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Abstract

Although some animals are capable of regenerating organs, the mechanisms by which this is
achieved are poorly understood. In planarians, pluripotent somatic stem cells called neoblasts
supply new cells for growth, replenish tissues in response to cellular turnover, and regenerate
tissues after injury. For most tissues and organs, however, the spatiotemporal dynamics of stem
cell differentiation and the fate of tissue that existed prior to injury have not been characterized
systematically. Utilizing /n7 vivo imaging and bromodeoxyuridine pulse-chase experiments, we
have analyzed growth and regeneration of the planarian intestine, the organ responsible for
digestion and nutrient distribution. During growth, we observe that new gut branches are added
along the entire anteroposterior axis. We find that new enterocytes differentiate throughout the
intestine rather than in specific growth zones, suggesting that branching morphogenesis is
achieved primarily by remodeling of differentiated intestinal tissues. During regeneration, we also
demonstrate a previously unappreciated degree of intestinal remodeling, in which pre-existing
posterior gut tissue contributes extensively to the newly formed anterior gut, and vice versa. By
contrast to growing animals, differentiation of new intestinal cells occurs at preferential locations,
including within newly generated tissue (the blastema), and along pre-existing intestinal branches
undergoing remodeling. Our results indicate that growth and regeneration of the planarian
intestine are achieved by coordinated differentiation of stem cells and the remodeling of pre-
existing tissues. Elucidation of the mechanisms by which these processes are integrated will be
critical for understanding organogenesis in a post-embryonic context.
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Introduction

How regenerating animals rebuild organs in a post-embryonic context is not well
understood. Although many organisms can renew tissues homeostatically in response to
normal cellular turnover or minor damage, only some animals are capable of repairing or
even completely replacing organs after more serious injury (Poss, 2010). Gastrointestinal
organs exemplify this range of regenerative abilities. In many animals, epithelial cells lining
the digestive tract turn over rapidly, and are replaced by resident somatic stem cells (Casali
and Batlle, 2009; Faro et al., 2009; Illa-Bochaca and Montuenga, 2006; Ishizuya-Oka, 2007;
van der Flier and Clevers, 2009). In response to insults such as irradiation or cytotoxic
damage, these stem cells can increase their rates of proliferation and differentiation in order
to regenerate the digestive epithelium, for example, in the small intestine of mouse (Potten,
1992; Potten et al., 1997) and the midgut of Drosgphila melanogaster (Amcheslavsky et al.,
2009; Chatterjee and Ip, 2009; Jiang et al., 2009).

Many animals are capable of much more extensive repair or even replacement of their
gastrointestinal tracts. For example, some amphibians can recover from complete transection
of the intestine, restoring the integrity of the intestinal tract and full functionality within 1-2
months (Goodchild, 1956; O'Steen, 1958; O'Steen, 1959; O'Steen and Walker, 1962). Even
more impressively, other organisms can regenerate part or all of their digestive systems after
spontaneous evisceration (sea cucumbers), amputation (the ascidian Polyandrocarpa
misakiensis), or during asexual reproduction (the annelids Enchytraeus japonensis and
Pristina leidyi) (Garcia-Arraras et al., 1998; Kaneko et al., 2010; Mashanov and Dolmatov,
2001; Shukalyuk and Dolmatov, 2001; Takeo et al., 2008; Zattara and Bely, 2011). Despite
the obvious biomedical implications of understanding such regenerative feats, the cellular
and molecular mechanisms underlying animals' abilities to achieve such dramatic de novo
organogenesis are almost completely uncharacterized.

Freshwater planarians can also regenerate tissues in response to nearly any type of
amputation (Reddien and Sanchez Alvarado, 2004), and are thus ideally suited for
investigating organ regeneration. Planarians' regenerative prowess is conferred in part by a
population of pluripotent somatic stem cells called neoblasts that give rise to missing tissues
and organs after injury (Newmark and Séanchez Alvarado, 2002). In the last decade,
planarians have become more tractable experimental models owing to the introduction of
cellular, molecular, and genomic technologies (Forsthoefel and Newmark, 2009; Newmark
and Sanchez Alvarado, 2002; Robb et al., 2008). In planarians, as in many regenerating
animals, two distinct events occur after amputation (Brockes and Kumar, 2008; Gurley and
Séanchez Alvarado, 2008; Newmark and Sanchez Alvarado, 2002; Poss, 2010). First, new
tissue (called a regeneration blastema) is generated by the proliferation and differentiation of
neoblasts. Second, old tissue remodels and integrates with newly produced cells to complete
the restoration of morphology and function.

Both processes occur in planarians (Reddien and Sanchez Alvarado, 2004), but have not
been rigorously analyzed at the level of individual organs. For example, although the
dynamics of neoblast proliferation in response to feeding and injury have been documented
(Bagufa, 1974; Bagufia, 1976a; Bagufia, 1976b; Bagufia and Romero, 1981; Newmark and
Sanchez Alvarado, 2000; Salo and Bagufa, 1984; Wenemoser and Reddien, 2010),
spatiotemporal analyses of neoblast differentiation have only been conducted for a limited
number of cell types (Eisenhoffer et al., 2008; Newmark and Sanchez Alvarado, 2000;
Reddien et al., 2005; Sakai et al., 2002). Similarly, remodeling has not been studied
extensively. After amputation, apoptosis occurs to reduce overall cell numbers as polarity
and symmetry of small tissue fragments are restored (Pellettieri et al., 2009). Furthermore,
there is some evidence that organs such as the intestine can reorganize after amputation
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(Gurley et al., 2010; Morgan, 1902). However, systematic experiments examining the
contribution of pre-injury tissue to regenerating organs have been lacking, due in part to a
lack of techniques for labeling and monitoring differentiated cells over extended time
periods after injury.

In this study, we examine the spatiotemporal dynamics of differentiation and remodeling
during growth and regeneration of the planarian intestine. The intestine is responsible for
digestion of ingested food,; its highly branched morphology is thought to facilitate body-
wide distribution of metabolites, serving part of the role that vasculature serves in higher
organisms (Brgndsted, 1969). Cells of the intestinal epithelium, or gastrodermis, are
organized into a single columnar layer surrounded by a basal lamina and enteric muscles
(Bueno et al., 1997; Garcia-Corrales and Gamo, 1986; Garcia-Corrales and Gamo, 1988;
Kobayashi et al., 1998; Orii et al., 2002). Histological analyses suggest the existence of only
two intestinal cell types — absorptive phagocytes that engulf food particles for intracellular
digestion, and secretory goblet cells that release digestive enzymes into the lumen (Bowen,
1980; Bowen et al., 1974; Garcia-Corrales and Gamo, 1986; Garcia-Corrales and Gamo,
1988; Ishii, 1965). Decades of ultrastructural and physiological studies have characterized
the role of these cells during digestion and nutrient storage (Bowen, 1980; Bowen et al.,
1974; Garcia-Corrales and Gamo, 1986; Garcia-Corrales and Gamo, 1988; Ishii, 1965).
However, in contrast to other organs such as the central nervous system (Cebria, 2007), and
aside from several studies of axial polarity (Adell et al., 2009; Cebria et al., 2007; Gurley et
al., 2010; Gurley et al., 2008; Iglesias et al., 2008; Nogi and Levin, 2005; Oviedo et al.,
2010), the intestine has received limited attention during developmental studies of growth
and regeneration. Here, we characterize these processes in the planarian Schmidtea
mediiterranea, utilizing in vivoimaging and bromodeoxyuridine pulse-chase experiments.
Our work suggests that differentiation and remodeling are coordinated during intestinal
morphogenesis, and that future studies of the intestine will be broadly informative in
unraveling the mechanisms by which non-resident stem cells can be recruited and integrated
with pre-existing structures to achieve organogenesis in a post-embryonic context.

Materials and Methods

Animal maintenance and care

Asexual Schmidtea mediterranea (clonal line CIW4) were maintained as described (Cebria
and Newmark, 2005). Unless otherwise noted, animals 3-6 mm in length were starved for at
least seven days prior to amputation and/or fixation in all experiments.

In situ hybridization

Animals were fixed and whole-mount in situ hybridizations on Carnoy's-fixed samples were
conducted as described (Umesono et al., 1997), with the exception that signal:noise was
improved with ethanol treatment (Pearson et al., 2009). Antisense riboprobe was synthesized
using a cofilin-like EST (PLO30005A10G01, GenBank ID: DN290811) as the template
(Zayas et al., 2005).

Dextran feeding

A 1:3 (liver:water) homogenate (83 p.L) and 2% ultra-low melting point agarose (15 p.L,
Sigma) were mixed with 2 pL (1 mg/mL) 10,000 MW dextrans conjugated to Alexa 546
(Molecular Probes), spotted onto Petri dishes and allowed to solidify on ice. For growth
experiments, animals were fed dextrans 1-2 days prior to imaging, and otherwise regular
pureed calf liver every 2-3 days. Analysis of branching morphogenesis was limited to
animals that grew during the course of the experiment. For regeneration time courses,
animals were fed 2-3 times over 5-6 days, amputated 2 days after the last feeding and
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imaged periodically. Regenerates were fed Alexa 488-conjugated dextrans 10 days after
amputation and imaged again two days later. For irradiation experiments, animals were fed
dextrans 2-3 times, gamma irradiated 24 h later with 30 Gy as described (Guo et al., 2006),
and amputated one day later.

Phosphotyrosine/muscle double immunofluorescence

Intact and regenerating samples were killed for 3 min in ice cold 2% HCI, fixed for 1-2 hr in
methacarn (6:3:1 methanol:chloroform:acetic acid), rinsed for 15 minutes in — 20°C
methanol, and bleached O/N in 6% H,05 in methanol. After rehydration to PBTx (1x PBS +
0.3% Triton X-100), samples were blocked O/N in blocking buffer (0.6% BSA/0.45% fish
gelatin/PBTx), then incubated sequentially in a fortuitously discovered rabbit preimmune
serum that labels planarian enteric and body wall muscles (“rabbit anti-muscle,” 1:500, F.
Cebria and T. Guo, unpublished), goat anti-rabbit 568 (1:1000, Molecular Probes), mouse
anti-phosphotyrosine (1:500, Cell Signaling), and goat anti-mouse 488 (1:400, Molecular
Probes) with 6-8 PBTx washes over 8 hr followed by O/N reblocking between antibodies.

BrdU labeling and detection

Animals were fed 5-Bromo-2’-deoxyuridine (Sigma) blended with a 1:3 (liver:water)
homogenate at a final concentration of 2-2.5 mg/mL as described (Newmark and Sanchez
Alvarado, 2000), with the exception that the final concentration of ultra-low melting point
agarose (Sigma) was reduced to 0.3%. For whole-mount labeling, animals were Killed in ice-
cold 2% HCI for 30 sec to 1 min, fixed in methacarn for 2 hr, rinsed for 15 minutes in —20°C
methanol, then bleached overnight (12-15 hours) in 6% H»05 in methanol. 3% H,0, was
used for 24 hr & 48 hr chases, since overbleaching at these time points negatively affected
BrdU signal detection and animal integrity. Following rehydration, animals were treated
with 2N HCI for 5-15 minutes, quenched in 0.1 M borax for 2 minutes, rinsed in PBTx, then
incubated in blocking buffer (above) for 2-4 hr. The following antibodies were used: mouse
anti-BrdU (1:25, BD Biosciences); rabbit anti-muscle (above, 1:500); goat anti-mouse HRP
(1:100, Invitrogen); and goat anti-rabbit Alexa 546 (1:1000, Molecular Probes). Antibody
incubations were conducted overnight, followed by 6-8 PBTx washes over 8 hr the
following day. Tyramide signal amplification (1:1500 FITC-tyramide plus 0.006% H,0O- for
10 min in PBS+.01% Tween-20) to detect BrdU was conducted as described (Pearson et al.,
2009).

For cryosections, animals were fixed in methacarn as above, but then rehydrated without
bleaching and transferred to 30% sucrose in PBTx%, embedded in Tissue Freezing Medium
(TBS), and cryosectioned at 20 wm. When not processed immediately, animals were stored
in sucrose at 4°C or slides were stored at —80°C; storage by either method for up to 3 months
did not affect BrdU detection efficiency (not shown). After cryosectioning, embedding
medium was removed and slides were rehydrated with three 10 min incubations in deionized
water. In order to detect muscles on unbleached specimens, antigen retrieval (AR) was
performed by treating slides in 20 mM sodium citrate (pH 6.0) at 100°C for 10 min in a
microwave, and allowed to cool to room temperature. We found that BrdU detection was
possible after AR alone, but was improved by brief denaturation with 2 N HCI for 2 min,
followed by a 2 min neutralization in 0.1 M borax. After equilibration in PBTx, slides were
blocked for 30 min, incubated in primary antibodies diluted as above in blocking buffer for
2 hr at room temperature, washed 4 times for 10 min each in PBTx, incubated in secondary
antibodies and DAPI (1 pg/pL) in blocking buffer for 1 hr at room temperature, and washed
again. TSA was conducted on slides, as above, with 10 min development. Specimens were
mounted in Vectashield (Vector Labs) and imaged.
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Imaging and image processing

Results

BrdU-labeled samples, cryosections, and phosphotyrosine/muscle-labeled regenerates were
imaged using a Zeiss LSM 710 confocal microscope running ZEN 2009, or on a Nikon
Eclipse TE200 inverted epifluorescent scope with a MicroFIRE camera (Optronics) and
Picture Frame v2.3. Whole-mount ISH samples were imaged with a Leica M205A running
LAS 3.6.0. Living, dextran-fed animals and regenerates were imaged using a Zeiss SteREO
Lumar.V12. Short (30 second) movies of animals were captured using the multi-dimensional
time lapse module in AxioVision 4.6.3; the best individual frames (in which animals were
well extended to see gut branches) were used in figures. Images were processed using
ImageJ 1.40g and Adobe Photoshop CS4.

Live imaging reveals intestinal branching morphogenesis in growing planarians

Planarians grow by the addition of cells, rather than an increase in cell size (Bagufia and
Romero, 1981; Newmark and Sanchez Alvarado, 2002). However, while the modulation of
cell number and proportion has been documented for dissociated planarian tissues, whole
organism studies of alterations in organ morphology and complexity as cell number
increases have been rare (Oviedo et al., 2003; Takeda et al., 2009). Accordingly, we initiated
our studies of the intestine in growing animals.

The planarian intestine is comprised of a single anterior and two posterior primary branches,
from which secondary, tertiary, and quaternary branches ramify toward the lateral margins
of the animal (Figs. 1A-C). The digestive systems of large planarians possess more intestinal
branches and occupy greater area (proportional to animal size) than small animals (von
Bertalanffy, 1940). However, detailed characterization of the addition of intestinal branches
has not been conducted. One reason is that immunohistochemical methods (Figs. 1B, C) and
other approaches (Pearson et al., 2009; von Bertalanffy, 1940) require fixation, and do not
allow linear studies of morphological changes in living, individual animals over time.

Accordingly, we took advantage of the fact that intestinal phagocytes (the planarian
absorptive intestinal epithelial cell) will retain pigments, dyes, and other molecules for
extended periods of time after feeding, allowing the visualization of the digestive system /in
vivo (Hyman, 1925; Lin, 1931; Morgan, 1900; Salo and Bagufia, 1985). In our experiments,
we fed animals periodically with fluorescently conjugated dextrans, enabling
straightforward imaging of intestinal branches in living planarians (Figs. 1A and 2A).
Between dextran feedings, we fed animals every 2-3 days to promote growth over a month-
long time course.

As expected, primary and secondary branches elongated in growing animals, proportional to
overall animal size (Figs. 2A-D, Supplementary Table 1). In addition, new intestinal
branches were elaborated by a number of distinct processes. The type of branching
morphogenesis observed varied depending on anteroposterior location. For example, in the
tail, new secondary branches emerged de novo from the lateral surfaces of posterior primary
branches (Figs. 2B-D), in a process similar to “budding” or “side branching” observed
during branching morphogenesis in other organisms (Andrew and Ewald, 2010). In the
anterior of the animal, however, secondary branches often appeared by the “splitting” or
“unzipping” of tertiary branches, which gradually migrated more medially to the primary
anterior branch, becoming new secondary branches (Figs. 2E-G). Alternatively, new
secondary branches also arose by “anteriorization,” in which branches from peripharyngeal
regions of posterior branches were displaced over time to more anterior positions (Figs. 2H-
J). Tertiary branches were generated throughout the animal by either branching from the
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sides of secondary branches, or by bifurcation at the tips of secondary branches (Figs. 2B-
G).

Intestinal cells do not divide

Given that intestinal branches elongate and new branches are formed in growing animals,
we next sought to identify the source of this new tissue. In vertebrates and some
invertebrates, the intestinal epithelium is continuously renewed by resident, lineage-
restricted stem cells (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Radtke
and Clevers, 2005). In planarians, however, all existing data suggest that proliferating
somatic cells do not reside within differentiated tissues (Bagufia and Romero, 1981;
Eisenhoffer et al., 2008; Guo et al., 2006; Newmark and Sanchez Alvarado, 2000; Orii et al.,
2005; Palakodeti et al., 2008; Reddien et al., 2005; Rossi et al., 2006; Rossi et al., 2007;
Salvetti et al., 2000; Salvetti et al., 2005).

We formally verified that this was the case for the intestine. The layer of enteric muscles
that surrounds the intestine serves to delineate the boundary between the intestinal
epithelium and adjacent mesenchymal tissue (Figs. 1 and 3). In intact, uninjured planarians,
mitotic neoblasts can be labeled with a marker that recognizes phosphorylation of histone
H3 on serine 10 (anti-phospho-histone-H3-Ser10) (Newmark and Sanchez Alvarado, 2000).
Using this marker, we find that mitotic cells are found in the mesenchyme and are often
closely associated with the enteric muscles (Figs. 3A, D). However, cycling cells are never
found on the lumenal side of the muscle boundary (Figs. 3A, D). We further assessed
proliferation after feeding, when mitoses increase several-fold over a 24- to 48-hour period
(Figs. 3A-C) (Bagufia, 1974; Bagufia, 1976a; Bagufia and Romero, 1981). Again, dividing
cells were not observed within the intestine proper, suggesting that there are no quiescent
enterocytes that divide in response to nutritional stimuli (Figs. 3E, F).

Neoblasts differentiate into intestinal epithelial cells

To establish that intestinal epithelial cells (IECs) are the descendants of planarian stem cells,
we labeled S-phase neoblasts by feeding planarians the thymidine analog
bromodeoxyuridine (BrdU) (Newmark and Sanchez Alvarado, 2000). BrdU-positive cells
are not observed on the lumenal side of the enteric muscle boundary up to 24 hours after the
initial pulse (Figs. 4A-B, E-F), further demonstrating that intestinal cells do not actively
cycle. Over the course of three to five days, however, BrdU-positive IECs appear in all
intestinal branches, and along all polar axes (Figs. 4C-D, G-J, and Supplemental Fig. 1).
These data are consistent with previous studies in which BrdU initially labels only neoblasts,
based on morphological and molecular characterization (Eisenhoffer et al., 2008; Newmark
and Sanchez Alvarado, 2000). Additionally, our observations reinforce the idea that
neoblasts are the sole source of differentiated somatic cells. Interestingly, IECs differentiate
uniformly along mediolateral, dorsoventral, and antero-posterior axes (Figs. 4G, H, and
Supplemental Figs. 1C, D). We do not, for example, observe elevated numbers of BrdU-
positive cells at the tips of primary, secondary, or tertiary branches (Supplemental Figs. 1C-
F). Thus, new cells integrate uniformly throughout the intestine, suggesting that gut
branches increase in length and that branching morphogenesis occurs by orchestrated
remodeling of differentiated tissue, not by the birth of new cells at specific growth zones.

Planarians regenerate intestinal polarity 5-7 days after amputation

In addition to adding new intestinal branches during growth, planarians must also regenerate
their digestive system after injury. To characterize the spatial and temporal dynamics of
intestinal regeneration we analyzed the re-establishment of intestinal morphology in head,
trunk, and tail fragments. Using whole-mount in situ hybridization (WISH) (Umesono et al.,
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1997), we visualized intestinal morphology with an intestine-specific riboprobe, Smed-
cofilin (Fig. 5) (Zayas et al., 2005).

In anterior (head) fragments regenerating a new tail (Figs. 5B-G), within five days after
injury new posterior branches have begun to project around the regenerating pharynx (Figs.
5B-D). Initially, these posterior branches are quite short, relative to total animal length, but
over time, they lengthen as proper symmetry and proportion are restored (Figs. 5E-G).
Additionally, at later time points (11-15 days), secondary branches begin to extend laterally
from new posterior primary branches (Figs. 5F-G). Accompanying the elaboration of new
posterior branches, the pharynx elongates and becomes located more centrally as
regeneration proceeds (Figs. 5D-F).

In trunk (pharyngeal) fragments (Figs. 5H-M), anterior and posterior intestinal branches are
present after injury, but their length is disproportionately short (Fig. 5H). Beginning around
seven days after amputation, these branches grow and extend distally, continuing to lengthen
through 15 days of regeneration (Figs. 5K-M). Growth of anterior and posterior branches is
accompanied by a gradual reduction in proportional size of the pharynx, a morphological
change that is achieved in part by apoptosis (Pellettieri et al., 2009).

In posterior (tail) fragments regenerating a new head (Figs. 5N-S), by five days after
amputation, anterior regions of formerly posterior branches begin to converge towards the
midline in front of the regenerating pharynx, which develops more centrally in tail
fragments than it does in head fragments (Fig. 5P). In addition, midway along the AP axis,
primary intestinal branches shift laterally to accommodate the new pharyngeal cavity (Figs.
5P-Q). By seven days of regeneration, the re-establishment of anterior intestinal morphology
has progressed considerably, although gaps are clearly visible in the primary branch (Fig.
5Q). Often, two weeks or more are required for the resolution of a single anterior primary
branch (Fig. 5S).

We characterized intestinal regeneration further using immunofluorescence to detect two
additional markers (Supplemental Fig. 2): phosphotyrosine, which localizes at the apical
surface of IECs, effectively marking the intestinal lumen (Fig. 1C) (Cebria et al., 2007; Guo
et al., 2006); and the layer of enteric muscles surrounding all intestinal branches (Fig. 1B).
Anti-phosphotyrosine labels the lumen of regenerating branches at the earliest stages of their
morphogenesis and throughout regeneration (e.g. in early tail fragments, Supplemental Fig.
2J), while re-establishment of the enteric muscle layer occurs at later time points. As in our
initial analysis (Fig. 5), restoration of intestinal polarity visualized by these markers
occurred by approximately five days in head and tail fragments (Supplemental Figs. 2B, K).
In trunk fragments, gradual elongation of anterior and posterior branches occurred through
at least seven days (Supplemental Figs. 2D-1).

Thus, in anterior and posterior fragments, gross anteroposterior intestinal morphology (i.e.,
the presence of both a single anterior primary branch and two posterior primary branches) is
restored five to seven days after injury. In all three fragments, gradual remodeling and
growth of these branches occurs over time, completing the restoration of normal proportion
and symmetry.

Differentiated intestinal tissues remodel during regeneration

After amputation, small planarian fragments reorganize their bodies considerably to re-
establish proportion and symmetry (Fig. 5) (Morgan, 1898; Reddien and Sanchez Alvarado,
2004). T. H. Morgan introduced the term “morphallaxis” to describe this process of
transformation of “old” tissue that occurs at a distance from the plane of amputation
(Morgan, 1898; Morgan, 1901). However, the degree to which this phenomenon involves

Dev Biol. Author manuscript; available in PMC 2012 November 06.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Forsthoefel et al.

Page 8

the reorganization of old tissue as opposed to cell loss coordinated with differentiation of
new tissue is largely unknown. This lack of understanding at the level of specific organs and
tissues is due in part to a paucity of methods for clearly monitoring the position of cells that
had already differentiated prior to injury. To address this issue, we again took advantage of
the fact that intestinal phagocytes retain ingested fluorescent dextrans (Fig. 1A). By feeding
dextrans prior to amputation, we were able to observe morphological changes to intestinal
tissue in living regenerates over a time course (Fig. 6).

Dextran-labeled intestinal branches reorganize extensively along mediolateral and
anteroposterior axes, contributing significantly to the regenerating intestine. In general, the
timing of morphological changes is similar, or slightly earlier than what was observed
during in situ and immunofluorescent analysis. For example, in anterior (head) fragments
regenerating their tails (Figs. 6B-G), we found that three to five days after amputation,
labeled intestinal branches begin to project posteriorly around the regenerating pharynx
(Figs. 6C-E). Eight to 11 days after injury, branches projecting around the pharynx and the
anterior portions of posterior branches still fluoresce, suggesting a significant contribution of
labeled, pre-existing cells to the restored peripharyngeal and posterior intestine (Figs. 6F,
G). In trunk (pharyngeal) regenerates that must develop both a new head and tail, anterior
and posterior intestinal branches undergo gradual elongation (Figs. 6H-M). In posterior (tail)
fragments regenerating a new head (Figs. 6N-S), the anterior regions of formerly posterior
branches coalesce at the midline, eventually merging to reconstitute the primary anterior
branch, along with secondary and tertiary branches that project laterally (Figs. 6R-S).

In analysis of multiple specimens, we noticed there was animal-to-animal variability in the
remodeling of pre-existing tissue. For example, in some head fragments, red fluorescence
extended farther towards the tail in either the left or right posterior branch (Supplementary
Figs. 3A-b"), and the posterior extent of the contribution of pre-injury IECs varied as well
(Supplementary Figs. 3C-d"). As early as day three in some tail fragments, branches could be
observed extending across the midline (Supplementary Figs. 3E-¢"); by day five, most
fragments had initiated midline fusion of anterior branches (Supplementary Figs. 3F-1).
Additionally, at five days the number of these projections across the midline varied from
zero to three (Supplementary Figs. 2F-1). Thus, although differentiated tissue always
remodels and contributes to regenerating intestinal branches, the timing and precise
dynamics of these morphological changes vary from animal to animal.

At later regeneration time points, fluorescence was barely detectable in branches closest to
and within the blastema. To define more precisely the location of old (preamputation) and
new intestinal cells, we fed animals two different dextran conjugates. Alexa 546-conjugated
dextrans (red) were fed to animals prior to amputation, followed by Alexa 488-conjugated
dextrans (green) after 10 days, when the pharynx and nervous system had completely
regenerated, allowing animals once again to detect and ingest food. This two-colored
labeling strategy allowed visualization of intestinal cells that existed prior to injury (red), as
well as all functional intestinal branches, including newly differentiated intestinal cells
(green) that had not taken up red dextrans (Figs. 7A-F). While most regions of the intestine
were labeled by both dextrans, in regions close to the original plane of injury and within the
blastema, intestinal branches fluoresced only in the green channel (Figs. 7a'-f"). We conclude
that these branches within the blastema (labeled in green only) are comprised of recently
differentiated phagocytes, while branches in pre-existing tissue more distant from the plane
of amputation (those labeled in red and green) contain IECs that had differentiated and were
labeled prior to amputation.

We also found that remodeling of pre-existing branches requires neoblasts. lonizing
irradiation selectively ablates the neoblasts, blocking the production of a blastema after
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amputation due to the absence of proliferating cells (Bregndsted, 1969). In animals that have
been irradiated prior to amputation, remodeling of dextran-labeled intestinal tissue is either
severely delayed (Supplemental Figs. 4C, ¢' and Supplemental Figs. 4G, g"), or is completely
blocked (Supplemental Figs. S4D, d' and Supplemental Figs. 4H-h") in both anterior and
posterior fragments. Our results provide /n vivo confirmation of independently conducted
experiments in which, despite the appropriate reestablishment of axial polarity cues in
irradiated animals, intestinal reorganization does not occur in tail pieces analyzed by FISH
(Gurley et al., 2010).

During regeneration neoblasts differentiate into IECs within the blastema and in
remodeling branches

To verify that amputation does not stimulate cell division by otherwise quiescent
enterocytes, we assessed proliferation in regenerates two and five days after amputation. In
these experiments, we did not observe phosphohistone-H3-positive cells within the enteric
muscle boundary in regenerates, either at the tips of severed (Supplemental Figs. 5A, B) or
elongating (Supplemental Fig. 5C) intestinal branches, or in regions of remodeling
(Supplemental Fig. 5D). These data suggest that during regeneration, as in intact and
recently fed animals (Fig. 3), new intestinal cells arise as the progeny of neoblasts.

In order to determine the spatial pattern of intestinal cell differentiation during regeneration,
we fed BrdU to uninjured planarians, labeling S-phase neoblasts. Animals were then
amputated and the location of BrdU-positive intestinal cells (i.e. BrdU-positive neoblast
progeny) was assessed in histological sections of regenerating head and tail fragments (Figs.
8 and 9). At three days after amputation, BrdU-positive cells are found primarily at the distal
tips of severed branches within the partially restored enteric muscle boundary (Figs. 8A, B
and 8E-H). In five day regenerates, IEC differentiation is more widespread, occurring
preferentially in new branches within and near the blastema, but also in regions where
dextran labeling experiments showed a significant degree of remodeling by IECs that
existed prior to amputation (Figs. 6 and 7). For example, in head fragments these sites
include new posterior branches (Figs. 8C and I-J), but also more anterior regions where the
intestine must re-establish continuity with the regenerating pharynx (Figs. 8C and K-L). In
tail fragments, new IECs differentiated at locations where new branches projected across the
anterior midline (Figs. 8M, N and Supplemental Fig. 6A), and along the medial wall of
branches on either side of the regenerating pharynx (Supplemental Fig. 6B).

In order to quantitatively analyze differentiation, we assessed BrdU-labeling indices in head
and tail regenerates at seven days after amputation, a time point at which the three primary
intestinal branches (i.e., anteroposterior polarity) have been restored (Fig. 5). In head
fragments regenerating their tails, recently regenerated posterior intestinal branches contain
over twice as many BrdU-positive nuclei (24.0%, n = 6 sections from 2 animals, 716 cells)
than in more anterior (i.e. pre-existing) branches (10.1%, n = 8 sections from 2 animals,
2152 cells) (Figs. 9A-E). In tail fragments regenerating their heads, a similar increase in
differentiation is observed in regenerating tissue. In anterior branches, twice as many nuclei
are BrdU-positive (14.4%, n = 4 sections from 2 animals, 1305 cells) as in posterior (pre-
existing) branches (7.3%, n = 5 sections from 2 animals, 1582 cells) that did not undergo
significant remodeling during regeneration (Figs. 9F-J). These data correlate with our
dextran labeling experiments, in which branches closest to the plane of amputation retain the
lowest levels of fluorescence (Fig. 7).

Intriguingly, in both anterior and posterior regenerates, differentiation is also moderately
elevated in peripharyngeal branches (i.e., posterior branches that project around both sides
of the regenerating pharynx) located at a considerable distance from the plane of
amputation. For example, in head fragments, 12.9% (n = 4 sections from 2 animals, 1430
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cells) of cells in peripharyngeal branches were BrdU positive. In tail fragments, 10.4% (n =
6 sections from 2 animals, 1158 cells) peripharyngeal IECs were BrdU positive. Thus,
although dextran labeling experiments (Figs. 6 and 7) suggest a significant contribution of
pre-existing IECs to peripharyngeal branches, differentiation of new intestinal cells occurs at
a higher frequency during regeneration of these regions of the intestine as well. Taken
together, our data indicate that during regeneration, neoblasts differentiate into new
intestinal cells not only within intestinal branches that form entirely within the blastema (e.g.
posterior branches in head regenerates), but also in regions of the intestine that remodel
within pre-injury tissue at some distance from the blastema.

Discussion

Planarians possess a population of pluripotent somatic stem cells (the neoblasts) that are
distributed throughout the body. As such, these animals offer a unique opportunity to
understand how non-resident stem cells respond to traumatic injury and rebuild organs
postembryonically, a phenomenon that is not well understood in regenerating organisms.
However, the dynamics of stem cell differentiation, and the integration of new cells with
tissue that existed prior to injury, have not been well characterized at a cellular level.

In this investigation, we have investigated these processes (differentiation and remodeling)
in the context of growth and regeneration of the planarian intestine. In growing animals, we
have found that intestinal cells differentiate uniformly along all intestinal branches, and that
new gut branches are elaborated by the remodeling of differentiated tissue. By contrast, after
injury, differentiation of new intestinal cells is spatially restricted, occurring both within the
blastema, but also wherever intestinal branches remodel to restore intestinal polarity and
integrate with regenerating organs such as the pharynx. Remodeling is similarly restricted,
occurring in regions where missing intestinal branches must be re-established; however,
differentiated enterocytes that existed prior to injury do not contribute significantly to new
branches within the blastema. In regions far from the plane of amputation, for example in
the posterior gut branches of tail fragments, both remodeling and differentiation are
minimal.

Over one hundred years ago, Thomas Hunt Morgan introduced the concepts “epimorphosis”
(generation of new tissue by proliferation) and “morphallaxis” (remodeling of pre-existing
tissue without proliferation at the plane of amputation) to characterize regeneration in
planarians and other organisms (Morgan, 1898; Morgan, 1901; Morgan, 1902). Although the
these terms do not precisely describe events at a cellular level (Agata et al., 2007; Reddien
and Sanchez Alvarado, 2004; Salo and Bagufia, 2002), our observations are nonetheless
broadly consistent with Morgan's descriptions and elucidate these processes further in two
ways. First, we do not observe a significant contribution of pre-existing, differentiated
intestinal tissue to the blastema, supporting the idea that differentiated tissues produced at
the plane of amputation are generated de novo as the progeny of neoblasts (epimorphosis).
Second, our demonstration that intestinal tissue remodels indicates that morphallaxis to re-
establish proportion and symmetry in small tissue fragments is achieved not only by cell loss
(Pellettieri et al., 2009; Reddien and Sanchez Alvarado, 2004) but by orchestrated
reorganization of differentiated cells and increased differentiation in remodeling tissues.

The idea that new tissue is produced not only at the site of injury, but also in other regions of
the body, is not novel; for example, the pharynx often regenerates at some distance from the
blastema (Brgndsted, 1969; Kobayashi et al., 1999; Reddien and S&nchez Alvarado, 2004).
We have demonstrated that new intestinal cells are also produced at sites distant from the
plane of amputation, and suggest that functional integration of new tissue with old occurs
over a wider region of the body than has been previously appreciated, not just at the
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boundary between the blastema and pre-existing structures. Furthermore, because irradiation
to ablate the neoblasts blocks intestinal remodeling, differentiation and remodeling must be
coordinated to re-establish organ morphology within pre-existing tissue.

Neoblasts are the source of new intestinal cells

In most model organisms in which the renewal of intestinal cells has been studied, the gut
epithelium is replenished by lineage-restricted stem cells that reside within the digestive
tract (Crosnier et al., 2006; Faro et al., 2009; Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006). By contrast, we have formally demonstrated that enterocytes do not divide
in uninjured, recently fed, or injured planarians, but rather, that neoblasts differentiate into
intestinal cells under these conditions. Our results are consistent with the fact that mitotic
cells have not been reported in ultrastructural studies of the planarian intestine (Bowen et al.,
1974b; Garcia-Corrales and Gamo, 1988; Ishii, 1965). Furthermore, with few exceptions,
planarian genes expressed by neoblasts are not expressed in the intestine (Eisenhoffer et al.,
2008; Guo et al., 2006; Palakodeti et al., 2008; Reddien et al., 2005; Rossi et al., 2006; Rossi
et al., 2007; Rouhana et al., 2010; Salvetti et al., 2000; Salvetti et al., 2005; Shibata et al.,
1999; Solana et al., 2009).

Thus, in planarians, mesenchymally located neoblasts must commit to intestinal cell fates,
cross a layer of enteric muscles and basement membrane, integrate into the gastrodermal
epithelium, and elaborate the specialized organelles and cytoplasmic volume required for
secretory or absorptive functions (Fig. 10). These morphological differences between
planarians and other organisms raise a number of intriguing questions. How are stem cells
that reside outside of differentiated tissues recruited and instructed to commit to intestinal
cell fates? Does the intestine release cues that promote neoblast lineage restriction and/or
stimulate migration into the intestine proper? Do evolutionarily conserved mechanisms that
regulate intestinal cell differentiation function in planarians? Do these mechanisms differ
depending on whether differentiated cells are produced within the blastema or along pre-
existing gut branches? We address several of these issues in greater detail, below.

First, although lineage-restricted stem cells do not exist in the intestine, do neoblasts whose
fates are restricted to intestinal cell types exist? Mitotic cells are often closely associated
with the intestine. However, these cells are always found on the mesenchymal side of the
enteric muscle boundary, and are not located at stereotypical positions along intestinal
branches. Furthermore, in uninjured animals, differentiation of BrdU-positive intestinal cells
does not occur at any particular axial location. Thus, if lineage-restricted neoblasts exist,
they do not appear to be confined to a stereotypical anatomical region along the digestive
tract. Analyses of gene expression both /7 vivo and of purified neoblasts have revealed
considerable heterogeneity of the stem cell population (Eisenhoffer et al., 2008; Hayashi et
al., 2006; Hayashi et al., 2010; Rossi et al., 2006; Rossi et al., 2007). In almost all cases,
however, data from these investigations suggest that markers of differentiation are expressed
by cells that have exited the cell cycle (Eisenhoffer et al., 2008; Hayashi et al., 2010).
Ultimately, identification of genes expressed during early phases of intestinal cell
differentiation and analysis of co-expression with cell cycle and stem cell markers will be
required to formally rule out the existence of a neoblast population committed to intestinal
cell fates.

Second, it will be important to determine the molecular details of intestinal cell fate
commitment and differentiation. In vertebrates and Drosophila, a variety of evolutionarily
conserved signaling pathways regulate the proliferation and differentiation of resident
intestinal stem cells (Casali and Batlle, 2009; Crosnier et al., 2006; van der Flier and
Clevers, 2009). As one example, in mouse, secreted Wnt proteins play a central role in
promoting proliferation of both crypt base columnar cells and transient amplifying cells (van
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der Flier and Clevers, 2009). Additionally, Wnt signaling is crucial for the development of
secretory cell types (Crosnier et al., 2006; van der Flier and Clevers, 2009). In planarians,
Smed-wnt11-2, Smed-Bcatenin-1, and Smed-APC play crucial roles in the determination of
anteroposterior polarity; disruption of expression of these genes by RNAi leads to altered
polarity of the intestine, central nervous system, and other tissues (Adell et al., 2009; Gurley
etal., 2010; Gurley et al., 2008; Iglesias et al., 2008; Petersen and Reddien, 2008). Other
planarian wntgenes are expressed by cells within or near the intestine (Gurley et al., 2010).
However, it is currently unknown whether these genes play additional roles in the promotion
of neoblast proliferation or differentiation into intestinal cells, or whether the intestine
releases other, as-yet unidentified cues to regulate neoblast dynamics.

More generally, it will be important to understand how signaling is regulated in different
contexts, for example, after injury or during growth. For example, in regions where IEC
differentiation is elevated during regeneration (e.g., the severed tips of intestinal branches
and remodeling branches), are factors that influence neoblast cell fate commitment (e.g.,
secreted regulators) simply expressed at higher levels? Or do planarians possess additional
upstream signaling programs that link wound healing and the generation of various cell
types, including IECs? Answers to these questions may be key to understanding why some
organisms are more adept at repairing damage to their digestive tracts than others.

One potential source of regeneration-specific extracellular cues might be apoptotic cells.
Apoptosis is dramatically upregulated near the amputation site in planarians, although
whether enterocytes at the severed ends of gut branches are among these dying cells is not
yet known (Pellettieri et al., 2009). Intriguingly, in amputated planarian tail fragments,
proliferating neoblasts localize antero-dorsally, around the severed tips of intestinal
branches, suggesting that the damaged intestine may in fact have a more general role in the
regulation of neoblast dynamics during regeneration (Wenemoser and Reddien, 2010). The
phenomenon of compensatory proliferation (cell division induced by nearby apoptotic cells)
may be a widespread mechanism during the initiation of regeneration in Hydra, Drosophila,
and other organisms (Bergmann and Steller, 2010; Galliot and Chera, 2010; Martin et al.,
2009). For example, in the midgut of Drosophila, apoptotic cells release cytokines that
promote the proliferation of intestinal stem cells (Amcheslavsky et al., 2009; Jiang et al.,
2009). Likewise, in the mouse intestine, irradiation and cytotoxic damage cause increased
proliferation and replacement of lost cells, although the molecular mechanisms responsible
are currently less well understood (Merritt et al., 1994; Potten, 1992; Potten, 1998; Potten,
2004). Whether similar mechanisms function to promote intestinal regeneration in
planarians remains to be determined.

Branching morphogenesis of the planarian intestine occurs through remodeling of
differentiated cells

We visualized the morphogenesis of new branches /n vivo in both growing and regenerating
animals by labeling differentiated intestinal phagocytes with fluorescently conjugated
dextrans. In growing animals, remodeling of differentiated tissue appears to be the major
mechanism by which new branches are generated, and we observed a number of distinct
modes of branching morphogenesis along the anteroposterior axis. In regenerating animals,
tissue labeled prior to amputation also reorganizes, contributing significantly to new
intestinal branches. We did not detect disassembly or reassembly of branches into individual
cells during regeneration; thus, remodeling would seem to occur at the level of entire
branches.

In organisms across the animal kingdom, a variety of organs depend on the development and
maintenance of tubular structures (Affolter et al., 2009; Andrew and Ewald, 2010). Some of
the modes of branching morphogenesis we describe here resemble those observed in other
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model systems. For example, budding morphogenesis, side branching, and elongation have
been described in the mouse lung, Drosophila trachea, and the mammalian vasculature, to
name just a few (Andrew and Ewald, 2010). Similarly, the medial migration of anterior
tertiary branches in growing animals (which we term “unzipping”) bears some resemblance
to clefting of salivary glands (Andrew and Ewald, 2010). To our knowledge, however, there
is no similar description of anteriorization of peripharyngeal secondary branches (migration
of entire branches along the anteroposterior axis) or remodeling of entire, fully developed
tubular organ systems after amputation.

Branching morphogenesis is often achieved by a combination of collective cell migration,
cellular rearrangement, changes in cell shape, and modulation of cell:cell junctions (Andrew
and Ewald, 2010). Because remodeling can be visualized /n vivo, the planarian intestine
offers a unique opportunity to identify new molecular mechanisms regulating the
morphogenesis of epithelial tubes, and more importantly, to compare these processes in a
variety of contexts including homeostatic maintenance, growth, and regeneration. A number
of molecules (e.g. secreted Wnt and Slit proteins, as well as Innexin-family gap junction
proteins) that regulate anteroposterior and mediolateral polarity in planarians also influence
the regeneration of the three-branched morphology of the intestine (Adell et al., 2009;
Cebria et al., 2007; Gurley et al., 2010; Gurley et al., 2008; Iglesias et al., 2008; Nogi and
Levin, 2005; Oviedo et al., 2010). However, it is unknown whether these signaling pathways
specifically influence remodeling of pre-existing branches, the localized differentiation of
new intestinal cells, or both. Identification of the molecules required for intestinal cells (or
neoblasts) to respond autonomously to these polarity signals is thus one important avenue
for future research.

Intriguingly, we found that irradiation to ablate the neoblasts blocks intestinal remodeling
after amputation. Others have observed a similar severe effect on the reorganization of the
intestine in regenerating tail fragments, despite the appropriate re-establishment of the
expression of anterior-posterior polarity cues such as wrntgenes (Gurley et al., 2010).
However, that study did not distinguish between the production of new intestinal cells and
the remodeling of gut tissue that existed prior to amputation. Our /in7 vivo results explicitly
confirm that reorganization of pre-injury tissue is dependent on the neoblasts.

Why would neoblasts be required for remodeling, which should in theory be able to occur
via cell-autonomous regulation of intestinal cell shape and/or motility? There are several
possibilities, which are not necessarily mutually exclusive. The first is that intestinal
regeneration occurs as a highly coordinated process that requires both reorganization of
differentiated tissue and the birth of new intestinal cells. Some aspects of regeneration may
be primarily dependent on the neoblasts; blocking these events may in turn abolish
remodeling that occurs later. As an example, during earlier stages (around 5 days post
amputation) of regeneration in tail fragments, new intestinal cells are born preferentially at
the midline, where contact between formerly posterior branches must be re-established as a
first step in reconstitution of the primary anterior branch. Perhaps the differentiation of new
IECs at this specific location somehow stimulates and/or is required for later remodeling
events. Second, without the progeny of neoblasts, there may simply not be enough intestinal
tissue to re-establish gut morphology. For example, posterior branches in head fragments
regenerating their tails may not be able to increase in length without the birth of new
intestinal cells. Finally, remodeling of the intestine may be influenced by the neoblast-
dependent regeneration of other tissues such as the central nervous system or pharynx. As
one possibility, intestinal reorganization in head or tail fragments may not be able to proceed
without signals produced by nascent pharynx progenitors. Elucidation of the influence of
other tissues on intestinal remodeling will be required to discriminate between these
possibilities.
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Future perspectives

Recent investigations into the biology of stem cells have informed our understanding of
homeostatic tissue maintenance, degenerative diseases, and cancer (Gurley and Sanchez
Alvarado, 2008; Poss, 2010). However, in most organisms in which stem cell biology has
been studied, regenerative abilities are somewhat limited. An important goal is to understand
why some organisms with stem cells can regenerate their organs, while others cannot. Can
organs be coaxed to regenerate /n7 vivo? Can stem cells be engineered to produce
transplantable tissue ex vivo? As studies of stem cell biology are expanded to organisms
with significantly greater regenerative abilities, it will be critical to determine whether
animals in different phyla accomplish post-embryonic organogenesis using similar
strategies.

In this investigation, we have demonstrated that the planarian intestine will be a useful
model for understanding post-embryonic organogenesis. Our work sets the stage for
characterization of the molecular mechanisms regulating the differentiation of new cells
from a pool of uncommitted, non-resident stem cells, the remodeling of pre-existing tissue,
and the integration of old and new tissue during regenerative organogenesis and tissue
growth. Work in the planarian intestine will complement investigations in other regenerating
organisms (Kaneko et al., 2010; Mashanov et al., 2010; Ortiz-Pineda et al., 2009; Takeo et
al., 2008). In the coming years, these efforts are likely to yield important insights into why
some animals are capable of restoring functioning organs after severe damage, and how
these mechanisms might be harnessed therapeutically.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anatomy of the planarian intestine

(A) Animals were fed Alexa 546-conjugated dextrans (red) to visualize all intestinal
branches. The intestine possesses three primary branches — one anterior and two posterior —
from which secondary and tertiary branches project laterally. These branches meet at a
junction just anterior to the pharynx, the muscular feeding organ through which food enters
the intestine and waste is excreted. (B) Enteric muscles (magenta) surround all intestinal
branches. The anti-muscle antibody also labels pharyngeal and outer body wall muscles. (C)
Anti-phosphotyrosine (green) labels the lumenal surface (specifically apical cell-cell
junctions) of intestinal epithelial cells. B and C are confocal projections. All panels are
dorsal views, with anterior to the left. Scale bars, 500 pm.
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Figure 2. New intestinal branches are added in growing planarians

Animals were fed fluorescent dextrans 1-2 days prior to imaging at 0, 14, and 32 days, and
fed calf liver every 2-3 days routinely between dextran feedings. One of the 11 animals
analyzed is shown. (A) Over the month-long time course, intestinal branches elongated and
animals elaborated new secondary and tertiary branches as they grew. (B-D) In posterior
regions, primary branches (orange) elongate, new secondary branches (yellow, arrows) bud
from the lateral surfaces of primary branches, and tertiary branches (cyan) bud from the
sides of secondary branches. (E-G) In anterior regions, new secondary branches are
generated by an “unzipping” mechanism, during which tertiary branches (long yellow
branch, right, arrows) migrate medially to eventually become new secondary branches
anchored on the primary branch (orange). In addition, new tertiary branches (cyan) appear
by budding from secondary branches. (H-J) New anterior secondary branches are also
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generated by the anteriorization of secondary branches from posterior regions near the
pharynx to positions along the primary anterior branch. Scale bars in A, 500 um. Orange,
primary branches; yellow, secondary branches; cyan, tertiary branches. Anterior is to the left
in all panels.
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Figure 3. Intestinal cellsdo not divide

(A-C) Confocal projections of whole-mount planarians labeled with anti-phospho-histone-
H3-Ser10 (green). In recently fed animals (i.e. 24h or 48h post-feeding (“p.f.”), B and C),
proliferation increases 4-5 fold compared to starved animals (A). (D-F) Epifluorescent
images of representative cross sections, taken from approximate regions indicated by yellow
lines in A-C. Mitotic cells (green) are often closely associated with enteric muscles, but are
never found on the lumenal side of the enteric muscle boundary, even in recently fed
animals (E and F). Anterior is to the left (A-C). Dorsal is to the top (D-F). Scale bars: 500
pm, A-C; 100 um, D-F.
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Figure 4. Neoblasts differentiate into intestinal cellsin uninjured planarians

Animals were fed BrdU, and fixed after 1, 3, or 5 days. (A-D) Whole-mount planarians
imaged confocally; projections of a subset of optical sections are shown. (A-B) At 24h,
BrdU-positive nuclei (green) are found exclusively outside the enteric muscle layer
(magenta) (A-B). (C-D) At 72h, BrdU-positive intestinal cells (neoblast progeny) begin to
differentiate (C-D, yellow arrows). (E-J) Epifluorescent images of sagittal sections taken
near the animal midline. (E-F) At 24h, BrdU-positive nuclei (green) are not found on the
luminal side of the enteric muscle boundary. (G-J) Increasing numbers of intestinal cells
differentiate over the course of 3-5 days. F, H, and J are insets of boxed regions in E, G, and
I, respectively. Anterior is to the top in A-D. Anterior is to the left, dorsal to the top in E-J.
Photoreceptor pigment cups (asterisks) label nonspecifically in A and C. BrdU-positive cells
have also differentiated in the epidermis and pharynx at 3 and 5 days (G and I). Scale bars,
100 pm (A-D), 250 pm (E-J).
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Figure5. Intestinal regeneration

Animals were amputated (A, pink dashed lines), allowed to regenerate, and fixed at the
times indicated. The intestine was visualized with a Smed-cofilin riboprobe. (B-G) Head
fragments. (H-M) Trunk fragments. (N-S) Tail fragments. Boxed regions in D, E, P, and Q
are magnified in insets on the right. Pink asterisks and yellow dashed lines indicate
regenerating pharynges in D-G and P-S. Elongating anterior and posterior branches are
indicated in D and E insets and panel K (pink arrows). Formerly posterior branches fusing to
become the new primary anterior branch are shown in P and Q insets (pink arrows). All
scale bars = 250 pm.
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Figure 6. Intestinal tissue remodels during regeneration

(A) A single animal was fed Alexa 546-conjugated dextrans (red) three times to label
differentiated phagocytes. Animals were then amputated one day after the last feeding
(yellow dashed lines). Living tissue fragments were imaged on subsequent days after cutting
(top panel indicates times). (B-G) Head fragments. Labeled intestinal cells begin to project
posteriorly as early as 3 days post amputation (C), contributing significantly to
peripharyngeal and posterior branches by 11 days (yellow arrows, C, E, and G). (H-M)
Trunk fragments. Anterior and posterior branches gradually elongate over the regeneration
time course (yellow arrows, M). (N-S) Tail fragments. Labeled branches project across the
midline initially at 4-5 days (yellow arrows, P and Q). Anterior branches eventually (R)
coalesce at the midline to reconstitute the primary anterior branch. All scale bars = 500 pm.
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Figure 7. Differentiated intestinal tissuelabeled prior to injury contributes minimally to
regenerated brancheswithin the blastema

As in Figure 6, single animals were fed Alexa 546-conjugated dextrans (red, A, C, and E,
insets in a', ¢'-c”, and e') to label differentiated phagocytes, and then amputated. At 10 days
of regeneration, animals were fed Alexa 488-conjugated dextrans (green, B, D, and F, insets
inb', d-d”, and ') to visualize the entire regenerated intestine. All regenerates were imaged
again at 11 days, one day after being fed green dextrans. (A-B) Head fragments. The most
posterior regions of tail branches within the blastema (a', yellow arrows, compare to b")
fluoresce only weakly in the red channel. (C-D) Pharyngeal fragments. Red fluorescence is
reduced in both anterior and posterior branch tips (c'-c”, yellow arrows, compare to d'-d”).
(E-F) Tail fragments. Red fluorescence intensity is lowest in the anterior-most branches (e’
yellow arrow, compare to f'). Dashed yellow lines in a'-f' delineate the plane of amputation.
All scale bars, 500 pm.
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Figure 8. Differentiation of intestinal cellsat three and five days after amputation

Animals were fed BrdU, amputated 24h later, and allowed to regenerate for the times
indicated. They were then fixed, cryosectioned, and labeled with anti-BrdU (green) and anti-
muscle (magenta) antibodies. (A-D) Schematics of sagittal planes (red lines) examined for
3- and 5- day head and tail regenerates in E-N. Green dots, BrdU-positive nuclei. (E-H) In 3-
day anterior and posterior regenerates, new intestinal cells (arrows, green nuclei within the
yellow boundary, F and H) have differentiated primarily at the severed ends of intestinal
branches. (I-L) In 5-day head regenerates, intestinal cells have differentiated preferentially
within new posterior branches in the blastema (arrows, J) as well as more anteriorly (arrows,
L) where the primary anterior branch integrates with the regenerating pharynx. (M-N) In 5-
day tail regenerates, intestinal cells have differentiated anteriorly, in new branches that are
remodeling and extending across the anterior midline (arrows, N). Anterior is to the left in
all panels. Scale bars, 200 pm.
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Figure 9. Enterocytes differentiate in both new and remodeling intestinal branches

(A and F) Schematics demonstrating the location of cross sections of seven day head (A)
and tail (F) regenerates examined quantitatively (see Results). The average percentage of
BrdU-positive enterocytes within the muscle boundary are indicated. The blastema is shaded
in light green, and locations where differentiation occurs preferentially are represented by
increased numbers of BrdU-positive nuclei (green dots). (BE) Representative sections and
magnifications of anterior (B and C) and posterior (D and E) regions of head regenerates.
Over twice as many intestinal cells have differentiated in posterior branches (E) than in
anterior branches (C). (G-J) Representative sections from tail regenerates. Approximately
twice as many new intestinal cells have differentiated in anterior regions (G and H) than in
posterior branches (I and J). Green, BrdU; magenta, muscle; blue, DAPI. Anterior is to the
top in A and F; dorsal is to the top in all other panels. Scale bars in B, D, G, and I, 100 m.
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Figure 10. Model of intestinal differentiation

Our data indicate that neoblasts (n) must commit to intestinal cell fates, cross the layer of
enteric muscles (red, m) and basal lamina (b), and integrate into the epithelium, eventually
differentiating (d) into either absorptive phagocytes (p) or secretory goblet cells (g). The
precise location at which neoblasts commit to intestinal lineages awaits identification of
early differentiation markers. Orange, phagocytic vacuoles; white, lipid droplets; red,
secretory granules. In contrast to enterocytes in vertebrates and other organisms, planarian
absorptive cells do not possess a microvillar or ‘brush’ border, but do have an elaborate,
infolded basal membrane. Apical is to the top, basal is to the bottom.
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