢) The partial
irradiation experiment of Wolff & Dubois (modified from the original, 1948). See text
for details. M indicates the direction of migration. (d) Measurements of mitotic indices
during the recovery of irradiated tissue (fragments 2, 3, 4) after amputation. Red asterisk
designates the number of mitoses measured in unirradiated animals after decapitation.
Note the significant difference in magnitude between both peaks (~50 versus ~200)
(modified from original, Dubois 1949).
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biology favor the hypothesis of self-renewal. Nevertheless, because formal demon-
stration of self-renewal requires the development of new techniques for lineage
tracing, the elimination of the dedifferentiation hypothesis is not yet possible. As
such, both hypotheses need consideration.

DEDIFFERENTIATION The evidence for dedifferentiation is based on histological
and electron microscopy studies in which differentiated cells are seen to lose
their morphology and participate in regeneration (Flickinger 1964, Woodruff &
Burnett 1965, Hay 1966). However, other studies using similar methods failed
to corroborate these findings (see below). Furthermore, dedifferentiation studies
in planarians have been complicated by methodological limitations that cause
difficulties in the interpretation of the results. For example, work that suggests
gastrovascular cells produce neoblasts by dedifferentiating were carried out with
vital dyes that can diffuse from cell to cell (Rose & Shostak 1968). Because
neoblasts and/or neoblast progeny are in close proximity to the gastrovascular
system (Newmark & Sanchez Alvarado 2000), the transfer of dye from gastric
cells to neoblasts is a distinct possibility.

Perhaps the strongest argument for the occurrence of dedifferentiation is pro-
vided by the work of Gremigni and coworkers (Gremigni & Miceli 1980; Gremigni
et al. 1980, 1982). They used a strain of Dugesia lugubris in which the somatic
cells are triploid, the female germ cells hexaploid, and the male germ cells triploid.
By taking advantage of this mixoploidy, they were able to follow the fate of these
cells in amputated animals. For instance, amputation through the gonadal region
produced blastemas primarily derived from somatic cells (triploid) but also from
germ cells (diploid and/or hexaploid) that produced somatic tissue, e.g., pharyn-
geal muscle. However, because the germ cells are themselves stem cells, they could
possibly be sufficiently pluripotent to produce various somatic tissues. In addition,
amputation of sexually reproducing planarians leads to the degeneration of germ
cells, which should prevent these cells from contributing to the formation of the
regeneration blastema (Fedecka-Bruner 1967). These caveats aside, the work of
Gremigni and coworkers illustrates the types of experiments that are required to re-
solve issues of cell origin and fate in planarians, i.e., the stable and specific labeling
of cells to follow their developmental outcomes (Echeverri & Tanaka 2003).

SELF-RENEWAL Self-renewal hypotheses for the origin of neoblasts are primarily
based on ultrastructural, irradiation, cell transplantation, and BrdU experiments.
First, ultrastructural studies find no evidence for dedifferentiation (Le Moigne
1966, Morita et al. 1969, Pedersen 1972). Secondly, gamma-irradiation of planari-
ans results in a loss of regenerative abilities and ultimately their demise (Bardeen
& Baetjer 1904). Such loss of viability and regenerative capacity is correlated
with the elimination of only neoblasts and/or their proliferating progeny, i.e., the
only mitotically active cells in adult planarians (Dubois 1949, Baguiia et al. 1989,
Ladurner et al. 2000, Newmark & Sanchez Alvarado 2000). Nevertheless, the pos-
sibility exists that DNA damage inflicted upon differentiated cells by irradiation
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could also result in a blockade of dedifferentiation. Third, if neoblasts and/or
neoblast progeny are partially purified away from other cell types by size frac-
tionation and then injected into irradiated animals, regeneration capabilities are
restored (Baguiia et al. 1989). If the same experiment is repeated using cell frac-
tions enriched in differentiated cells, no rescue is observed. These results suggest
that neoblasts are totipotent and that differentiated cells alone are not enough to
restore viability. Nevertheless, there are limitations to these experiments. For ex-
ample, because specific cell fates could not be effectively followed in these assays,
the inability of differentiated cells to restore viability to irradiated animals does not
necessarily preclude some occurrence of dedifferentiation that went undetected.

Labeling proliferating cells with BrdU provides the further evidence support-
ing the self-renewal of a stem cell population in planarians. After exposure to
BrdU, the first and only cells that label are cells with the morphology of neoblasts
(Newmark & Sanchez Alvarado 2000). Since dedifferentiation can be associated
with cell cycle re-entry (Tanaka et al. 1997, Velloso et al. 2001), cells with mor-
phologies other than those of neoblasts might be detected among the first cells
labeled with BrdU if dedifferentiation occurs. This, however, is not observed. Cells
with non-neoblast morphologies can be detected only 35 h after BrdU labeling, and
these are presumably the differentiating progeny of labeled neoblasts. The division
progeny of BrdU-labeled cells contribute to the tissues of the blastema and to differ-
entiated structures during physiological cell turnover in intact animals, indicating
pluripotentiality of this labeled cell population (Newmark & Sénchez Alvarado
2000). Formal proof of the neoblast concept and the unambiguous resolution of
cell fate issues necessitate lineage-tracing methodologies, which in planarians are
at their earliest stages of development (Gonzalez-Estevez et al. 2003).

Neoblast Migration

Neoblasts have very little cytoplasm (Figure 2a), and it is difficult to think of such
cells actively moving in response to wound signals. In fact, it has been proposed
that neoblast movements are the result of the slow and nondirected spreading
caused by random movements linked to cell proliferation (Salé & Baguiia 1985a).
However, cells with a morphology similar to neoblasts, their immediate progeny,
have been unambiguously observed to migrate into the area in front of the photore-
ceptors (Newmark & Sénchez Alvarado 2000) and the pharynx (Ito et al. 2001),
suggesting that neoblasts themselves could be capable of migrating despite their
undifferentiated morphology. Furthermore, migration of stem cells with a mor-
phology similar to neoblasts has been observed in other organisms, such as the
movement of hematopoietic stem cells from the bone marrow into the blood stream
of mice (Wright et al. 2001). Dubois & Wolff performed a series of ingenious ex-
periments in the late 1940s involving partial irradiation of planarians (Figure 2c¢)
that provide the most compelling evidence to date that neoblasts can migrate (Wolff
& Dubois 1948, Dubois 1949). Posterior halves of animals were shielded, while
the anterior halves were exposed to gamma-irradiation. If the animals were left
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intact, the irradiated halves degenerated after a few weeks. If, on the other hand, the
partially irradiated animals were decapitated, the anterior region did not become
necrotic, and head regeneration was observed at the site of decapitation (Figure
2¢) (Wolff & Dubois 1948). Whereas regeneration in control animals was com-
pleted in 1 week, partially irradiated animals formed blastemas 3—4 weeks after
amputation. Dubois & Wolff observed that the delay in blastema formation was
directly proportional to the length of the piece irradiated. They concluded that the
cells forming the blastema in the irradiated tissue migrated from the unirradiated
half and that such migration can be triggered only by wounding, as the neoblasts or
their division progeny did not rescue the uncut irradiated half of the animal (Wolff
& Dubois 1948).

The hypothesis that signals from the wound are driving cell migration and pro-
liferation is supported by a second experiment (Figure 2d) in which the number
and spatial distribution of mitotic figures along the A/P axis during cephalic regen-
eration were determined (Dubois 1949). The peak of mitotic events is localized
in both normal and partially irradiated animals to the decapitation site. Moreover,
in partially irradiated worms, the peak is significantly higher in magnitude and
occurs 4 weeks after decapitation (Figure 2d), suggesting that the signals from the
wound are stable over time and that a cell type with the capacity to divide can
migrate long distances in planarians (Dubois 1949).

It is important to consider that even if migration to sites of amputation does
normally occur, it is not necessary for regeneration because short transverse frag-
ments of planarians in which migration is restricted still regenerate (Figure 3b).
Nevertheless, Dubois’ experiments raise a number of issues. For example, in or-
der for an irradiated region to regain regenerative capacity following amputation,
a normal distribution of neoblasts must presumably be restored throughout the
animal, requiring an increase in neoblast numbers. This increase can be accom-
plished by symmetric cell divisions (producing two neoblasts from one neoblast).
Activation of symmetric divisions of neoblasts could also explain how mitotic
activity, and regenerative capacity, is regained by the regeneration blastema (see
above and Figure 2b). These experiments stand to teach us much about the nature
of neoblasts. For example, experiments in which neoblasts are labeled with BrdU
and mitotic activity detected with anti-phosphoHistone H3 antibodies should help
illuminate the dynamics of repopulation of the irradiated tissues and help identify
normal mechanisms of neoblast regulation.

PROPERTIES OF BLASTEMA FORMATION

Above we describe the cellular events that produce the regeneration blastema and
the possible cues for inducing such events. Exactly what is a planarian capable
of making in these blastemas? Below we describe the blastemas produced on a
variety of wound surfaces to identify the capabilities and principles underlying the
replacement of missing parts by epimorphosis.
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Figure 3 (a—h) Schematics of planarian amputations. Dark regions are pre-existing
tissues and white regions are newly produced tissues during regeneration. Solid lines
indicate amputations. Lower case letters label particular amputations. Numbers label
body regions between amputation planes that will become fragments. Descriptions of
experiments and relevant references can be found within the text.
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Tissue Polarity

When a planarian is amputated transversely, two fragments are generated and are
capable of regenerating (Pallas 1774; Johnson 1822, 1825). The term polarity has
been used to describe the fact that an anterior-facing wound will regenerate a head
and a posterior-facing wound will regenerate a tail (Morgan 1901). “Something
in the piece itself determines that a head shall develop at the anterior cut surface
and a tail at the posterior cut surface. This “something” is what we call polarity”
(Morgan 1904c).

SMALL REGIONS OF TISSUE ARE CAPABLE OF PRODUCING EITHER HEAD OR TAIL
BLASTEMAS Consider the cells within two closely spaced parallel lines, a and
b, with a more anterior than b, and both perpendicular to the A/P axis (Figure 3a).
Amputation at position b produces a head fragment, in which the cells between
position a and b will become involved in the production of a tail blastema. In
contrast, amputation at position a will produce a headless animal, in which cells
between positions a and b will now produce a head (Figure 3a) (Brgndsted 1955).
Short transverse fragments of planarians can be generated that have open wounds
on both the anterior and posterior sides. These fragments almost invariably gen-
erate head blastemas on the anterior-facing end and a tail on the posterior-facing
end, indicating that A/P polarity can be determined by even small regions of tissue
(Morgan 1898) (Figure 3b). Two exceptions are notable. First, small fragments of
tissue from in front of the photoreceptors of multiple planarian species are inca-
pable of regenerating (Morgan 1898), probably reflecting the absence of mitotic
activity in this region (Newmark & Sdnchez Alvarado 2000). Second, some small
fragments, for example, from Dugesia tigrina animals, occasionally regenerate
two-headed animals (Janus-heads) (Morgan 1898, 1904a) or, for example from D.
lugubris animals, two-tailed animals (Morgan 1904d), indicating some minimal
A/P distance in a region of tissue is needed to robustly specify polarity.

THE WOUND SURFACE AND POLARITY A lateral fragment that contains no ante-
rior-facing wound surface can, nonetheless, regenerate a head at the anterior end
(Morgan 1900) (Figure 3c). At lower frequency, these short lateral fragments re-
generate a head perpendicular to the original A/P axis rather than at the anterior
end. Other types of fragments, with only an anterior point and no anterior-facing
wound surface also regenerate a head at the anterior end of pre-existing tissue
(Morgan 1898). These and extensive related observations in multiple species in-
dicate that the A/P axis of new tissue is determined not by the orientation of the
amputation plane but by the A/P axis of pre-existing tissue.

Gradients of Regenerative Capacity

HEAD-FREQUENCY CURVES AND REGENERATIVE GRADIENTS Inavariety of species,
the rate of regeneration of photoreceptors in a head blastema declines the more
posterior the amputation is made (Sivickis 1931, Brgndsted 1939, Child 1941).
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Such data sets are referred to as head-frequency curves. For example, the rate of
regeneration declines from anterior to posterior in Phagocata gracilis (Buchanan
1933), Dugesia dorotocephala (Child 1911), or D. lugubris (Dubois 1949). In some
species capable of asexual reproduction, regeneration speed increases in a postpha-
ryngeal region related to the location at which fission will occur and then declines
again toward the tail, e.g., D. dorotocephala (Child 1911). In some species, such as
Dendrocoelem lacteum (Morgan 1904b) and Bdellocephela punctata (Brgndsted
1939), regeneration of a head occurs only in anterior regions, but regeneration of
a tail is possible in both anterior and posterior regions. The inability to regenerate
a head from posterior regions in D. lacteum likely resides in the differentiated tis-
sues rather than in the regenerative cells (Stephan-Dubois & Gilgenkrantz 1961).
Furthermore, lateral pieces of D. lacteum tissue do not regenerate photoreceptors
as quickly as do similarly sized pieces from the midbody (Brgndsted 1946). There-
fore, the rate of regeneration of photoreceptors can be slower in both more posterior
and more lateral regions. The differences in the rate of regeneration along the A/P
axis may reflect some aspect of the polarity of planarian tissue that normally al-
lows for a head to develop on anterior-facing surfaces or a tail on posterior-facing
surfaces. Studies performed by Child and colleagues in the early 1900s led to hy-
potheses involving metabolic gradients as determinants of developmental polarity
(Child 1941). These hypotheses have not yet proved generally applicable. The
polarity of planarian tissues has also been utilized to support hypotheses of devel-
opmental patterning involving morphogenetic gradients (Slack 1987). However,
the molecular properties of planarian tissues reflected by these head-frequency
curves have not been uncovered and, furthermore, no satisfying explanations exist
for how a planarian wound surface can be specified to make a head or a tail.

What a Regeneration Blastema Makes

The blastema of a decapitated planarian will regenerate a new head; yet, the
blastema of an animal with head and midbody, or more, cut off will regener-
ate only a new head as well. Thus the planarian blastema does not always restore
all of the structures lost by injury. Below, we illustrate what is made by blastemas
on a variety of wound surfaces and indicate that a blastema can be regulated by
pre-existing tissues to either repair partially damaged or to replace completely
missing structures. Using anterior-facing wounds as case studies, we demonstrate
the propensity of anterior blastemas to produce a single and complete head, despite
their capacity to form two or more heads and ability to produce a head from small
body regions.

REGENERATION FROM TRANSVERSE AND LATERAL FRAGMENTS Transverse frag-
ments made from the prepharyngeal region, the pharyngeal region, and the post-
pharyngeal region of planarians such as D. figrina all make head and tail blastemas
that are similar in extent, despite the fact that some tissues lack more anterior struc-
tures than others (Morgan 1898) (Figure 3b). Similarly, epimorphic regeneration
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from lateral fragments can fail to replace all missing structures (Randolph 1897).
Lateral fragments that contain more than half of the original animal produce, in a
regeneration blastema, slightly less tissue than what is missing (Morgan 1900) (Fig-
ure 3¢). Lateral fragments that contain less than half of the original animal, and thus
missing more than half of lateral structures, produce in a regeneration blastema
only slightly less tissue than the remaining pre-existing tissue (Morgan 1900)
(Figure 3c¢). Therefore, the blastemas of both lateral and transverse wound sur-
faces are typically insufficient to replace all missing structures. In order to replace
the remaining missing body regions not formed by the regeneration blastema,
morphallaxis must occur (see below).

THERE IS NO PREDETERMINED PROGRAM FOR THE EXTENT OF ANATOMY PRODU-
CED BY ANTERIOR-FACING BLASTEMAS Although head blastemas on anterior-
facing, transverse edges from regions posterior to the photoreceptors essentially
always produce the same anterior structures (Morgan 1898) (Figure 3b), there
is not an all or nothing, preset program for regeneration from an anterior-facing
wound. For example, an oblique amputation through the head that leaves one pho-
toreceptor in place triggers replacement of only the missing part of the head rather
than regeneration of an entire head on the anterior-facing oblique surface (Morgan
1900) (Figure 3d). Oblique amputations can be made such that the wound surface
is longer than the worm is wide; the anterior-facing regeneration blastema in these
cases produce not only a head but also side tissue (Morgan 1900). Furthermore, lat-
eral fragments that retain part of the head regenerate only the region of the head that
is missing rather than starting an entirely new head (Randolph 1897) (Figure 3c).
Therefore, in cases of limited injury, a regeneration blastema can regenerate only
what is missing and not more, but in cases of extensive injury, a regeneration
blastema can replace some structures entirely, but not all missing structures. How
the tissues at the wound surface specify the extent of the regeneration blastema is
unknown.

ANTERIOR-FACING BLASTEMAS HAVE THE CAPACITY TO PRODUCE MULTIPLE HEADS
BUT ARE SPECIFIED TO PRODUCE ONE COMPLETE ONE In embryonic develop-
ment, some regions of cells that are specified to make a particular structure
can be divided, and each of the resulting regions can make the entire structure
(Harrison 1918), a property defined as equipotentiality for isolated blastomeres
(Driesch 1900). The early planarian head blastema displays equipotentiality
(Morgan 1902). If a head blastema is split in two, within 2 days after an initial
transverse cut each resulting half blastema will regenerate a complete head (Mor-
gan 1902) (Figure 3e). Therefore, an early anterior-facing blastema is capable of
producing one or more heads.

A complete, essentially symmetrical head is produced in the anterior-facing
blastema from small pieces of many different shapes, e.g., a tiny fragment from the
side of the animal (Randolph 1897; Morgan 1898, 1900; Montgomery & Coward
1974). Therefore, equipotential cells within an early anterior-facing blastema are
specified to produce one complete head, even if the underlying tissues do not have



Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org

by University of Utah, Marriot Library on 02/12/05. For personal use only.

PLANARIAN REGENERATION 741

left, middle, and right regions within them. For instance, a region of a decapitated
animal can be removed from the median plane and the two sides brought together
(Figure 3f). On this anterior surface, a symmetric head is formed. By decapitating
and then removing the lateral side of two planarians, it is possible to join two
planarian bodies along their longitudinal wounds and produce an anterior-facing
wound with duplicated pre-existing tissues (Figure 3g). Although these experi-
ments, using Planaria torva, involve a very small sample size, they indicate that a
single head can be regenerated on this anterior wound surface (Brgndsted 1956).
Furthermore, wounds that reveal multiple anterior surfaces, if covered by a single
blastema, can make a single head. Anterior wound surfaces in D. tigrina animals
that come to an apex at the midline, or to a low-point at the midline, and that
thus have two anterior oblique edges, still regenerate a single head (Morgan 1900)
(Figure 34). In a more extreme example, two anterior edges can be generated along
an anterior wound surface at different A/P positions. In D. lugubris individuals,
one large blastema can be formed that covers the most anterior surface as well as
the more posterior of the anterior-facing edges (Figure 4a). A single head forms
from this blastema but is off-set to the more anterior-edge (Morgan 1902). How
off-set cephalic regeneration may occur is discussed in the section on oblique
wounds below.

These and other similar results demonstrate that the cells that accumulate in
the early blastema can organize themselves to produce a single structure regard-
less of the nature of the pre-existing tissue from which they come. In a normal
planarian blastema, there may be a region of equipotential cells that are speci-
fied to make a single head structure. A similar principle has been encountered in
other developmental paradigms. For example, in Caenorhabditis elegans vulval
formation, a group of equipotential cells defines the vulval equivalence group.
The fates of the cells in this equivalence group are regulated, in part, by lateral
inhibitory signaling between them (Horvitz & Sternberg 1991, Wang & Sternberg
2001). Other examples exist in Drosophila in which numbers of structures made
by equipotential cells are restricted by lateral inhibition (Jennings et al. 1994,
1995).

REGENERATION MAY OCCUR IN A MANNER THAT INITIALLY DOES NOT GENERATE
SYMMETRY Some property of the pre-existing tissue specifies the median plane
of the blastema around which the symmetry of, for example, a new head will
be formed. For instance, consider regeneration of oblique fragments surgically
generated by two transverse amputations at angles in which one or more of the
amputations are not at right angles to the median plane of the animal (Figure 3d).
The pre-existing midline can be visualized by the location of the pharynx in an
oblique fragment from the pharyngeal region. Along the anterior wound of such
a pharyngeal oblique piece in multiple planarian species, a head blastema will be
generated initially off-set toward the anterior edge of the tissue, and somewhat
perpendicular to the cut surface (Morgan 1900) (Figure 3d). Tail blastemas ini-
tially develop off-set toward the more posterior edge of an oblique wound surface
(Morgan 1900). Therefore, the symmetry of the regeneration blastema on an
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oblique fragment does not correspond to the midline of old tissue. A pharynx
in oblique tail fragments of D. lugubris animals is regenerated at the boundary of
the old and new tissue, approximately at the middle of the pre-existing tissue and
initially nearly parallel to the wound surface with its highest point toward the newly
regenerated head (Morgan 1902) (Figure 3d). This observation also demonstrates
that the newly regenerated midline, presumed to be a line along which the pharynx
is centered, is not in line with the old midline. In these oblique fragments bilateral
symmetry around a midline is eventually restored by the process of morphallaxis
combined with asymmetric epimorphic growth (Morgan 1902). The initial devel-
opment of a head off-set toward the more anterior region of an oblique surface
could be related to the graded capacity for regeneration rate along the A/P axis
discussed above.

TRANSPLANTATIONS TRIGGER THE PRODUCTION OF NEW TISSUES A large variety
of cut-and-paste experiments have put planarian tissues with different A/P, medi-
olateral, and D/V positional identities or polarities together. Regeneration of new
unpigmented tissues between transplanted fragments is produced under such cir-
cumstances in multiple planarian species, probably the result of cell proliferation
(Brgndsted 1942, Kobayashi et al. 1999a). Are these observations relevant to what
is normally made by a blastema? Despite the fact that these tissues do not meet
the strict definition of a blastema, they appear to be the result of new tissue pro-
duction similar to that seen in other cases of epimorphosis. Understanding the
extent of structures made in these cases might explain how regenerating tissues in
general are specified to make particular missing body regions. These studies also
add to our understanding of the events that can trigger regeneration (see above).
For example, when a median section of tissue is removed from the anterior end
of a decapitated planarian and the two left and right halves are brought together,
new tissue appears to replace this missing median region (Morgan 1900) (Figure
3f). Furthermore, when anterior and posterior transverse fragments are brought
together, new midbody tissue is produced between the two regions (Okada &
Sugino 1937, Brgndsted 1942, Chandebois 1976, Sal6 & Baguiia 1985b) (Figure
4b). In contrast, when two regions of the same A/P location are brought together,
no regenerative response is seen (Okada & Sugino 1937, Chandebois 1976, Kato
et al. 1999). Therefore, it is likely that the types of tissues made in these cases are
determined by what would normally be present between the two disparate regions.

Figure 4 (a—h) Schematics of planarian amputations and transplantations. See Fig-
ure 3 legend for labeling conventions. Descriptions of experiments and relevant ref-
erences can be found within the text. (¢) In situ hybridizations allow visualization of
the reorganization of the brain and mucous-producing cells during regeneration (Agata
etal. 2003). Light shaded and bilobed structure, brain. Dark circles, mucous-producing
cells. (g) X indicates a unit of width. (%) Flip D/V indicates that the fragment is flipped
such that ventral is up and dorsal is down.
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The concept of intercalary regeneration has been invoked to explain the positional
identities of tissues produced in a variety of transplantation experiments (Chande-
bois 1976, French 1976, Agata et al. 2003). However, the molecular and cellular
explanations for these regenerative phenomena that occur are still lacking. In cases
where incomplete injuries occur in the wild, wound healing undoubtedly brings
separate body regions together; regenerative replacement of missing body regions
in these situations is thus an important attribute of normal planarian regeneration.

Differentiation in the Blastema

COMMITMENT TO FORM PARTICULAR STRUCTURES WITHIN BLASTEMAS When are
the cells in a blastema specified to make a head or a tail? If a head blastema is split
into two after 3 days of regeneration following a transverse cut, it will form a single
photoreceptor at a position that would have been appropriate for regeneration of
one half of a head (Morgan 1900, 1902) (Figure 3¢). The second photoreceptor will
eventually appear as new tissue is made laterally and as symmetry is eventually
obtained. This finding supports the notion that the fate of the cells within a head
blastema has been specified within 2 to 3 days following amputation. Consistent
with this idea, when blastemas are amputated after 2 days of growth, they can
show signs of appropriate head or tail differentiation in isolation (Sengel 1960).
Moreover, signs of differentiation of head-like cells have been detected by examin-
ing the expression of neuronal genes with in situ hybridizations as early as within
one to 2 days following regeneration (Cebria et al. 2002b). These experiments
indicate that neoblast descendants do not differentiate into specific cell types or
structures prior to entering the blastema from the parenchyma (Umesono et al.
1997, 1999; Agata & Watanabe 1999; Cebria et al. 2002b). However, it remains
unknown whether neoblasts become determined to adopt a particular fate prior to
entry into the blastema and subsequently differentiate within the blastema.

INDUCTIVE AND INHIBITORY INTERACTIONS A series of surgical and biochem-
ical experiments using lysates from particular planarian regions has led to the
development of a model for tissue specification and differentiation in the blastema
and neighboring tissues that involves a series of inductive and inhibitory interac-
tions (Lender 1962, Wolff 1962). For example, if the cephalic ganglia of Polycelis
nigra are prevented from regenerating by frequent cutting, photoreceptors fail to
regenerate (Wolff & Lender 1950a,b). When this procedure is carried out and a
lysate from a normal head is added, the photoreceptors regenerate (Lender 1955).
Tail lysates, on the other hand, have no effect suggesting the activity within the
head lysate is specific (Lender 1956). Other related phenomena, such as a possible
requirement of the pre-pharyngeal region for induction of the pharyngeal region,
have also been described (Lender 1962). Because some of these inductive and
inhibitory effects could be nonspecific and because none of the presumed factors
involved has ever been biochemically purified, the validity of these models remains
in question.
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REMODELING AND PROPORTION

In the prior section, we examined blastema formation on a large variety of wound
surfaces and defined key principles related to the production and patterning of
new tissues. Now, we turn to the changes that occur in the pre-existing tissue to
identify principles by which a differentiated fragment of a whole planarian can
be reorganized to produce an animal with all organ systems restored in the proper
proportions. The regions of pre-existing tissue described below are identified as
pigmented and the blastema as unpigmented.

Resetting Positional Information

An animal can be amputated in a variety of ways such that the underlying tis-
sues are not symmetrically distributed. Previously, we discussed the fact that some
property of the anterior blastema tends to produce a single and complete head. The
pre-existing tissue posterior to this head blastema will ultimately be remodeled to
produce additional structures and to restore form (morphallaxis, see below). Ini-
tially, however, as the polarity and nature of the anterior blastema is being specified,
the positional values within the pre-existing tissue are apparently not entirely reset.
Therefore, a regeneration blastema is produced utilizing the positional information
relating to, in part, the origin of the fragment. Furthermore, as new structures are
produced in pre-existing tissues, which indicate that positional values have been
reset, influence upon the patterning by the prior positional information of the body
can be seen.

TRANSVERSE HALF FRAGMENTS In normal regeneration from transverse wounds,
the midline of the blastema corresponds to the midline of the pre-existing tissue
(Morgan 1898). In contrast, when a transverse fragment of D. tigrina or D. lugubris
isisolated and cut into two, the regenerated heads are shifted such that their median
planes (the midline between the photoreceptors) are off-set toward the midline of
the old tissue rather than being found in the middle of the fragment (Morgan
1901, 1902) (Figure 3e). Furthermore, the left half-piece first regenerates a left
eye followed by the right, whereas the right half-piece first regenerates a right
eye followed by a left (Morgan 1902). These data indicate left or right lateral
regions of tissue are most proficient at regenerating left or right lateral structures,
respectively. Together, these observations indicate that the positional information
in pre-existing tissues influences blastema patterning and is incompletely reset
before specification of a new head.

THE POSITIONAL IDENTITY OF PRE-EXISTING TISSUE CAN BE ASSAYED BY USING
TWO CUTS AT DIFFERENT TIMES In regenerating thin transverse fragments, A/P
polarity is occasionally lost and animals regenerate with two opposing (Janus)
heads (see above). If there is a time delay between the first and the second
cuts, for example 48 hours, the likelihood of producing Janus heads is decreased,
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indicating that A/P polarity in these small fragments is re-established with time
(Morgan 1904a, Child & Watanabe 1935). The A/P positional identity can be
assessed by the rate of photoreceptor regeneration (see above). If two successive
amputations are made at a similar A/P location, the rate of head formation is greater
with increasing time intervals between the amputations (Brgndsted 1956), possibly
identifying the rate at which A/P positional information is reset. One caveat with
this experiment is the possibility that amputation near an actively regenerating
region may allow more rapid regeneration than normal.

PHARYNX REGENERATION IN TRANSVERSE FRAGMENTS When events of morphal-
laxis begin, i.e., when remodeling and production of new structures within pre-
existing tissue begins to occur, influences on the pattern of development by the
prior position of the pre-existing tissues is apparent. For example, when three
transverse fragments from different A/P positions are generated (1, prepharyn-
geal; 2, pharyngeal but lacking a pharynx; and 3, postpharyngeal; Figure 3b), each
of these pieces will regenerate a similar head and tail (see above). The positional
information of these pieces is re-established such that within the pre-existing tissue
of each a pharynx will form. The prepharyngeal fragment regenerates a pharynx
at the posterior end of the old tissue near the boundary of the tail blastema; the
pharyngeal region regenerates a pharynx in the middle of the old tissues; and the
postpharyngeal region regenerates a pharynx at the anterior end of the old tissue,
near the boundary of the old tissue and the anterior blastema (Figure 3b). There-
fore, despite the fact that pre-existing tissues in these regions are specified to make
midbody structures, differences in their region of origin influence their patterning
(Morgan 1898, 1900, 1902).

TRANSPLANTATIONS TRIGGER CHANGES IN THE POSITIONAL IDENTITIES OF PRE-
EXISTING TISSUES Because transplanted regions can trigger lasting changes in
the host tissues, these experiments might illuminate the instructive interactions
between tissues that establish positional identities. We consider a case study be-
low. When head or prepharyngeal regions (Okada & Sugino 1937) are transplanted
into the postpharyngeal region of a host, outgrowths are produced (Santos 1929,
1931); this is frequently, for example, in 113/125 transplantations (Santos 1931),
associated with the development of an ectopic pharynx with reversed polarity in
the host (Figure 4¢). Markers that can distinguish the host and donor cells in-
dicate that the host tissue itself can be reorganized by the presence of the graft
(Kobayashi et al. 1999a). If the graft outgrowth and the induced pharynx are re-
moved, the ectopic pharynx will regenerate in the absence of graft tissue (Sengel
1953), suggesting a stable change of positional identity of host tissue was triggered
by the graft. These observations indicate that during normal regeneration, instruc-
tive interactions between pre-existing and newly produced tissues might specify
positional information.
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Morphallaxis and the Restoration of Form

As described above, blastema formation does not always result in the generation
of all missing structures and can be asymmetric. Therefore, in most cases of pla-
narian regeneration, epimorphic regeneration produces animals that lack proper
proportion, symmetry, and/or structures. These problems are in large part resolved
by the process of morphallaxis.

EXAMPLES OF MORPHALLAXIS When a tail region is isolated by amputation, a new
head is produced by epimorphosis in the anterior blastema, and in pre-existing tis-
sue, a pharynx is produced (Morgan 1898). This pharynx arises in a region that
was once postpharyngeal and contains the two main posterior branches of the gas-
trovascular system (see above), indicating the tail fragment entirely reorganizes its
anatomy. In regenerated animals from transverse fragments, the width is initially
too great for the length because the full extent of the length lost is not replaced by
epimorphosis (see above), and the pharynx is often too close to the head (Morgan
1898). The new blastema tissue does not change much in length once formed, and
animal proportion is created by the lengthening and thinning of the pre-existing
tissues (Morgan 1898) (Figure 4d). This lengthening and thinning can be exten-
sive. For example, epimorphic regeneration of a transverse fragment produces a
new animal of a certain length that contains a pigmented pre-existing region and
unpigmented, newly formed head and tail regions; during morphallaxis and with-
out feeding of the animal, the pigmented pre-existing region can extend to a length
greater than the length of the newly formed small animal (Morgan 1898).

REORGANIZATION OF BODY REGIONS In tail fragments, in which a pharynx will
form in the pre-existing tissue, the muscle cell gene, DiMHC-A, is detected in
mesenchymal cells in the middle of that fragment, a region where the pharynx
will ultimately form. Furthermore, irradiation blocks pharynx regeneration (Ito
et al. 2001). These observations indicate neoblasts may be involved in pharynx
formation and specified before actual formation of the ultimate structure (Agata
& Watanabe 1999, Kobayashi et al. 1999b). In situ hybridizations with probes
that recognize differentiated tissues normally residing in different locations (e.g.,
in D. japonica, DjPC2 for the CNS and PN§ for mucous-producing cells in the
prepharyngeal and lateral regions) (Agata et al. 2003) permit visualization of the
way in which different tissues are repatterned during regeneration and morphal-
laxis (Figure 4¢). For example, in a head fragment produced by decapitation, the
brain is much too large for the size of the piece, and prepharyngeal, pharyngeal,
postpharyngeal, and tail regions must all be generated. Cells that will become
prepharyngeal (PNS8-positive) appear on top of the pre-existing cephalic ganglia
3 days following amputation (Agata et al. 2003); later, these two body regions
separate (Figure 4¢). Similar positional changes in pre-existing tissues have been
observed using an antibody, TCEN49, that recognizes cells in the pharyngeal
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region (Bueno et al. 1996). These observations allow for visualization of the pro-
cess of morphallaxis and illustrate several differences between regeneration and
normal embryonic development: (a) Structures become present in abnormal con-
figuration or proportion following amputation (e.g., a large brain in a decapitated
head regenerating a body). (b) Structures can be reformed in abnormal configu-
rations during regeneration (e.g., appearance of prepharyngeal mucous-producing
cells on top of the brain in a decapitated head regenerating a body). (¢) Order
is restored from abnormal morphology and body organization through reshaping
and positioning of the tissues (e.g., redistribution of mucous-producing cells to the
normal region, posterior to the brain).

THE METABOLIC STATE CAN ALTER MORPHALLAXIS Depending upon available re-
sources, two animals cut in the same way can utilize variant morphallactic remod-
eling strategies to restore form. For example, in laterally regenerating animals from
a fragment that does not contain the original midline, a new pharynx is produced
at the boundary between the old and new tissues. Because the old tissue is greater
in extent than the new tissue, the pharynx is produced off-center (Figure 3c). In
starved animals, following initial regeneration, symmetry is largely restored from
remodeling from the pre-existing tissue and minimal growth of new tissue (Morgan
1900). In animals fed after the regeneration of a pharynx, symmetry is restored
with growth of new tissues and minimal loss of old tissues (Morgan 1900). Implicit
in the above example and others described in this section is that existing tissue can
shrink. Animals that are starving can “degrow” through a process that involves loss
of cell number; the form and function of existing organs can be maintained while
they change in size, shape, and cell number (Abeloos 1930, Baguiia et al. 1990,
Oviedo et al. 2003). During morphallaxis, starved animals lose more pre-existing
material during reshaping than do well-fed animals.

SPECIES SPECIFICITY WITH MORPHALLAXIS Because not all species of planarians
display the same morphallactic strategies to restore symmetry and proportion, there
may not be set rules that all of the triclad planarians follow to restore form follow-
ing amputation. For example, consider tail fragments produced by an amputation
posterior to the pharynx but anterior to the gonopore of sexual D. lugubris and D.
tigrina individuals. In D. lugubris, the new pharynx appears near the boundary of
the pre-existing tissue and the blastema, and anterior to the gonopore, placing it
much too close to the newly regenerated head compared with the normal adult pro-
portions (Figure 4f). The tissue anterior to the gonopore, which contains the new
pharynx, extends in length to restore form (Morgan 1900). In similar tail pieces of
D. tigrina, the new pharynx is formed posterior to the remaining gonopore well
within the pre-existing tissue (Figure 4f). The gonopore then disappears as part of
the restoration of proper animal anatomy (Morgan 1900). Nonetheless, many of the
differences are variations on a larger theme: New structures (e.g., a pharynx) can
be formed, and old structures (e.g., the gastrovascular system) can be remodeled
within pre-existing tissue, and pre-existing tissue can change in length and width.
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THE RELATIONSHIP BETWEEN EPIMORPHOSIS AND MORPHALLAXIS It is unreso-
Ived if blastema formation through cell proliferation at the wound surface and
the remodeling of pre-existing structures are separable events. For instance, a tail
region deprived, by amputation, of a head blastema can regenerate a pharynx
(Ziller 1973), but when the left and right sides of an anterior wound meet and seal
at the midline no morphallaxis occurs (Morgan 1898). Regardless of the necessity
of specific regenerative events upon each other, there may be differences in the
capabilities of epimorphosis and morphallaxis. For example, the photoreceptors
and brain always form in a blastema and apparently never in pre-existing tissues,
indicating that the cellular events capable of producing certain cell types or organs
in an adult may require events specialized to epimorphosis.

Regulation of Proportions

In the initial phases of regeneration, a complete set of organ systems is produced.
However, because some systems may be pre-existing from a much larger animal,
the proportions between the components of the newly reconstituted anatomy may
be strikingly abnormal. Below, we illustrate evidence for the ability of planarians
to tightly regulate the size and number proportions between organ systems during
regeneration.

REGULATION OF PROPORTION AND FORM The gene cintillo, from the planarian
S. mediterranea, is expressed in sensory neurons that vary in number proportionally
to the size of the animal (Oviedo et al. 2003). When a large animal is amputated,
the head blastema produces the number of cintillo-positive cells that correlates
with the size of the newly regenerated animal, rather than with the original size
of the animal (Oviedo et al. 2003). Furthermore, in decapitated heads the brain is
much too large for the size of the animal to be generated. As the head piece slowly
reshapes itself to obtain the proper form, the number of cintillo-positive cells
decreases toward that appropriate for a planarian with smaller dimensions (Oviedo
et al. 2003). Observations of planarians produced to have duplicate structures hint
at the complexities of regulation that occur to establish the proper numbers of
organ systems and cell types in the proper proportions. For instance, the planarian
head can be surgically split into two or more and regenerate two or more heads
(Randolph 1897, Lus 1926). The body of a two-headed animal, if it contains a
single midbody region, does not double in size. A combination of new growth
and tissue loss results in two heads that are each about half the width of the
single body (Morgan 1902) (Figure 4g). In contrast, a two-headed planarian with
partially duplicated midbody regions can regenerate two heads, each of the same
width of the single body (Morgan 1902) (Figure 4g) and each with the number of
cintillo-positive cells appropriate for an animal of that length (Oviedo et al. 2003).
Although duplicated structures can regenerate, e.g., following decapitation of a
two-headed animal, various amputation experiments that remove one duplicated
structure near or within a single body illustrate the propensity of the animal to
maintain only one set of organ systems (Morgan 1902, Rand & Browne 1926,
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Rand & Ellis 1926, Li 1928, Santos 1931). These observations demonstrate that
the proportion of specific tissues and cell numbers to one another and animal size
is tightly regulated.

SUMMARY AND PROSPECTS

Regeneration in planarians involves the production of new tissue at the wound
surface through cell proliferation. The cells involved are small, contain a large
nucleus, are undifferentiated, are capable of dividing, and are called neoblasts.
For decades, experiments have been performed with the aim of deciphering ex-
actly what these cells are, using electron microscopy, histology, visualization of
mitotic figures, irradiation, cell transplantation, and, more recently, BrdU labeling.
The data suggest that neoblasts are stem cells; i.e., capable of producing multiple
tissue types and themselves. Because the only apparent dividing cells in an asex-
ually reproducing animal capable of regenerating any region of its body have the
appearance of neoblasts, these cells may very well be totipotent. Truth be told,
however, the defining characteristics of neoblasts are their morphology and ca-
pacity to divide. The population could be heterogeneous. Furthermore, it is not
known, using current methods, whether some neoblast descendants committed to
particular lineages are indistinguishable from self-maintaining neoblasts. In ad-
dition, although dedifferentiation has not been convincingly observed, it has not
been proven that these small dividing cells are exclusively produced by themselves
and not by differentiated cells. Lineage analyses will be required to establish the
population characteristics and dynamics of neoblasts. Regardless, neoblasts and/or
neoblast-progeny are capable of arriving at a wound from long distances, possibly
as the result of directed migration. At the wound, neoblasts are signaled to prolif-
erate. The division progeny march into the blastema, differentiate, and organize
themselves to form new anatomy. In addition, neoblast numbers must increase,
probably through symmetric cell division, to populate the new tissue and thus
endow it with regenerative capacity.

An amputated piece of a planarian faces many challenges in the restoration
of its form through regeneration. Illustrative examples of such changes following
many types of amputations and the general ways in which these events occur have
been reviewed here. First, the tissue has to specify what type of structures should
be formed upon various wound surfaces. These decisions are determined by origin
of the piece within the original animal. Even if the piece contains an irregular
wound surface, anterior-facing wounds tend to make one head, and even if the
piece comes from only a small region of the animal, the anterior-facing wounds
tend to make one complete head. The extent of the anatomy produced in a blastema
is specified by what is missing; i.e., a blastema has the ability to replace only the
missing regions of a head or to completely replace a head. Injuries can occur that
do not result in complete amputation but in missing body regions; wound healing
tends to bring remaining tissues together creating a situation in which body regions
between two juxtaposed tissues are missing. New tissue production can occur to
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produce what is missing between the two. Even with these abilities of producing
new structures through cell proliferation at wound surfaces, the animal faces major
challenges. First, the regeneration blastema, for example a head blastema, does
not have the ability to replace all missing body regions in the case of extensive
injury. In fact, it does not even come close. A small piece from the tail or the side
will, just like a decapitated and otherwise nearly complete animal, produce only
a head. In both cases, the animals reorganize and reshape the other pre-existing
tissues to produce the remaining missing anatomy and to restore proportion and
symmetry. First, animals must reassign positional information to the remaining
tissue; e.g., the tissue can no longer remain a small piece of the tail or side, it must
establish a midline about which symmetry can be generated, produce new tissues,
and/or alter existing tissues to produce the appropriate anatomy that corresponds to
the new A/P, L/R coordinates. Next, once a complete complement of anatomical
structures has been generated, animals must be able to correct for the fact that
(a) many organs or organ systems are out of proportion with the body size, (b) the
animal may be asymmetric, and (c) the physical distribution of organ systems may
be inappropriate.

The molecular genetics of planarians can now be studied. The principles and
issues described in this review should facilitate the interpretation and design of
experiments to understand how the planarian genome controls the fundamentals
of planarian regeneration.

ACKNOWLEDGMENTS

We thank members of the Sdnchez laboratory for discussions and support in the
preparation of this manuscript, Phil Newmark for discussions, and Edelweiss
Pfister for help gathering numerous needed manuscripts. A.S.A thanks John F.
Fallon for generously sharing volumes from his personal library. We thank Tatjana
Piotrowski and Carice Pingenot for tolerating the long hours spent in preparing
this review. PW.R. is a fellow of the Helen Hay Whitney Foundation. This work
was partly funded by the National Institutes of Health NIGMS RO-1 GM57260 to
AS.A.

Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org
by University of Utah, Marriot Library on 02/12/05. For personal use only.

The Annual Review of Cell and Developmental Biology is online at
http://cellbio.annualreviews.org

LITERATURE CITED

Abeloos M. 1930. Recherches expérimentales  Agata K, Watanabe K. 1999. Molecular and
sur la croissance et la régénération chez les cellular aspects of planarian regeneration.
planaires. Bull. Biol. 1:1-140 Semin. Cell Dev. Biol. 10:377-83

Agata K, Tanaka T, Kobayashi C, Kato K, Bagufia J. 1976. Mitosis in the intact and re-
Saitoh Y. 2003. Intercalary regeneration in generating planarian Dugesia mediterranea

planarians. Dev. Dyn. 226:308-16 n.sp. 1. Mitotic studies during growth,



Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org

by University of Utah, Marriot Library on 02/12/05. For personal use only.

752

REDDIEN ® SANCHEZ ALVARADO

feeding and starvation. J. Exp. Zool. 195:53—
64

Baguiia J. 1998. Planarians. In Cellular and
Molecular Basis of Regeneration: From
Invertebrates to Humans, ed. P Ferretti,
J Géraudie, pp. 135-65. Chichester, UK:
Wiley & Sons

Baguiia J, Romero R, Sal6 E, Collet J, Auladell
C, et al. 1990. Growth, degrowth and regen-
eration as developmental phenomena in adult
freshwater planarians. In Experimental Em-
bryology in Aquatic Plants and Animals, ed.
H-J Marthy, pp. 129-62. New York: Plenum

Bagufia J, Sal6 E, Auladell C. 1989. Regenera-
tion and pattern formation in planarians. III.
Evidence that neoblasts are totipotent stem
cells and the source of blastema cells. Devel-
opment 107:77-86

Baguiia J, Sal6 E, Collet J, Auladell MC, Ribas
M. 1988. Cellular, molecular and genetic
approaches to regeneration and pattern for-
mation in planarians. Fortschr. Zool. 36:65—
78

Baguiia J, Sal6 E, Romero R, Garcia-Fernandez
J,Bueno D, etal. 1994. Regeneration and pat-
tern formation in planarians: cells, molecules
and genes. Zool. Sci. 11:781-95

Bardeen CR, Baetjer FH. 1904. The inhibitive
action of the Roentgen rays on regeneration
in planarians. J. Exp. Zool. 1:191-95

Brgndsted HV. 1939. Regeneration in planari-
ans investigated with a new transplantation
technique. K. Dansk Vidensk. Selsk. Biol.
Meddr. 15:1-39

Brgndsted HV. 1942. Further experiments
on regeneration-problems in planarians. K.
Dansk Vidensk. Selsk. Biol. Meddr. 17:1-28

Brendsted HV. 1946. The existence of a static,
potential and graded regeneration field in
planarians. K. Dansk Vidensk. Selsk. Biol.
Meddr. 20:1-31

Brgndsted HV. 1955. Planarian regeneration.
Biol. Rev. 30:65-126

Brgndsted HV. 1956. Experiments on the time-
graded regeneration field in planarians. K.
Dansk Vidensk. Selsk. Biol. Meddr. 23:1-39

Brgndsted HV. 1969. Planarian Regeneration.
London: Pergamon. 276 pp.

Buchanan. 1933. Regeneration in Phagocata
gracilis (Leidy). Phys. Zool. 6:185-204

Bueno D, Baguiia J, Romero R. 1996. A central
body region defined by a position-specific
molecule in the planarian Dugesia (Girar-
dia) tigrina: Spatial and temporal variations
during regeneration. Dev. Biol. 178:446-58

Carpenter K, Morita M, Best J. 1974. Ultra-
structure of the photoreceptor of the pla-
narian Dugesia dorotocephala. 1. Normal
eye. Cell Tissue Res. 148:143-58

Cebria F, Kobayashi C, Umesono Y, Nakazawa
M, Mineta K, et al. 2002. FGFR-related gene
nou-darake restricts brain tissues to the head
region of planarians. Nature 419:620-24

Cebria F, Kudome T, Nakazawa M, Mineta
K, Ikeo K, et al. 2002a. The expression of
neural-specific genes reveals the structural
and molecular complexity of the planarian
central nervous system. Mech. Dev. 116:199—
204

Cebria F, Nakazawa M, Mineta K, Ikeo K,
Gojobori T, Agata K. 2002b. Dissecting pla-
narian central nervous system regeneration
by the expression of neural-specific genes.
Dev. Growth Differ. 44:135-46

Cebria F, Vispo M. 1997. Myocyte differentia-
tion and body wall muscle regeneration in the
planarian Girardia tigrina. Dev. Genes Evol.
207:306-16

Chandebois R. 1976. Histogenesis and morpho-
genesis in planarian regeneration. Monogr:
Dev. Biol. 11:1-182

Chandebois R. 1980. The dynamics of wound
closure and its role in the programming
of planarian regeneration. II—Distalization.
Dev. Growth Differ. 22:693-704

Child CM. 1911. Studies on the dynamics of
morphogenesis and inheritance in experi-
mental reproduction. I. The axial gradient in
planaria dorotocephala as a limiting factor in
regulation. J. Exp. Zool. 10:265-320

Child CM. 1941. Patterns and Problems of De-
velopment. Chicago: Univ. Chicago Press

Child CM, Watanabe Y. 1935. The head
frequency gradient in Euplanaria doroto-
cephala. Physiol. Zool. 8:1-40

Driesch H. 1900. Die isolirten Blastomeren



Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org
by University of Utah, Marriot Library on 02/12/05. For personal use only.

PLANARIAN REGENERATION 753

des Echinidenkeimes. Arch. Entwmech. 10:
361

Dubois F. 1949. Contribution 4 1 ’¢tude de la
migration des cellules de régeéneration chez
les Planaires dulcicoles. Bull. Biol. Fr. Belg.
83:213-83

Echeverri K, Tanaka EM. 2003. Electroporation
as a tool to study in vivo spinal cord regen-
eration. Dev. Dyn. 226:418-25

Ehlers U. 1992. No mitoses of differentiated
epidermal cells in the platyhelminthes: mi-
tosis of intraepidermal stem cells in Rhyn-
coscolex simplex Leidy 1851 (Catenulida).
Microfauna Marina 7:311-21

Fedecka-Bruner B. 1967. Studies on the re-
generation of the genital organs of the pla-
naria Dugesia lugubris. 1. Regeneration of
the testes after destruction. Bull. Biol. Fr.
Belg. 101:255-319

Fire A, Xu S, Montgomery MK, Kostas SA,
Driver SE, Mello CC. 1998. Potent and spe-
cific genetic interference by double-standed
RNA in Caenorhabditis elegans. Nature
391:806-11

Flickinger RA. 1964. Isotopic evidence for a
local origin of blastema cells in regenerating
planarians. Exp. Cell Res. 34:403-6

French V. 1976. Leg regeneration in the cock-
roach, Blatella germanica 11. Regeneration
from non-congruent tibial graft/host junc-
tion. J. Embryol. Exp. Morphol. 35:267-
301

Galliot B. 1997. Signaling molecules in regen-
erating hydra. BioEssays 19:37-46

Gardiner DM, Blumberg B, Komine Y, Bryant
SV. 1995. Regulation of HoxA expression in
developing and regenerating axolotl limbs.
Development 121:1731-41

Gonzalez-Estevez C, Momose T, Gehring WJ,
Salé E. 2003. Transgenic planarian lines
obtained by electroporation using trans-
poson-derived vectors and an eye-specific
GFP marker. Proc. Natl. Acad. Sci. USA
100:14046-51

Goss R. 1956. Regenerative inhibition follow-
ing limb amputation and immediate insertion
into the body cavity. Anat. Rec. 126:15-27

Gremigni V. 1974. The origin and cytodifferen-

tiation of germ cells in the planarians. Boll.
Zool. 41:359-T717

Gremigni V, Miceli C. 1980. Cytophotomet-
ric evidence for cell ‘transdifferentiation’ in
planarian regneration. Wilhelm Roux’s Arch.
188:107-13

Gremigni V, Miceli C, Picano E. 1980. On the
role of germ cells in planarian regeneration.
II. Cytophotometric analysis of the nuclear
Feulgen-DNA content in cells of regenerated
somatic tissues. J. Embryol. Exp. Morphol.
55:65-76

Gremigni V, Nigro M, Puccinelli I. 1982. Evi-
dence of male germ cell redifferentiation into
female germ cells in planarian regeneration.
J. Embryol. Exp. Morphol. 70:29-36

Harrison R. 1918. Experiments on the develop-
ment of the fore-limb of Amblystoma, a self-
differentiating equipotential system. J. Exp.
Zool. 25:413-61

Hay ED. 1966. Regeneration. New York: Holt,
Rinehart and Winston

Hendzel MJ, Wei Y, Mancini MA, Van Hooser
A, Ranalli T, et al. 1997. Mitosis-specific
phosphorylation of histone H3 initiates pri-
marily within pericentromeric heterochro-
matin during G2 and spreads in an ordered
fashion coincident with mitotic chromosome
condensation. Chromosoma 106:348-60

Hori 1. 1978. Possible role of rhabdite-forming
cells in cellular succession of the planarian
epidermis. J. Electron Microsc. 27:89-102

Hori 1. 1983a. Cytological studies on rhab-
dite formation in the planarian differentiating
cells. J. Submicrosc. Cytol. 15:483-94

Hori 1. 1983b. Differentiation of myoblasts in
the regenerating planarian Dugesia japonica.
Cell Differ. 12:155-63

Horvitz HR, Sternberg PW. 1991. Multiple
intercellular signalling systems control the
development of the Caenorhabditis elegans
vulva. Nature 351:535-41

Hyman LH. 1951. The Invertebrates: Platy-
helminthes and Rhynchocoela the acoelo-
mate bilateia. New York: McGraw-Hill

Ito H, Saito Y, Watanabe K, Orii H. 2001. Epi-
morphic regeneration of the distal part of the
planarian pharynx. Dev. Genes Evol. 211:2-9



Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org

by University of Utah, Marriot Library on 02/12/05. For personal use only.

754

REDDIEN ® SANCHEZ ALVARADO

Jennings B, de Celis J, Delidakis C, Preiss A,
Bray S. 1995. Role of Notch and achaete-
scute complex in the expression of En-
hancer of split bHLH proteins. Development
121:3745-52

Jennings B, Preiss A, Delidakis C, Bray S. 1994.
The Notch signalling pathway is required for
Enhancer of split bHLH protein expression
during neurogenesis in the Drosophila em-
bryo. Development 120:3537-48

Johnson JR. 1822. Observations on the genus
planaria. Philos. Trans. R. Soc. London Part
11:437-46

Johnson JR. 1825. Further observations on Pla-
nariae. Philos. Trans. R. Soc. London Part 11:
247-56

Kato K, Orii H, Watanabe K, Agata K. 1999.
The role of dorsoventral interaction in the on-
set of planarian regeneration. Development
126:1031-40

Kato K, Orii H, Watanabe K, Agata K. 2001.
Dorsal and ventral positional cues required
for the onset of planarian regeneration may
reside in differentiated cells. Dev. Biol. 233:
109-21

KellerJ. 1894. Die ungeschlechtliche Fortpflan-
zungder Siisswasser-Turbellarien. Jen Zeit
Naturw. 28:370-407

Kobayashi C, Nogi T, Watanbe K, Agata K.
1999a. Ectopic pharynxes arise by re-
gional reorganization after anterior/posterior
chimera in planarians. Mech. Dev. 89:25-34

Kobayashi C, Watanabe K, Agata K. 1999b. The
process of pharynx regeneration in planari-
ans. Dev. Biol. 211:27-38

Ladurner P, Rieger R, Baguna J. 2000. Spa-
tial distribution and differentiation potential
of stem cells in hatchlings and adults in the
marine Platyhelminth macrostomum sp.: a
bromodeoxyuridine analysis. Dev. Biol. 226:
231-41

Le Moigne A. 1965. Mise en évidence d’un
pouvoir de régénération chez I’embryon de
Polycelis nigra (Turbellarié-Triclade). Bull.
Soc. Zool. Fr. 90:355-61

Le Moigne A. 1966. Etude du developpement
embryonaire et recherches sur les cellules de
régénération chez I’embryon de la planaire

Polycelis nigra (Turbellarié, Triclade). J.
Embryol. Exp. Morphol. 15:39-60

Lehnert GH. 1891. Beobachtung an Landpla-
narien. Arch. Naturgech. 1:306-50

Lender T. 1955. Mise en évidence et propriétés
d 'organisine de la régénération des yeux
chez la planaire Polycelis nigra. Rev. Suisse
Zool. 62:268-75

Lender T. 1956. L’inhibition de la régénération
du cerveau des planaires Polycelis nigra et
Dugesia lugubris en présence de broyats
de tétes ou de queues. Bull. Soc. Zool. Fr.
81:192-99

Lender T. 1962. Factors in morphogenesis of re-
generating fresh-water planaria. In Advances
in Morphogenesis, ed. M Abercrombie, J
Brachet, pp. 305-31. New York: Academic

Lentz TL. 1967. Rhabdite formation in planaria:
the role of microtubules. J. Ultrastruct. Res.
17:114-26

Li Y. 1928. Regulative erscheinungen bei der
Planarien-regeneration unter anomalen be-
dingungen. Arch. Entw. Mech. Org. 114:224—
66

Lus J. 1926. Regenerationsversuche an marien
Tricladen. Arch. Entw. Mech. Org. 108:203—
27

MacRae E. 1967. The fine structure of sensory
receptor processes in the auricular epithelium
of the planarian, Dugesia tigrina. Z. Zellf.
82:479-94

Montgomery J, Coward S. 1974. On the mini-
mal size of a planarian capable of regenera-
tion. Trans. Am. Microsc. Soc. 93:386-91

Morgan TH. 1898. Experimental studies of
the regeneration of Planaria maculata. Arch.
Entw. Mech. Org. 7:364-97

Morgan TH. 1900. Regeneration in planarians.
Archiv. Entwick. Mech. Org. 10:58-119

Morgan TH. 1901. Regeneration. New York:
Macmillan. 316 pp.

Morgan TH. 1902. Growth and regeneration in
Planaria lugubris. Arch. Entw. Mech. Org.
13:179-212

Morgan TH. 1904a. The control of heteromor-
phosis in Planaria maculata. Arch. Entw.
Mech. Org. 17:683-95

Morgan TH. 1904b. Notes on Regeneration.



Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org

by University of Utah, Marriot Library on 02/12/05. For personal use only.

PLANARIAN REGENERATION 755

The limitation of the regenerative power of
Dendrocoelum lacteum. Biol. Bull. 6:159-63

Morgan TH. 1904c. Polarity and axial hetero-
morphosis. Am. Nat. 38:502-5

Morgan TH. 1904d. Regeneration of hetero-
morphic tails in posterior pieces of Planaria
simplicissima. J. Exp. Zool. 1:385-93

Morita M, Best J, Noel J. 1969. Electron mi-
croscopic studies of planarian regeneration.
I. Fine structure of neoblasts in Dugesia doro-
tocephala. J. Ultrastruct. Res. 27:7-23

Morita M, Best JB. 1984. Electron microscopic
studies of planarian regeneration. III. Degen-
eration and differentiation of muscles. J. Exp.
Zool. 229:413-24

Needham AE. 1952. Regeneration and Wound-
Healing. New York: Wiley & Sons

Newmark P, Sdnchez Alvarado A. 2000. Bro-
modeoxyuridine specifically labels the re-
generative stem cells of planarians. Dev. Biol.
220:142-53

Newmark PA, Reddien PW, Cebria F, Sdnchez
Alvarado A. 2003. Ingestion of bacteri-
ally expressed double-stranded RNA inhibits
gene expression in planarians. Proc. Natl.
Acad. Sci. USA 100(Suppl.)1:11861-65

Newmark PA, Sanchez Alvarado A. 2002. Not
your father’s planarian: a classic model en-
ters the era of functional genomics. Nat. Rev.
Genet. 3:210-19

Niswander L, Tickle C, Vogel A, Booth I, Mar-
tin GR. 1993. FGF-4 replaces the apical ec-
todermal ridge and directs outgrowth and
patterning of the limb. Cell 75:579-87

Ogawa K, Ishihara S, Saito Y, Mineta K,
Nakazawa M, et al. 2002. Induction of a
noggin-like gene by ectopic DV interac-
tion during planarian regeneration. Dev. Biol.
250:59-70

Okada YK, Sugino H. 1937. Transplantation
experiments in planaria Gonocephala duges.
Zool. Inst. Kyoto Imperial Univ. 7:373-439

Orii H, Ito H, Watanabe K. 2002. Anatomy
of the planarian Dugesia japonica 1. The
muscular system revealed by antisera against
myosin heavy chains. Zool. Sci. 19:1123-31

Oviedo NJ, Newmark PA, Sanchez Alvarado A.
2003. Allometric scaling and proportion reg-

ulation in the freshwater planarian Schmidtea
mediterranea. Dev. Dyn. 226:326-33

Pallas PS. 1774. Spicilegia zoologica quibus no-
vae imprimis et obscurae animalium species
iconibus, descriptionibus atque commen-
tariis illustrantur: Berolini, Prostant, Apud
Gottl

Pedersen KJ. 1972. Studies on regeneration
blastemas of the planarian Dugesia tigrina
with special reference to differentiation of the
muscle-connective tissue filament system.
Wilhelm Roux’ Arch. Entw. Org. 169:134-69

Rand HW, Browne A. 1926. Inhibition of regen-
eration in planarians by grafting: technique of
grafting. Proc. Natl. Acad. Sci. USA 12:575-
81

Rand HW, Ellis M. 1926. Inhibition of regener-
ation in two-headed or two-tailed planarians.
Proc. Natl. Acad. Sci. USA U12:570-74

Randolph H. 1892. The regeneration of the tail
in lumbriculus. J. Morphol. 7:317-44

Randolph H. 1897. Observations and experi-
ments on regeneration in planarians. Arch.
Entw. Mech. Org. 5:352-72

Reisinger E, Kelbetz S. 1964. Fine structure and
discharge mechanism of rhabdites. Z. Wiss.
Mikrosk. 65:472-508

Robb SMC, Sanchez Alvarado A. 2002. Identi-
fication of immunological reagents for use
in the study of freshwater planarians by
means of whole-mount immunofluorescence
and confocal microscopy. Genesis 32:293—
98

Rose C, Shostak S. 1968. The transformation
of gastrodermal cells to neoblasts in regener-
ating Phagocata gracilis (Leidy). Exp. Cell
Res. 50:553-61

Salé E, Baguifia J. 1984. Regeneration and pat-
tern formation in planarians. I. The pattern
of mitosis in anterior and posterior regen-
eration in Dugesia (G) tigrina, and a new
proposal for blastema formation. J. Embryol.
Exp. Morphol. 83:63-80

Salé E, Baguiia J. 1985a. Cell movement in in-
tact and regenerating planarians. Quantita-
tion using chromosomal, nuclear and cyto-
plasmic markers. J. Embryol. Exp. Morphol.
89:57-70



Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org

by University of Utah, Marriot Library on 02/12/05. For personal use only.

756

REDDIEN ® SANCHEZ ALVARADO

Salé E, Bagufia J. 1985b. Proximal and dis-
tal transformation during intercalary regen-
eration in the planarian Dugesia(S) mediter-
ranea. Roux’s Arch. Dev. Biol. 194:364—68

Salé E, Baguiia J. 1986. Stimulation of cellular
proliferation and differentiation in the intact
and regenerating planarian Dugesia(G) tig-
rina by the neuropeptide substance P. J Exp.
Zool. 237:129-35

Sanchez Alvarado A. 2000. Regeneration in the
Metazoans: Why does it happen? BioEssays
22:578-90

Sanchez Alvarado A. 2003. Regeneration in the
metazoa. In Keywords and Concepts in Evo-
lutionary Developmental Biology, ed. BK
Hall, WM Olson. Cambridge, MA: Harvard
Univ. Press

Sanchez Alvarado A, Newmark PA. 1998. The
use of planarians to dissect the molecular ba-
sis of metazoan regeneration. Wound Rep.
Regen. 6:413-20

Séanchez Alvarado A, Newmark PA. 1999.
Double-stranded RNA specifically disrupts
gene expression during planarian regenera-
tion. Proc. Natl. Acad. Sci. USA 96:5049-54

Sanchez Alvarado A, Newmark PA, Robb SM,
Juste R. 2002. The Schmidtea mediterranea
database as a molecular resource for studying
platyhelminthes, stem cells and regeneration.
Development 129:5659—-65

Santos FV. 1929. Studies on transplantation in
planarian. Biol. Bull. 57:188-97

Santos FV. 1931. Studies on transplantation in
planaria. Phys. Zool. 4:111-64

Sauzin M. 1967. Etude ultrastructurale de la
différentiation du néoblaste au cours de la
regeneration de la planaire Dugesia gono-
cephalla. Bull. Soc. Zool. Fr. 92:313-18

Sengel C. 1960. Culture in vitro de blastemes de
régénération de planaires. J. Embryol. Exp.
Morphol. 8:468-76

Sengel P. 1953. Sur I’induction d’une zone
pharyngienne chez la Planaire d’eau douce
Dugesia lugubris. Arch. Anat. Micr. Morph.
exp. 42:57-66

Sivickis PB. 1931. A quantitative study of re-
generation along the main axis of the triclad
body. Arch. Zool. Ital. 16:430-39

Skaer RJ. 1965. The origin and continuous re-
placement of epidermal cells in the planarian
Polycelis tenuis (Ijima). J. Embryol. Exp.
Morphol. 13:129-39

Slack IMW. 1987. Morphogenetic gradients—
past and present. Trends Biol. Sci. 12:200—
4

Stephan-Dubois F, Gilgenkrantz F. 1961.
Régénération apres transplantationchez la
planaire Dendrocoelum lacteum. C. R. Soc.
Biol. 155:115-18

Tanaka E, Gann A, Gates P, Brockes J. 1997.
Newt myotubes reenter the cell cycle by
phosphorylation of the retinoblastoma pro-
tein. J. Cell Biol. 136:155-65

Umesono Y, Watanabe K, Agata K. 1997. A
planarian orthopedia homolog is specifically
expressed in the branch region of both the
mature and regenerating brain. Dev. Growth
Differ. 39:723-27

Umesono Y, Watanabe K, Agata K. 1999. Dis-
tinct structural domains in the planarian brain
defined by the expression of evolutionar-
ily conserved homeobox genes. Dev. Genes
Evol. 209:31-39

Velloso CP, Simon A, Brockes JP. 2001. Mam-
malian postmitotic nuclei reenter the cell cy-
cle after serum stimulation in newt/mouse
hybrid myotubes. Curr. Biol. 11:855-58

Wagner Fv. 1890. Zur Kenntnis der ungeschle-
chtlichen Fortpflanzung von Microstoma
nebst allegemeinen Bemerkungen {iber
Teilung und Knospung im Tierreich. Z.
Jahrb. 4:349-423

Wang M, Sternberg PW. 2001. Pattern forma-
tion during C. elegans vulval induction. Curr:
Top. Dev. Biol. 51:189-220

Wolff E. 1962. Recent researches on the re-
generation of planaria. In Regeneration. 20th
Growth Symposium, ed. D Rudnick, pp. 53—
84. New York: Ronald Press

Wolff E, Dubois F. 1948. Sur la migration des
cellules de régénération chez les planaires.
Rev. Swisse Zool. 55:218-27

Wolff E, Lender T. 1950a. Sur le déterminisme
de larégénération des yeux chez une Planaire
d’eau douce Polycelis nigra. C. R. Soc. Biol.
149:1213-16



Annu. Rev. Cell. Dev. Biol. 2004.20:725-757. Downloaded from arjournals.annualreviews.org

by University of Utah, Marriot Library on 02/12/05. For personal use only.

PLANARIAN REGENERATION 757

Wolff E, Lender T. 1950b. Sur le role organisa-
teur du cerveau dans la régénération des yeux
chez une Planarie d’eau douce. C. R. Acad.
Sc. 230:2238-39

Woodruff L, Burnett AL. 1965. The origin of
the blastemal cells in Dugesia tigrina. Exp.
Cell Res. 38:295-305

Wright DE, Wagers AJ, Gulati AP, Johnson FL,
Weissman IL. 2001. Physiological migration
of hematopoietic stem and progenitor cells.
Science 294:1933-36

Ziller C. 1973. Larégénération du pharynx chez
la planaire Dugesia tigrina. C. R. Acad. Sc.
Paris 277:1365-68



