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Abstract
In adult planarians the replacement of cells lost to physiological turnover or injury is sustained by
the proliferation and differentiation of stem cells known as neoblasts. Neoblast lineage relationships
and the molecular changes that take place during differentiation into the appropriate cell types are
poorly understood. Here we report the identification and characterization of a cohort of genes
specifically expressed in neoblasts and their descendents. We find that genes with severely
downregulated expression after irradiation molecularly define at least three discrete subpopulations
of cells. Simultaneous BrdU labeling and in situ hybridization experiments in intact and regenerating
animals indicate that these cell subpopulations are related by lineage. Our data demonstrate not only
the ability to measure and study the in vivo population dynamics of adult stem cells during tissue
homeostasis and regeneration, but also the utility of studies in planarians to broadly inform stem cell
biology in adult organisms.

INTRODUCTION
Adult somatic stem cells (ASCs) produce descendents that differentiate to replace cells lost to
physiological turnover, age, disease, and injury (Blanpain et al., 2004; Morrison et al., 1996;
Morrison et al., 1997; Ohlstein and Spradling, 2006; Romanko et al., 2004; Weissman, 2000;
Xie and Spradling, 2000). ASCs are normally lineage restricted in vivo such that they typically
generate only the cell types found in the tissues in which they reside (Anderson et al., 2001;
Morrison, 2001; Wagers et al., 2002). The specification of ASC descendents to supply a defined
number and type of differentiated cells depends on the function and age of the organ, and the
demands imposed by physiology, disease or unexpected trauma. A detailed mechanistic
understanding of how ASCs are regulated to generate distinct lineages under normal and
aberrant conditions remains a central unresolved issue of developmental biology and
regenerative medicine.

Temporal and spatial coordination of changes in gene expression can produce a diverse number
of differentiated cell types. For example, the sequential expression of four transcription factors
in the neural stem cells of Drosophila melanogaster is critical for proper formation of the
developing CNS (Grosskortenhaus et al., 2005; Isshiki et al., 2001), and co-expression of
multiple transcription factors in the same ASC can affect lineage choices in the vertebrate retina
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(Hernandez et al., 2007; Peters and Cepko, 2002; Wang and Harris, 2005) and hematopoietic
system (Iwasaki et al., 2006; Mansson et al., 2007). Additionally, specific changes in gene
expression are detected as the ASCs of the mammalian intestine exit their resident
microenvironment (niche), cease their proliferation and begin to differentiate along distinct
lineages (Blanpain et al., 2007). In the case of tissue regeneration, ASC fate specification is
likely to pose an additional level of complexity, as some ASCs may be specified toward a
distinct lineage only after a major challenge to the system occurs (e.g., injury), instead of
contributing to physiological turnover (Ito et al., 2005).

The ASCs of the planarian Schmidtea mediterranea provide an interesting model for studying
both stem cell function and lineage commitment during homeostasis and regeneration. The
adult flatworm contains a large population of mitotically active ASCs, known as neoblasts
(Randolph, 1892), which generate a constant supply of progeny to sustain the high rate of
physiological somatic cell turnover (Pellettieri and Sánchez Alvarado, 2007). Planarians
display unique plasticity, as small fragments removed from almost anywhere in their bodies
can regenerate entire animals (Morgan, 1898), indicating that ASCs can produce all the
different cell types found in the adult flatworm. Historically, the term neoblast has been used
to describe the planarian stem cells based solely on their morphology (Hori, 1982, 1991;
Hyman, 1951), and therefore, a longstanding question in planarian biology is whether all the
ASCs are totipotent, or if the population is molecularly heterogeneous.

The development of cell (Newmark and Sánchez Alvarado, 2000; Robb and Sanchez Alvarado,
2002) and molecular (Newmark et al., 2003; Sánchez Alvarado et al., 2002; Zayas et al.,
2005) reagents has facilitated the study of stem cells in planarians. Planarian ASCs express
conserved regulators of stem cell function in other organisms (Guo et al., 2006; Reddien et al.,
2005b), and are widely distributed throughout the mesenchyme of the animal, yet absent in the
pharynx and the region anterior to the photoreceptors. Pulse experiments with the thymidine
analog BrdU have demonstrated that ASCs are initially the only cells which incorporate BrdU,
but that over time the labeled progeny migrate to post-mitotic tissues (e.g., anterior region of
the animal), and integrate into differentiated tissues (e.g., epidermis) (Newmark and Sánchez
Alvarado, 2000; Reddien et al., 2005b). Exposure to γ-irradiation effectively ablates neoblasts,
which prevents planarians from maintaining physiologic homeostasis and regenerating after
injury (Bardeen, 1904; Dubois, 1949; Reddien et al., 2005a). Two populations of irradiation-
sensitive cells with neoblast morphology can be isolated using Fluorescence Activated Cell
Sorting (FACS) (Hayashi et al., 2006; Reddien et al., 2005b), yet it is still unclear how the
isolated irradiation-sensitive cells relate to those observed with BrdU labeling studies
performed in vivo. Despite significant advances, the lack of a defined panel of markers that
label discrete cell types has prevented a detailed molecular and lineage characterization of the
ASCs in planarians.

In this study, we defined the expression profiles of wild type and irradiated animals, and
examined expression levels and spatial distribution of the most severely affected genes both
in FACS-purified cells and by whole-mount in situ hybridizations. Lineage tracing experiments
using a combination of BrdU and in situ hybridization revealed robust spatial and temporal
regulation of gene expression and cell proliferation in both intact and regenerating animals.
Our studies define a novel set of genes specifically expressed in either planarian ASCs or their
descendants. Altogether, our findings establish S. mediterranea as a powerful experimental
paradigm for the adult, in vivo study of the population dynamics of tissue stem cells during
both normal physiological cell turnover and injury induced regeneration.
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RESULTS
Transcriptional profiles uncover specific genes affected by irradiation

γ-irradiation of planarians results in rapid and selective elimination of neoblasts (Reddien and
Sánchez Alvarado, 2004). One day after exposure to radiation, expression of smedwi-1 (Figure
1A) and mitotic activity (Figure 1D) become undetectable (Figure 1B, E). Also, no recovery
of mitotic activity or neoblasts is seen by day 7 after irradiation (Figure 1C, F), yet animals
appear morphologically normal and gene expression in differentiated tissues is
indistinguishable from wild type (Figure S1). The specific deleterious effects of irradiation on
neoblasts allowed us to hypothesize that genes downregulated by 24 hours after irradiation are
likely specific to planarian ASCs or newly formed division progeny, while those with
downregulated expression by day 7 but not at day 1 are likely associated with either the
descendents of neoblasts or with terminally differentiated tissues undergoing turnover during
this time period. To identify genes associated with planarian ASCs and their descendents, we
generated a cDNA microarray containing 3,435 S. mediterranea ESTs from two different
cDNA libraries (Sánchez Alvarado et al., 2002) and determined expression profiles of wild
type and irradiated animals at both day 1 (+D1) and day 7 (+D7) after irradiation (see Table
S1 for experimental design).

Using Significance Analysis of Microarrays (SAM) (Tusher et al., 2001), we identified 92
genes that were statistically at least two-fold downregulated in both the +D1 and +D7 datasets
over all biological replicates (n≥3) (Figure 1G). Of the differentially expressed set of genes,
66 are predicted to encode proteins with homologs in other organisms. While these genes
encompass a wide variety of biological processes, they are nevertheless enriched in genes
involved in translation, RNA processing, and remodeling of chromatin (Figure 1G).
Importantly, among the downregulated genes are smedwi-1 and Smed-bruno-like-1, genes
known to be specifically expressed in planarian ASCs (Guo et al., 2006; Reddien et al.,
2005b). We also identified another class of 167 genes that showed no change in expression 1
day after irradiation, but were significantly downregulated 7 days later (Figure 1H). Of these,
112 genes code for proteins with homologs in other organisms. In contrast to the +D1 dataset,
30% of these genes are involved in energy production and metabolism. We also identified 40
genes that were significantly upregulated by day 7 after radiation exposure. These include a
conserved growth factor (granulin) and a Delta/Notch signaling component (mindbomb).
(Microarray datasets available as Supplemental Data).

To test the significance of the expression profile datasets, we selected 30 genes for further
analysis based on the kinetics and severity of downregulation (+D1, n=21; +D7, n=9) (Table
1 and Figure S2). Our goal was to identify markers of many different radiation-sensitive cell
types; therefore, we gave priority to genes with presumptive functions in regulating stem cell
biology, such as cell proliferation, RNA binding, chromatin modification, protein synthesis,
and also genes that may signify changes in metabolism or energy production as a cell
differentiates. Our list included novel genes as well. We conclude from these experiments that
the microarray analyses of wild type and irradiated animals uncovered genes with reproducible
temporal downregulation profiles likely associated with distinct types of irradiation-sensitive
cells, such as neoblasts and their division progeny.

Genes downregulated after irradiation are expressed in planarian ASCs and in discrete
subsets of non-dividing cells

We examined the expression patterns of the 30 irradiation-sensitive genes selected by whole-
mount in situ hybridization (WISH). Interestingly, the expression patterns could be catalogued
into four distinct categories (Figure 2A–D and S3; Table 1). All transcripts of genes in Category
1 (n=13) were absent anterior to the photoreceptors and from the pharynx, but detected in small
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discrete cells throughout the animal (Figure 2A, S3) (Newmark and Sánchez Alvarado,
2000). This expression pattern is indistinguishable from that of smedwi-1 or Smed-bruno-
like-1, known markers of planarian ASCs (Guo et al., 2006; Reddien et al., 2005b). Consistent
with expression in dividing ASCs, the homologs of three genes in Category 1 are known to be
involved in regulating proliferation in mammalian cells (Smed-RRM2-1, Smed-prohibitin-1,
and Smed-pp32a-1) (Duxbury et al., 2004; Engstrom et al., 1985; Kutney et al., 2004; Nuell
et al., 1991; Seo et al., 2002; Wang et al., 1999). Not all Category 1 genes are directly involved
in cell cycle progression, as some are predicted to code for chromatin remodeling (Smed-Cbx-1
and Smed-HDAC-1) and nucleic acid binding (Smed-PAIRBP-1 and Smed-THOC4-1) proteins.
The in situ hybridization data suggest that genes in Category 1 have an expression pattern that
defines planarian ASCs.

Category 2 contained two novel genes, Smed-NB.21.11e and Smed-NB.32.1g, with
downregulated expression 24hr post-irradiation (+D1 dataset), and expressed in cells that are
present slightly anterior to the photoreceptors (Figure 2B, S3). Because there are no mitotically
active cells anterior to the photoreceptors (Figure 1D), these genes likely mark a population of
post-mitotic cells. Category 3 genes (n=8) are downregulated by day 7 after irradiation
exposure and are expressed in small cells that are closer to the animal margin than the cells
labeled by Category 2 genes, suggesting that Category 3 genes mark a cell type distinct from
that defined by Category 2 genes (Figure 2C, Figure S3). Interestingly, the cells labeled by
Categories 2 and 3 genes have increasingly peripheral expression domains, and because the
division progeny of neoblasts are known to migrate through these areas (Newmark and Sánchez
Alvarado, 2000; Reddien et al., 2005b), may represent cells in distinct stages of differentiation.
Category 4 is composed of genes absent from the pharynx, but expressed throughout the whole
animal (n=7) (Figure 2D, Figure S3). Their detection as downregulated genes in the microarray
experiments is likely the result of expression in dividing cells combined with any net loss of
differentiated cells to turnover in the week following irradiation. Because of their broad
expression pattern, Category 4 genes are unlikely to be specific markers for neoblasts or their
direct progeny and we did not study them further.

To determine if transcripts from Categories 1 through 3 were either expressed in the same or
different cells, we used double fluorescent in situ hybridization (FISH) and focused our
analyses on the anterior-most region of the animal. Minimal, if any, overlap was observed
between the Category 1 planarian ASC marker smedwi-1 and genes in Categories 2 and 3 (4.7
±0.6% and 2.8±0.9%, respectively; n=4 animals, ≥760 cells) (Figure 2E–G, Figure S4, and
supplemental movies 1, 2). Moreover, inspection of mitotic ASCs with an antibody against the
phosphorylated form of histone H3 (H3P; Figure 1D) revealed that less than 1% of these cells
expressed Category 2 (0.07±0.07% for Smed-NB.21.11e) or Category 3 (0.06±0.05% for Smed-
AGAT-1) markers (n=5 animals, ≥1231 cells) (Figure S5). In contrast, co-expression of
Category 2 and 3 genes was apparent in some cells. 44±6.8% of cells expressing the Category
2 gene Smed-NB.21.11e expressed low levels of the Category 3 gene Smed-AGAT-1 (n=8
animals, ≥1894 cells) (Figure 2I–K, supplemental movie 3). However, nearly 70% (68.3±3.5%)
of cells expressing Smed-AGAT-1 were negative for Smed-NB.21.11e, suggesting that Category
2 expression represents a transition state before progression to a Category 3 state. Additionally,
while ASCs were found deep in the mesenchyme (Figure 2H), cells expressing Category 2 or
Category 3 genes were present in a more superficial location below the basement membrane
(Figure 2L). While patterns of gene expression define the distinct categories, we found subtle
differences in expression from genes within the same category (Figure 2M–P), reflecting a
previously unappreciated level of heterogeneity and cellular complexity. This was most evident
for genes in Category 3, which vary in the amount of overlap (Figure 2O–P), suggesting cells
in the same location of the animal can differ in their gene expression. We conclude from these
data that Category 1 represents genes specifically expressed in mesenchymal ASCs, while
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genes in Categories 2 and 3 label distinct subsets of post-mitotic cells that occupy the periphery
of the animal along the anteroposterior and dorsoventral axes (see Figure 6A for diagram).

The defined molecular markers reveal heterogeneity in isolated irradiation-sensitive cells
Fluorescence activated cell sorting (FACS) can be used to isolate two populations of
irradiation-sensitive planarian cells (i.e., X1 and X2) that differ in their DNA content (Figure
3A) (Hayashi et al., 2006; Reddien et al., 2005b). Because little is known about the
heterogeneity within these populations or how these isolated cells relate to studies performed
in vivo, we used genes from the different expression categories representing markers of ASCs
and post-mitotic cells to examine the composition of the irradiation-sensitive cell populations.
First, we used quantitative RT-PCR (qRT-PCR) and in situ hybridization to examine the
expression of the different category markers within the isolated irradiation-sensitive cells
(Figure 3B and Table S2). Genes in Category 1 showed a high level of expression in the X1
fraction of cells with ≥2N DNA content, with the percentage of cells that expressed each marker
varying from 30–80%. We also detected low expression levels of Category 1 genes within 23–
44% cells of the X2 population, suggesting the ASCs observed in the whole animal are present
in both irradiation-sensitive cell populations. Category 2 and 3 markers of post-mitotic cells
were also expressed in the X2 irradiation-sensitive cells (8.5% and 12%, respectively), yet
absent from the X1 population. The FISH experiments demonstrated little overlap in expression
between the category markers in the whole animal, indicating that the X2 irradiation-sensitive
cell population contains a mix of ASCs and at least two post-mitotic cell types.

To determine if the observed heterogeneity within the isolated irradiation-sensitive cells could
be attributed to cell cycle status, we examined the cell cycle profile and kinetics of BrdU
incorporation for both the irradiation-sensitive (X1 and X2) and irradiation insensitive (Xins)
FACS populations (Figure 3C, D). Consistent with increased Hoechst fluorescence suggesting
greater than 2N DNA content, the X1 cell population encompassed a large portion of cycling
cells, with 19.6±5% in S and 74.7±7.5% in G2/M (Figure 3C). In contrast, the X2 and
irradiation-insensitive Xins populations are mainly comprised of non-cycling (G0/G1) cells
(75.2±2.5% and 81.63±7.9%, respectively). Consistently, the X1 cells were also the first to
incorporate BrdU (Figure 3D). Eight hours after a single pulse of BrdU was delivered to the
whole animal, 49±0.8% of cells in the X1 fraction were labeled (Figure 3D). In contrast, only
4±2% of the X2 and 7±3% of the Xins cells had detectable levels of BrdU labeling (Figure
3D). By 18 hours the percentage of labeled X2 cells increased to 22.5±5.4% (p<0.03), while
no increase was detected in the Xins fraction (Figure 3D). Four days after BrdU administration
the percentage of labeled X1 cells significantly decreased to 27±4.6% (p<0.01) and the amount
in the X2 fraction remained constant (18.9±3.7%). Our results conclusively demonstrate that
the cycling ASCs in the X1 fraction can give rise to a portion of the cells in the X2 population.
Our data also indicates that the isolated cell populations are not of sufficient purity to address
whether the BrdU positive cells in the X2 fraction represent ASCs re-entering the cell cycle or
their post-mitotic progeny on a path to differentiation. Therefore, we performed BrdU lineage
tracing and gene expression analyses in vivo to resolve the lineage relationships that must exist
between ASCs and their committed descendents.

Neoblast progeny express Category 2 and 3 genes at distinct spatial and temporal points
during in vivo differentiation

Our data show that genes in Categories 1, 2 and 3 are downregulated at different times after
irradiation (Table 1 and Figure S6) and are expressed in discrete subsets of irradiation-sensitive
cells with increasing superficial and peripheral expression domains (Figure 2 and Figure 3B,
Table S2). To determine if the persistence of gene expression after irradiation corresponded
with the location of the cell in the animal, we performed WISH time courses using a
representative gene from each of the three categories. Consistent with a rapid loss of dividing
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ASCs after exposure to irradiation, the expression of the Category 1 gene Smed-Cbx-1
disappeared within 24hrs after irradiation (Figure 4A). In contrast, the expression of the
Category 2 gene Smed-NB.21.11e transcript did not disappear until day 2 (Figure 4B), while
transcripts of the Category 3 gene Smed-AGAT-1 persisted until days 3–4 (Figure 4C).
Interestingly, the temporal order of downregulation correlated with the spatial distribution of
these transcripts in the animal: the more peripheral the location of the cell, the longer the gene
expression persisted after irradiation.

To test whether genes in Categories 1 through 3 reflected the order of gene expression during
the transition from neoblast to post-mitotic progeny, we labeled dividing cells in vivo with a
single pulse of BrdU followed by detection of the expression of representative genes from
Categories 1, 2, and 3 at different time points. Eight hours after administration of BrdU, 99.3
±0.5% of cells that had incorporated the thymidine analog expressed the Category 1 ASC
marker smedwi-1 (n=6 animals, 736/741 cells) (Figure 4D). In contrast, less than 1% of cells
expressing Smed-NB.21.11e or Smed-AGAT-1 were double labeled by BrdU at this time (n=4
animals, 3/1582 cells; n=5 animals, 6/1682 cells, respectively) (Figure 4E, F, S7). By the
second day after administration of the BrdU pulse, only 30.2±4.2% of BrdU positive cells
expressed smedwi-1 (n=5 animals, 419/1385 cells). In contrast, the progeny of the dividing
cells had migrated slightly anterior to the photoreceptors, where they no longer expressed
smedwi-1, but instead expressed the Category 2 marker Smed-NB.21.11e (Figure 4G, H). The
anterior migration corresponded to an increase in the number of BrdU positive cells that
expressed Category 2 and 3 markers (Figure S7). Four days after BrdU administration, BrdU
labeled post-mitotic progeny have migrated further toward the anterior margin, where an
increased number expressed the Category 3 marker Smed-AGAT-1 (Figure 4J–L and S7). These
data indicate that the progeny of neoblasts express distinct genes at defined temporal and spatial
points during differentiation.

Injury to planarians such as amputation triggers a burst of neoblast proliferation (Baguña,
1976; Newmark and Sánchez Alvarado, 2000; Reddien et al., 2005a) that results in the
formation of the regeneration blastema (Hori, 1991, 1997). To test whether the lineage observed
during homeostasis is maintained during regeneration, we labeled dividing ASCs with a pulse
of BrdU and investigated differentiation events following amputation. Neoblasts accumulated
at the wound site 24 hours after amputation (Figure 5A, C). Four days later, BrdU-positive
cells were concentrated in the cephalic blastema (Figure 5D), yet this area is devoid of
proliferation, indicated by the absence of H3P staining and Smed-PCNA expression (Figure
5B, F). Consistent with their distribution under normal homeostatic conditions, the cells
expressing the Smed-NB.21.11e and Smed-AGAT-1 were strongly enriched in the new tissue
lacking mitotic activity (Figure 5G–I). Post-mitotic BrdU-positive cells in the new blastema
tissue expressed Smed-NB.21.11e (Figure 5E), confirming that the descendents of the dividing
ASCs contribute to the formation of new tissue after amputation. Additionally, we observe that
Category 2 and 3 expression domains have been re-established by day 4 (Figure 5I). In sum,
we conclude that a defined lineage from stem cell to committed post-mitotic neoblast progeny
exists both during normal tissue homeostasis and during regeneration.

DISCUSSION
Adult planarians provide a unique way to study the mechanisms used by ASCs to generate the
appropriate number and types of differentiated cells lost during cell turnover and amputation.
Because little was known about the molecular changes that occur during commitment of stem
cells in this organism, we identified and characterized a set of genes associated with ASCs and
their earliest descendents. The new panel of molecular markers uncovered in this study provides
a way to monitor distinct subsets of cells in vivo, allowing us to begin to address the complex
population dynamics that occur during homeostasis and injury repair. Moreover, we define a
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lineage of committed ASC descendents by changes in gene expression during migration and
differentiation. Our results significantly expand on earlier expression analysis of irradiated
animals from a related planaria species (Rossi et al., 2007), and provide the most
comprehensive gene expression survey of planarian ASCs and their committed progeny to
date.

Identification of genes expressed in planarian stem cells and their post-mitotic descendents
Comparing expression profiles of planarians at different times after irradiation yielded a
valuable list of genes associated with stem cells and their division progeny. The irradiation-
sensitive genes examined in this study produced three general categories of expression patterns
that can be used to distinguish between ASCs and subsets of their post-mitotic descendents
(Figure 6A). These data validate the microarray results and provide new insight into the cellular
complexity of the planarian stem cell compartment. Our results suggest that the 92 genes with
downregulated expression 24hrs after irradiation (13 of which are also affected by radiation in
related planarian species; Rossi et al., 2007) are largely associated with the ASCs and warrant
further study. Given that many of the proteins coded by the identified genes have homologs in
other organisms, these studies are likely to provide valuable insights into the mechanisms
regulating metazoan stem cells.

What allows planarian ASCs to maintain an undifferentiated state in the adult organism?
Studies of stem cells in other organisms suggest that one such mechanism may be the ability
to modify the chromatin state within the cell (Molofsky et al., 2005; Xi and Xie, 2005). Post-
translational modifications occur on the tails of histones to control the accessibility of
transcription and other regulatory factors to certain genes (Jenuwein and Allis, 2001).
Therefore, it is thought that molecules which can modify chromatin state may be enriched in
stem cell populations to maintain their potential. In this study, we identified several different
chromatin modifying factors expressed in neoblasts, including Smed-Cbx-1 (Chromobox),
Smed-HDAC-1, and Smed-HMGB-1, -2. Interestingly, the mammalian homolog of HDAC has
been reported to form specific repressive transcriptional complexes with known regulators of
potential in embryonic stem cells (Liang et al., 2008). RNAi of Smed-HDAC-1 and Smed-
Cbx-1 produced a phenotype that mimics the effects of irradiation, indicating these molecules
regulate neoblast function (Reddien et al., 2005a). The identification of this class of molecules
in planarian ASCs, combined with the ability to perturb their expression in the adult, sets the
stage for the in vivo study of how specific chromatin modifications direct stem cell potential
during cell turnover and regeneration.

Irradiation sensitive cell populations in planarians are molecularly heterogeneous
After exposure to irradiation, two populations of cells which differ in DNA content (X1 and
X2) are ablated resulting in an inability of planarians to maintain homeostasis and/or generate
new tissues after amputation (Hayashi et al., 2006; Higuchi et al., 2007; Higuchi and Levin,
2007; Reddien et al., 2005b). Previous work demonstrated that 96% of X1 cells express the
conserved cell division protein Cyclin B (Reddien et al., 2005b), supporting our flow cytometry
cell cycle findings (Figure 3C) showing this population to be highly enriched in actively
dividing cells (94% S/G2M). Our data also show that 49±0.8% of the X1 cells incorporate
BrdU by 8hr and suggest that planarian ASCs enter the cell cycle at a rapid rate (Figure 3D).
These results are consistent with previous measurements of cell cycle entry and fraction of
labeled mitosis (FLM) experiments which demonstrated that at any given time ~2% of
neoblasts enter the cell cycle and ~50% of the mitoses are labeled after 7hr (Newmark and
Sánchez Alvarado, 2000). Quantitative-RTPCR analysis of X1 cells showed high levels of
expression of Category 1 ASC markers, and combined with BrdU analyses, demonstrates that
isolated X1 cells are the dividing ASCs observed in the whole animal.
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Little is known about the FACS-defined X2 population of irradiation-sensitive cells. We
dissected the composition of the X2 population using markers for distinct subsets of irradiation-
sensitive cells defined in vivo, providing the first molecular characterization of cells that
previously could only be described based solely on morphological attributes (Higuchi et al.,
2007; Hori, 1982; Hyman, 1951). Our data demonstrate that the X2 population is
heterogeneous, containing a mix of stem cells and at least two distinct subpopulations of post-
mitotic progeny. Interestingly, the percentage of irradiation-sensitive cells expressing each of
the stem cell markers varied (Table S2). Further characterization will be required to determine
if the molecular variation detected in the X2 population reflects changes in expression during
exit and re-entry to the cell cycle, or whether subsets of ASCs expressing different
combinations of genes and possibly varied differentiation potentials may exist.

Given the large degree of cell and molecular heterogeneity uncovered in the irradiation-
sensitive cell populations, the lineage relationships of the FACS-isolated cell populations
remain difficult to address. Our data clearly show that a portion of the cells in the X2 population
is derived from the dividing X1 ASCs. These results are consistent with the observed reduction
in X2 cells after experimental elimination of the X1 population (Oviedo and Levin, 2007).
Because we observed both stem cells and post-mitotic cells in the X2 population, it was not
possible to determine whether the BrdU-labeled cells represent ASCs about to re-enter the cell
cycle or their differentiating progeny. These results demonstrate that FACS criteria and gene
expression of isolated cells alone are not adequate to establish lineage relationships between
planarian ASCs and their division progeny.

The in vivo lineage relationships of three molecularly defined cell populations
The lack of markers for discrete cell types and a defined lineage in planaria have limited
attempts to address fundamental questions about the molecular changes that occur in neoblasts
and their division progeny during the process of cell turnover and regeneration. By identifying
irradiation-sensitive genes and observing their expression pattern in the whole animal, we
resolved at least three distinct types of cells with increasingly peripheral expression domains.
We established their lineage relationships by combining BrdU pulse experiments with the
detection of gene expression during cell turnover and regeneration. Previous BrdU pulse
experiments demonstrated that over time it is possible to observe both the labeled post-mitotic
progeny of neoblasts and their migration to the anterior region of the animal (Newmark and
Sánchez Alvarado, 2000; Reddien et al., 2005b). Our data support a model whereby the in
vivo transition from cycling ASC to a non-dividing progeny during cell turnover is
accompanied by changes in gene expression that occur at specific times and locations during
migration (Figure 6B). We show that ASCs labeled at an early time point after a pulse of BrdU
are present posterior to the photoreceptors and express Category 1 markers. Around day two
after the single BrdU pulse, the early fate of one lineage of ASC descendents is defined by
expression of the Category 2 markers. The fourth day after the pulse the labeled ASC
descendents have migrated further toward the periphery and express the Category 3 marker
Smed-AGAT-1. Interestingly, expression of Smed-NB.21.11e appears to be transitory, as the
number of BrdU positive cells that express the Category 3 marker continued to increase by day
4, suggesting the progeny sequentially express Category 2 and 3 markers during differentiation
and migration. Future experiments will determine if all progeny must transition through a
Category 2 state to become Category 3 or if these cell types represent distinct lineages (Figure
6B).

The panel of markers defined in this study allowed us to determine the contribution of either
neoblasts or their descendents to the formation of new tissue during regeneration (Figure 6C).
The ability to monitor gene expression within labeled ASC descendents after injury provided
us with a new level of resolution to describe the molecular events used to generate the
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“regenerative cells” observed by ultrastructural morphology in the blastema tissue (Hori,
1982, 1997). Our data suggest that changes in gene expression specify different cell types
during the migration of ASC descendents from the pre-existing tissue to the newly made post-
mitotic tissue. While the expression domains of the post-mitotic progeny are modeled as
mutually exclusive, it is possible that progeny transition through differentiation phases more
rapidly after a stimulus such as amputation.

Many of the lineage markers identified are also required for neoblast function
The in situ and lineage analyses allowed us to associate known RNAi phenotypes with
expression in subsets of undifferentiated, irradiation-sensitive cells. Consistent with prior
findings, several genes in Category 1 are known to play key roles in neoblast function (e.g.,
Smed-HDAC-1, Smed-Cbx-1 and Smed-Bruno-like-1) (Reddien et al., 2005a; Guo et al.,
2006). RNAi of other genes in this category such as Smed-RRM2, which is expressed in 30%
of the isolated dividing ASCs, prevented continued homeostasis or the formation of new tissue
after amputation (Table S3). In mammals, RRM2 is specifically expressed in S phase
(Engstrom et al., 1985), and is required for cell cycle progression (Duxbury et al., 2004; Kittler
et al., 2004), suggesting Smed-RRM2 is a functional regulator of planarian ASCs entering the
cell cycle. In contrast, the Category 3 gene Smed-AGAT-1 is expressed in differentiating ASC
descendents and is necessary for tissue maintenance and formation of new tissue during
regeneration (Reddien et al., 2005a). L-arginine:glycine amidinotransferase (AGAT) is
required for in the synthesis of creatine (Braissant et al., 2005), which plays important roles in
the interconversion of ATP and ADP to maintain adequate energy levels (Lee et al., 1998).
Interestingly, upregulation of enzymes necessary for creatine synthesis has been associated
with the ability to regenerate damaged skeletal muscles in the dystrophin-mutant mdx mouse
(McClure et al., 2007; Nakayama et al., 2004). The committed ASC descendents expressing
Smed-AGAT-1 are present near the musculature and nervous system (Figure S8), placing them
in a privileged position to provide creatine to cells and tissues that normally use large amounts
of this molecule, but do not synthesize it, i.e., muscle and CNS (Lee et al., 1998). Using distinct
types of committed descendents to synthesize and secrete creatine may provide the planarian
with an advantage during periods with large swings in energy consumption, such as during
regeneration and prolonged starvation.

Conclusion
The molecular characterization of planarian stem cells and their descendents reported here
demonstrates the feasibility of carrying out complex lineage analyses of a collectively
totipotent ASC population. These studies are important for uncovering conserved biological
properties underpinning the regulation of stem cell populations in adult animals, and pave the
way for a systematic elucidation of how neoblasts are able to generate derivatives of all three
germ layers, including the germ line. Future studies will expand the collection of irradiation-
sensitive genes through both the use of genome-wide microarrays and the systematic silencing
of their functions using RNAi to further increase the number and resolution of lineage markers,
as well as to identify key regulatory molecules dictating cell fate decisions of the planarian
ASCs. Altogether, our results establish S. mediterranea as a model system for in vivo studies
of lineage and cell population dynamics of adult stem cells during tissue homeostasis and
regeneration.

EXPERIMENTAL PROCEDURES
Exposure to gamma-irradiation

Asexual clonal line CIW4 of S. mediterranea were maintained and used as described (Gurley
et al., 2008; Reddien et al., 2005a). Planarians were exposed to 100 Gray (Gy) of gamma-
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irradiation using a J.L. Shepherd and Associates model 30, 6,000 Ci Cs137 instrument at
approximately 5.90 Gy/min (17min).

cDNA microarray experiments
Microarray data sets have been deposited into the Gene Omnibus Database (accession number
GSE11503) and uploaded into the Schmidtea mediterranea Genome Database (SmedGD), a
searchable database (http://smedgd.neuro.utah.edu) containing all available data associated
with the planarian genome, including predicted and annotated genes, ESTs, protein
homologies, gene expression patterns, and RNAi phenotypes (Robb et al., 2007).

Whole-mount in situ hybridization
Animals were fixed and processed as previously reported (Gurley et al., 2008) and automated
whole-mount in situ hybridization experiments were performed as described (Sánchez
Alvarado et al., 2002). PCNA sequence accession number: EU856391

Immunostaining
Immunostaining with anti-phosphohistone H3 (H3P) was performed as previously reported
(Reddien et al., 2005a).

BrdU experiments
BrdU (Molecular Probes) was injected (3–5 injections of 300nl 10mg/ml) or fed (5mg/mL) in
liver paste to animals (Newmark and Sánchez Alvarado, 2000; Reddien et al., 2005b).

Flow Cytometry
Dissociation of planarians into single cells, cellular labeling, and isolation of FACS-sorted
cells were performed as described previously (Reddien et al., 2005b).

Quantitative Real Time RT-PCR
Reverse transcription reactions were carried out with total RNA isolated from FACS-sorted
cells using the reverse transcription portion of the qRT-PCR kit (Superscript III Platinum Two-
Step qRT-PCR; Invitrogen, Carlsbad, CA) to produce cDNA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of genes affected by irradiation
smedwi-1 in situ hybridizations in (A) wild-type, (B) 24hrs, and (C) 7 day post-irradiated
animals. Antiphosphohistone H3 (H3P) immunostaining in (D) wild-type, (E) 24hrs and (F) 7
day post-irradiated animals. (G–H) Hierarchical clustering of genes downregulated by
irradiation (WT n=3; +D1, +D7 n=4) (see text for details). Heat map signal values range from
2 to −2, Log Base 2. (G) ESTs permanently downregulated 24 hours post-irradiation (n=92).
(H) ESTs not affected 24 hours after irradiation, but significantly downregulated 7 days post-
irradiation (n=167) (150 shown). Number of unique genes and corresponding Gene Ontology
Function Category are shown. Scale bars (A–F): 200µm. Day 1: +D1; Day 7: +D7.
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Figure 2. Spatial distribution defines gene expression categories in the whole animal
Thirty genes were screened by whole-mount in situ hybridization yielding four distinct gene
expression patterns (see S3). Representative results shown in A–D. Insets indicate left anterior
region of each animal, an area normally devoid of dividing cells. Anterior is to the left. Asterisks
mark photoreceptors. White dot marks pharynx in A–D. (E–P) Single confocal sections of
double fluorescent in situ hybridizations. (E–H) Category 1 (Smed-piwi-1) and 2 (Smed-NB.
21.11e). (I–L) Category 2 (Smed-NB.21.11e) and 3 (Smed-AGAT-1). (H and L) Single slice
confocal images of 10µm thick transverse sections counterstained with Hoechst. Dotted line
demarcates basement membrane, dorsal is up. Insets mark amputation plane in whole animal.
(M) Category 1 genes Smed-piwi-1 (green) and Smed-Cbx-1 (magenta); (N) Category 2 genes
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Smed-NB.21.11e (green) and Smed-NB.32.1g (magenta); (O) Category 3 genes Smed-
AGAT-1 (green) and Smed-Ras-related (magenta); (P) Category 3 genes Smed-MCP-1 (green)
and Smed-AGAT-1 (magenta). Scale Bars in A–D: 200µm; E–G, I–K: 100µm; H and L: 50
µm; M–P: 200µm.
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Figure 3. Molecular Analyses of FACS-purified irradiation-sensitive cells
(A) Wild type (WT) and irradiated planarian (+D7) flow cytometry (Hoechst/Calcein).
Populations X1 and X2 disappear after irradiation. Xins designates the irradiation insensitive
population. (B) Quantitative RT-PCR of X1, X2 and Xins cells. Blue, green, and red circles
represent Category 1, 2, and 3 genes, respectively. Gene expression levels are relative to the
ubiquitously expressed GAPDH. (C) Flow cytometric cell cycle profile of sorted X1, X2 and
Xins populations stained with propidium iodide. Percentages of cells within each phase of the
cell cycle are shown (n=6). (D) BrdU incorporation into X1, X2 and Xins populations at defined
times after BrdU administration by feeding. Error bars are SEM. Student’s t-test was used for
statistical comparisons to 8hr time point (*p<0.03, **p<0.01).
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Figure 4. Changes in gene expression at defined spatial and temporal boundaries during tissue
homeostasis
Anterior portion of the animal is shown. (A–C) Genes from Categories 1 (Smed-Cbx-1), 2
(Smed-NB.21.11e), and 3 (Smed-AGAT-1) disappear at different rates after exposure to
irradiation as visualized by whole-mount in situ hybridization. (D–L) Single pulse of BrdU
delivered by feeding combined with in situ hybridization of Categories 1, 2 and 3 genes as
indicated. Single slice confocal images with gene expression in red and BrdU staining in green
at 8 hours (D–F), 2 days (G–I), and 4 days (J–L). Arrowheads indicate double positive cells.
Asterisks mark the photoreceptors. Scale Bars in A–C: 200µm; D–L: 100µm.
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Figure 5. Lineage determination and population dynamics during anterior regeneration
(A–G) Anterior blastemas of trunk fragments after amputation. Red dashed line marks
amputation plane. Anti-phosphohistone H3 (H3P) immunostaining at 1 (A) and 4 days (B)
after amputation. Injection of a single pulse of BrdU followed by amputation 18 hours later,
and fixed at 1 (C) and 4 days (D) after amputation. (E) Single confocal slice image of
simultaneously labeled BrdU nuclei (green) and Smed-NB.21.11e positive cells (magenta) in
the blastema. Arrowheads show coincident staining. (F–I) Gene expression for Smed-PCNA
(F), Smed-NB.21.11e (G), Smed-AGAT-1 (H), and Smed-NB.21.11e (magenta) and Smed-
AGAT-1 (green) (I) in regeneration blastemas 4 days post-amputation. Image in (I) is a single
confocal slice of only the regeneration blastema. Scale Bars in A–D, F–I: 100µm; E: 50 µm.

Eisenhoffer et al. Page 19

Cell Stem Cell. Author manuscript; available in PMC 2009 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Planarian ASCs and their descendents
(A) Distribution of expression patterns observed for Category 1, 2, and 3 genes. Representative
genes for each category are listed. (B) Lineage determination in planarian ASCs. Three
different scenarios for changes in gene expression during migration are depicted. (C)
Population dynamics of ASCs and descendents during regeneration. Proliferating ASCs are
restricted to the area below the amputation plane, and give rise to descendents which migrate
into the blastema tissue and differentiate into the appropriate cell types. Dashed red line:
amputation plane.
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Table 1
Summary of expression dynamics from radiation-sensitive genes identified by microarrays
Letters H and NB under EST ID refer to Head- and Neoblast-enriched cDNA libraries. Alphanumerical code refers to
96-well plate coordinates. Gene Name refers to homology with proteins encoded in genomes of other organisms
(BLASTP, E≤10−6). +D1 and +D7 are time points after irradiation in which downregulated expression was measured
by cDNA microarrays. (UC=unchanged).

Microarray WISH

EST ID GENE NAME +D1 +D7 Expression Category

H.2.12c Piwi-like protein 1 (SMEDWI-1) down down 1
H.39.11e Ribonucleoside-diphosphate reductase subunit M2

(RRM2)
down down 1

H.56.5g Bruno-like protein 1 (BRUNOL-1) down down 1
NB.19.5f Sam68-like mammalian protein 1 (SLM-1) down down 1
H.48.9h Acidic leucine-rich nuclear phosphoprotein 32 family

member A (pp32a)
down down 1

H.50.4d High mobility group protein-1 (HMG-1) down down 1
H.22.5f High mobility group protein-2 (HMG- 2) down down 1
NB.15.8c Chromobox protein homolog (Cbx) down down 1
H.9.4h Histone deacetylase-1 (HD1) down down 1
NB.32.8d Prohibitin (PHB) down down 1
H.8.11d mRNA export factor THO complex subunit 4

(THOC4)
down down 1

H.33.12d Plasminogen activator inhibitor 1 RNA-binding
protein (PAIRBP)

down down 1

NB.10.4b Elongation factor Tu (EF-TU) down down 1

NB.21.11e Novel down down 2
NB.32.1g Novel down down 2

NB.8.8b L- arginine:glycine amidinotransferase (AGAT-1) UC down 3
H.56.4h L- arginine:glycine amidinotransferase (AGAT-2) UC down 3
NB.2.5d L- arginine:glycine amidinotransferase (AGAT-3) UC down 3
H.18.4a Ras-related protein family member 10B (Ras-related) UC down 3
H.45.8g Mitochondrial carrier protein (MCP) UC down 3
H.63.4c Ornithine Decarboxylase (ODC) UC down 3
H.49.4f Cytochrome p450 1A1 (CYP1A1) UC down 3
NB.52.12f Novel UC down 3

H.18.1b 60S ribosomal protein L21 (RPL21) down down 4
NB.38.10e 60S ribosomal protein L18 (RPL18) down down 4
H.112.11h Transformer-2 protein homolog (TRA-2 alpha) down down 4
H.101.2g Hypothetical Protein down down 4
NB.21.6b Elongation Factor 1 gamma (EF-1 gamma) down down 4
H.96.10c Protein SET (SET/TAF) down down 4
H.21.6h Heat Shock Protein 60 (HSP60) UC down 4
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