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INTRODUCTION

In recent years, planarians have been increasingly recognized as an emerging model
organism amenable to molecular genetic techniques aimed at understanding complex
biological tasks commonly observed among metazoans. Growing evidence suggests that
this model organism is uniquely poised to inform us about the mechanisms of tissue
regeneration, stem cell regulation, tissue turnover, pharmacological action of diverse drugs,
cancer, and aging. This article provides an overview of the planarian model system

with special attention to the species Schmidtea mediterranea. Additionally, information

is provided about the most popular use of this organism, together with modern genomic
resources and technical approaches.

RELATED INFORMATION

A detailed protocol for establishing and maintaining planarian colonies for diverse purposes
is described in Establishing and Maintaining a Colony of Planarians (Oviedo et al.
2008a). Details on RNA interference (RNAI), increasingly used to study gene function in
planarians, are presented in Gene Knockdown in Planarians Using RNA Interference
(Oviedo et al. 2008b). The protocol Live Imaging of Planarian Membrane Potential
Using DIBAC4(3) (Oviedo et al. 2008c) illustrates why planarians are suitable for the

study of complex physiological processes during regeneration and tissue turnover, in

real time. The American Society for Cell Biology library of seminars, iBioSeminars
(http://www.asch.org/ibioseminars/sanchez/sanchez1.cfm), features a lecture on the basics
of planarian regeneration.

The Genome Sequence Center at Washington University performed the sequencing of
the S. mediterranea genome that is currently being assembled. Additional details on the
sequencing process can be accessed at http://genome.wustl.edu/, and the final assembly
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will be posted there for download. The National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/) displays trace files generated during the sequencing of the

S. mediterranea genome and will include expressed sequence tag (EST) data generated
during the final assembly of the planarian genome. The S. mediterranea Genome Database
(SmedGD; http://smedgd.neuro.utah.edu/) integrates all available data associated with

the S. mediterranea genome, including predicted and annotated genes, ESTSs, protein
homologies, gene expression patterns, and RNAI phenotypes. An accessible portal (http://
planarian.bio.keio.ac.jp/go/EST/P/GO0007582/G0O0006915.html) from the Department of
Biosciences and Informatics at Keio University (Japan) allows for the search and retrieval of
a large collection of Dugesia ryukyuensis ESTS.

BACKGROUND INFORMATION

Planarians, free-living nonparasitic invertebrates, are one of the most basal triploblastic
organisms, with derivatives of all three germ layers (ectoderm, mesoderm, and endoderm).
They represent a critical breakthrough in the evolution of the animal body plan, have
bilateral symmetry and encephalization, and are capable of detecting environmental stimuli
very efficiently. Planarians are perhaps better known for their extraordinary regenerative
capacity, which is associated with a large population of adult stem cells (neoblasts).

An extensive amount of literature on planarian research has accumulated during more than
200 years (Reddien and Sanchez Alvarado 2004). In the last century, several laboratories
around the world have used planarians as a biological model in a surprisingly broad and
extensive range of applications. Systematic research on planarians was first substantiated
by Thomas Hunt Morgan and Harriet Randolph, who studied regeneration in planarians
(Randolph 1897; Morgan 1898). The fact that freshwater planarians are commonly found
in the wild (e.g., ponds, streams, and rivers) and are easily reared and maintained under
laboratory conditions, together with their astonishing regenerative capacity and adult tissue
plasticity, were factors that undoubtedly made these organisms a favorite subject for
researchers in subsequent years.

Although several hundred planarian species exist, research on freshwater planarians in

the last century has been restricted to species either commonly found in the wild or
commercially available (mostly members of the Dugesiidae family, including the genera
Dugesia, Girardia, Neppia, Romankenkius, Schmidltea, and Spathuld). Modern research on
freshwater planarians has applied diverse state-of-the-art techniques to understand their
cellular biology, genetics, genomics, behavior, and other aspects at the molecular level
(Sanchez Alvarado 2006; Oviedo and Levin 2008).

In the last 10 years, attention to planarian molecular and genetic research has been greatly
enhanced and has focused on work in two species in which clonal lines have been derived:
S. mediterranea and Dugesia japonica. The advantages of using S. mediterranea over

other planarian species for molecular studies have been reviewed elsewhere (Newmark

and Sanchez Alvarado 2002; Sanchez Alvarado 2006), and those advantages have been
enhanced with the recent introduction of high-throughput molecular tools, large collections
of publicly available DNA sequences, automated systems for the analysis of behavior, and
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genomic resources (Sanchez Alvarado et al. 2002; Zayas et al. 2005; Hicks et al. 2006;
Robb et al. 2007). Although most protocols and techniques can be adapted to different
planarian species, here we focus on S. mediterranea, an increasingly popular planarian
species used to study the molecular basis of tissue regeneration and stem cell biology.

The taxonomic classification for S. mediterranea may follow this order: domain Eukaryota;
kingdom Animalia; phylum Platyhelminthes (flatworms); class Turbellaria; order Seriata;
suborder Tricladida; family Dugesiidae; genus Schmidltea; species S. mediterranea. Further
taxonomic details for the class Turbellaria can be found in the Turbellarian taxonomic
database at http://turbellaria.umaine.edu.

About 40 years ago, in an artificial pond at Montjuic near Barcelona, Spain, Bagufia and
Ballester identified the asexual (fissiparous) biotype of Dugesia lugubriss.l. (Benazzi et al.
1970, 1972). Karyological and other studies confirmed that this asexual worm matched a
diploid (2= 8) sexual form of D. lugubris s.l. that was known from the Mediterranean
islands of Corsica, Sardinia, and Sicily; these two forms were later classified together as

D. mediterranea (Benazzi et al. 1975). Further analyses by different investigators led to

the renaming of this species as it is currently known: Schmidtea mediterranea (Bagufa
1999). The primary difference between the asexual and sexual strains of S. mediterranea is
a chromosomal translocation between Chromosomes 1 and 3 that is observed in fissiparous
animals only (Bagufia 1999; Newmark and Sanchez Alvarado 2002). The diploid asexual
strain of S. mediterranea reproduces by transverse fission (i.e., the posterior end attaches to
a surface, whereas the anterior part tears away until the animal breaks transversally in the
post-pharyngeal region), and the missing structures in each fragment are regenerated in ~1
wk. The S. mediterranea sexual strain is a hermaphrodite but requires cross-fertilization in
order to lay cocoons that after a few weeks hatch, giving rise to one or several planarians
(Sanchez Alvarado 2003). Studies on the geographical distribution of S. mediterranea
revealed that the natural habitat of the asexual biotype is limited to the Iberian peninsula
and Mallorca, whereas the sexual strain is more widely distributed throughout the islands of
the western Mediterranean (De Vries 1985).

In the mid 1990s, Sanchez Alvarado chose planarians as a convenient model in which to
study the molecular basis of tissue regeneration (Sanchez Alvarado 2006). Together with
Philip Newmark, Sanchez Alvarado selected S. mediterranea because of its extraordinary
regenerative properties, karyological features (stable diploid), and relatively small genome
size compared to other common planarians (Newmark and Sanchez Alvarado 2002; Sanchez
Alvarado 2006). Asexual specimens of S. mediterranea were first introduced to the United
States by Newmark in 1997; however, those animals did not survive. Then, after an
expedition to Montjuic in 1998, Newmark and Sanchez Alvarado brought to the United
States several specimens of fissiparous S. mediterranea that, after several rounds of culture
optimization, were successfully reared under laboratory conditions. Some of the specimens
that thrived in the new laboratory conditions were individually cut and grown separately to
establish clonal lines. This led to the establishment of the asexual strain CIW4 (Carnegie
Institution of Washington clonal line 4) (Sanchez Alvarado 2006).

Maria Pala (of Italy) provided the Sanchez laboratory with wild-type animals of the S.
mediterranea sexual strain from the Mediterranean island of Corsica (Sanchez Alvarado
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2003). Clonal lines were created using a strategy similar to that used to establish CIW4.
Laboratory conditions were adjusted to allow sexual reproduction of these clonal worms
(Sanchez Alvarado 2003, 2006). This offered a unique opportunity to study embryonic
development and functional germ-cell specification in S. mediterranea (Sanchez Alvarado
2003). Furthermore, the inbreeding of these animals (performed by Peter W. Reddien)
created “more genetically uniform worms” and led to the generation of the S2F2 line, the
source of animals used to sequence the S. mediterranea genome.

SOURCES AND HUSBANDRY

Establishing and Maintaining a Colony of Planarians (Oviedo et al. 2008a) describes
in detail how to establish and maintain a colony of planarians for behavioral and other
experiments.

Related Species

Besides S. mediterranea, another planarian species commonly used to study regenerative
biology is D. japonica. Mixoploid and diploid clonal lines (GI, HI, and SSP) of this
organism originated in Japan and were subsequently expanded, mainly in the Watanabe
and Agata laboratories. Interestingly, different procedures (e.g., decreasing the temperature
of the culture and feeding asexual-state planarians with freeze-thawed sexual-state worms)
are commonly used to induce gonad development in asexual worms (Ogawa et al. 1998).
Similar to the sexual strain of S. mediterranea, germ cells are fully developed in adult D.
Japonica.

Important advances have been made possible by using D. japonica, in fact, several protocols
(e.g., whole-mount in situ hybridization and neoblast purification with flow cytometry) were
initially developed in this species and later optimized and adjusted for S. mediterranea

(Umesono et al. 1997; Sanchez Alvarado et al. 2002; Hayashi et al. 2006; Sanchez Alvarado
2007). However, there are some important differences between S. mediterranea and D.

Japonica (including expression of the p/wiand jinnexin genes and sensitivity to drugs) (Nogi
and Levin 2005; Reddien et al. 2005; Rossi et al. 2006; Oviedo and Levin 2007). Recently, a
D. japonica database with neoblast-associated genes has been published (Rossi et al. 2007b).

USES OF THE PLANARIAN MODEL SYSTEM

For the last century, planarians have been a favorite model system in many research areas.
Not only are planarians easy to rear under laboratory conditions and relatively inexpensive
to maintain, they are amenable to pharmacological, behavioral, physiological, molecular
genetic, and classical surgical techniques. Thus, in recent years, they have become a popular
model for state-of-the-art studies in regenerative biology as well as a low-cost system

to produce fast experimental results for classroom science projects and other educational
purposes (Oviedo and Levin 2008).

Tissue Regeneration, Cellular Turnover, and Aging

The fact that adult planarians can regenerate large parts of their bodies from tiny fragments
(in ~1 wk) makes them an outstanding model to study regeneration and morphogenesis
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in complex tissues (Newmark and Sanchez Alvarado 2002; Agata 2003; Reddien and
Sanchez Alvarado 2004). The planarian central nervous system (CNS) is the organ system
that has been more extensively studied (Cebria 2007). The planarian CNS is particularly
important because it exhibits evolutionary conservation with higher organisms in many
neural receptors (e.g., acetylcholine receptor, fibroblast growth factor receptor, and netrin
receptor), neuroactive molecules (e.g., y-aminobutyric acid and FMRFamide-like peptides),
and axon guidance molecules (e.g., netrin and roundabout receptor-robo). Recent functional/
behavioral assays suggest that this conservation holds at the structural and physiological
levels (for references, see Oviedo and Levin 2008). Moreover, the molecular conservation
of the CNS also indicates that planarians are a good model in which to test the effects and
mechanisms of drugs using large pharmacological screens (Oviedo and Levin 2008).

Remarkably, the rapid reconstruction of multiple missing parts (e.g., CNS, muscle, digestive,
sensory system, and epithelium) in S. mediterranea is accompanied by an adjustment

in growth to accommodate a new body size. In other words, small planarian fragments
regenerate structures such as the CNS with proportions that are based on the new size of

the animal, rather than the size of the original fragment (Newmark and Sanchez Alvarado
2002; Oviedo et al. 2003; Reddien and Sanchez Alvarado 2004). Additionally, intact adult
animals have the capacity to regulate their body sizes according to metabolic status (i.e.,
worms grow when food is available, and, if starved, they reduce their size proportionally in
a process known as “degrowth”). Interestingly, both growth and degrowth in S. mediterranea
involve well-regulated mechanisms for adding and subtracting cells in the body (Bagufia
and Romero 1981; Oviedo et al. 2003). Taken together, these observations indicate that
planarians possess efficient mechanisms for synchronizing metabolic status and tissue
maintenance. The aging process in planarians is fascinating because the neoblasts’ progeny
regularly replaces senescent cells in different organs. Thus, their tissues are continuously
renewed. Therefore, S. mediterraneais an exquisite model for studying the regulation

of adult differentiated tissue remodeling, tissue maintenance, cellular turnover, and aging
(Pellettieri and Sanchez Alvarado 2007).

The anatomy of the reproductive system of S. mediiterranea, which consists of paired
ovaries, many testicles, and a copulatory apparatus, has been reviewed elsewhere (Newmark
and Sanchez Alvarado 2002). Unlike other commonly studied invertebrate models,
planarians do not appear to segregate their germ-cell lineage during early embryogenesis;
instead, the reproductive system in sexual planarians has been proposed to be determined
by epigenetic mechanisms after hatching (post-embryonically) (Zayas et al. 2005; Sato et
al. 2006; Handberg-Thorsager and Sal6 2007; Wang et al. 2007). If a planarian with fully
developed gonads is starved for several weeks, the gonads are resorbed, and if the same
animal is fed and allowed to reach an appropriate size, the reproductive organs are properly
regenerated (Newmark and Sanchez Alvarado 2002). Similarly, if the head of a mature
sexual planarian is removed, the remaining gonads in the body are resorbed and will develop
again only after the head regenerates completely (Newmark and Sanchez Alvarado 2002;
Wang et al. 2007).
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Stem Cells and Germ Cells

In planarians, tissue regeneration, germ-cell specification, tissue remodeling, and adult
tissue maintenance involve a large population of undifferentiated cells known as neoblasts
(planarian stem cells), located throughout the body, which constantly divide. During
regeneration, these cells are the source of new tissue. In asexual worms, neoblasts are the
only known cell with mitotic activity and are therefore the sole source of new cells. Thus,
neoblasts coexist in a microenvironment that is tightly regulated and allows them to respond
to signals to self-renew, proliferate, and migrate, giving rise to differentiated progeny that
are properly incorporated into demanding tissues. In recent years, an important focus of
research in planarians has been centered on understanding, at the genetic and biochemical
levels, how neoblasts are regulated in vivo to respond to demanding signals while renewing
themselves (Agata 2003; Sanchez Alvarado and Kang 2005; Sanchez Alvarado 2006; Rossi
et al. 2007a).

The complexity of the neoblast population is far from being understood (Rossi et al. 2007a).
Neoblast populations are mainly recognized by their morphology, spatial distribution,
sensitivity to y-irradiation, ultrastructural composition, and gene expression patterns (Orii et
al. 2005; Reddien et al. 2005; Hayashi et al. 2006; Sato et al. 2006; Handberg-Thorsager and
Sal6 2007; Higuchi et al. 2007; Oviedo and Levin 2007; Rossi et al. 2007a,b; Wang et al.
2007). Study of the molecular conservation of regulatory molecules (e.g., the piwi genes) in
neoblasts has expanded our knowledge of the evolution of stem cells (Sanchez Alvarado and
Kang 2005). Furthermore, the identification and characterization of stem cell regulatory
molecules that are conserved between vertebrates and planarians (but absent in other
classical invertebrate model organisms such as Drosophila melanogasterand Caenorhabditis
elegans) is now possible in S. mediterranea (Oviedo et al. 2008d).

The molecular basis of germ-cell specification in adult stages is poorly understood at this
time (Zayas et al. 2005). Interestingly, it has been proposed that germ cells in sexual S.
mediterranea are epigenetically specified at adult stages and that the maintenance of these
epigenetic marks can be affected by diverse factors such as metabolic status, regeneration,
and seasonal conditions (Zayas et al. 2005). The plasticity of germ-cell specification and
maintenance in adult S. mediterranea provides a unique opportunity to investigate regulatory
cues that modulate this process. Taking advantage of these properties, the Newmark lab at
the University of Illinois used clonal animals of the sexual strain of S. mediterraneato build
an EST database comprising two different developmental stages (Zayas et al. 2005). Thus,
this database will be useful for the identification of germ-cell markers as well as signaling
pathways involved in germ-cell determination and tissue regeneration.

Memory, Learning, and Behavior

As the simplest animal with a bilaterally symmetrical CNS composed of neurons similar

to our own (Cebria 2007), planarians offer an opportunity to study neural patterning and
behavior while working with an easily maintained organism that is highly tractable to
pharmacological, surgical, and molecular genetic manipulations. Planarians have developed
sensory capabilities for the detection of light, chemical gradients, vibration, electric fields,
magnetic fields, and weak -y-radiation. When proper procedures are followed, the data
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conclusively show that planarians can learn. Thus, planarians are a unique model system in
which memory and regeneration can be studied in the same animal. This kind of system
provides an ideal context in which to characterize the impact of naive stem cells on
memories stored in an adult brain, which is of relevance to the current approaches in treating
degenerative diseases of the human brain (McKay 2004), or to dissect the mechanisms

by which existing memories can be imposed on regenerated brain tissue. For an in-depth
discussion of memory and learning in planarians, consult Nicolas et al. (2008).

GENETICS AND GENOMICS RESOURCES

At this point in time, genetic tools for gain-of-function and permanent genomic
modifications in planarians are not well established. Recently, a proposal involving
guidelines for gene and protein nomenclature in the planarian species S. mediterranea was
made public (Reddien et al. 2008). Applying these nomenclature guidelines will help to
standardize naming and facilitate the identification of gene homology and experimental
treatments (e.g., RNAI). Briefly, the prefix “Smed” should be attached to the beginning of all
gene names; the gene name should be selected to match the convention of the homologous
gene and should be lowercase and italicized (e.g., Smed-genex), and when possible, gene
names should try to match ortology. In addition, if there exist paralogs for a given gene,

the respective planarian gene gets a numerical suffix, not a letter, at the end (e.g., Smead-
genex-1). The protein name should be uppercase and not italicized (e.g., SMED-GENEX).
Single RNA. should be denoted as follows: Smed-genex(RNAI). If multiple RNAIs are used,
a semicolon should connect the names: Smed-genex(RNAI); Smed-geney(RNAI). Note that
because mutant alleles and transgenes are not yet commonly used in planarian experiments,
there is no standard nomenclature for such. For additional details, see Reddien et al. (2008)
and http://smedgd.neuro.utah.edu.

The S. mediterranea sexual strain S2F2, which originated in the Sanchez lab, was

used for genomic sequencing at the Washington University Genome Sequencing Center
(http://genome.wustl.edu/). The S. mediterranea genome database (SmedGD) at http://
smedgd.neuro.utah.edu/ includes details about the available DNA sequences, as well as
predicted and annotated genes, ESTS, protein homologies, gene expression patterns, and
RNAI phenotypes (Robb et al. 2007). Complementary information on a large collection of
ESTs from sexual and asexual S. mediterraneais publicly available from the laboratories of
Newmark and Sanchez Alvarado (Sanchez Alvarado et al. 2002; Zayas et al. 2005).

TECHNICAL APPROACHES

Many published protocols from other well-established invertebrate systems such as D.
melanogasterand C. elegans are quite robust and can be adapted for planarians to

produce results in a short time (<1 wk). Basic molecular approaches include purification

of mRNA to evaluate gene expression (both quantitatively and qualitatively), antibody
staining to evaluate the spatial distribution of molecular markers and morphogenesis during
regeneration, in situ hybridization to evaluate the spatial distribution of messenger RNA,
and quantitative real-time-polymerase chain reaction (RT-PCR) to evaluate transcript levels
in planarian tissue. One common procedure to evaluate whether a specific transcript is
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associated with neoblast cells is to treat some worms with -y irradiation (which eliminates
neoblasts) and then compare the patterns and/or levels of gene expression between irradiated
and untreated worms.

Methods used successfully for developmental studies include tissue fixation for
immunostaining, in situ hybridization, and gene knockdown with RNAI. The latter is most
commonly applied by microinjecting double-stranded RNA (dsRNA) as described in Gene
Knockdown in Planarians Using RNA Interference (Oviedo et al. 2008b) or by feeding
the worms with artificial food carrying modified bacteria. Neoblasts are the only known
proliferative cell in the worm, so labeling with the thymidine analog bromodeoxyuridine
(BrdU) (Newmark and Sanchez Alvarado 2000) can be used to evaluate the cell cycle

and the migration and integration of the neoblasts into differentiated tissues. Neoblast
subpopulations can be isolated by flow cytometry (fluorescence-activated cell sorting
[FACS]) (Reddien et al. 2005; Hayashi et al. 2006) and characterized by gene expression
analysis (Reddien et al. 2005; Oviedo and Levin 2007), whereas ultrastructural features can
provide more details about different neoblast subpopulations (Hayashi et al. 2006; Higuchi
et al. 2007).

The effects of drug compounds on cell behavior can be conveniently tested in planaria,
because regeneration is a sensitive assay for changes in proliferation, migration,
differentiation, and morphogenetic cues. Additionally, diverse physiological processes can
be analyzed in the whole organism in real time (e.g., RNAI followed by imaging of
physiological parameters; see Live Imaging of Planarian Membrane Potential Using
DiBAC4(3) [Oviedo et al. 2008c]), providing an opportunity to dissect complex molecular
interactions in vivo. Also, because regeneration can reveal subtle changes in cell signaling,
planarians are a good system in which to identify and molecularly characterize the effects of
weak electromagnetic stimulation (Novikov et al. 2002).

Protocols for running behavioral experiments have been refined over the years since
planarians were first used for behavioral work (McConnell 1965). Although these
experiments can be performed manually, the future of this field clearly rests in automated
systems for training and testing worms, both for high-throughput approaches and for
establishing basic quantitative and objective results. The construction and use of such
automated systems has most recently been described by Hicks et al. (2006).
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