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1.1. Stem Cells

1.1.1. What are stem cells?

Classically, stem cells are distinguished from other cell types by two important
characteristics. First, they are unspecialized cells that are able to self-renew through cell
division. Second, they can generate differentiated progeny that will fulfill specialized
functions within the organism (Morrison and Spradling, 2008). These stem cell features
emphasize the primary role of adult stem cells in living organisms as they provide a
mechanism for maintenance (tissue homeostasis*) and repair (regeneration) of tissues.
Not surprisingly, they have been described as nature’s gift to multi-cellular organisms
(Fuchs et al., 2004).

However, their responsibility is coupled with the need for a tight control on stem cell
proliferation, in order to maintain appropriate numbers of cells within tissues (DeGregori,
2011). This is exemplified by several medical conditions, such as cancer and some birth
defects, which are directly linked to abnormal cell division and differentiation (Houghton et
al., 2007; lwashita et al., 2003). Therefore, expanding the knowledge on stem cell
proliferation and their transformation into an array of specialized cells, will lead to a better

understanding, and possibly correction, of the errors that cause these medical conditions.

1.1.2. Protection mechanisms in stem cells

Given the life-long importance of adult stem cells, there must exist a mechanism or a
collection of mechanisms to protect the genetic integrity of these cells, thereby avoiding
malignant transformation or premature ageing (Tannenbaum et al., 2005; Park and
Gerson, 2005).

The stem cell niche* has been described to create a protective microenvironment in which
stem cells reside. Within this niche, a diverse gathering of neighboring differentiated cells

secrete and organize a rich milieu of extracellular matrix and other factors, allowing stem

* all terms indicated with an asterisk are explained in the glossary (7.1., p205)
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cells to manifest their unique properties while keeping differentiation programs on hold
(Fuchs et al., 2004). The importance of the stem cell niche is illustrated by experiments, in
which stem cells, when placed in a foreign environment of in vivo tissue, were observed to
differentiate in multicellular tumor masses (Nussbaum et al., 2007).

Besides the protection provided by extrinsic factors, several intrinsic factors have been
described. Stem cells are considered to be equipped with DNA damage response pathways
that trigger DNA repair. This is supported by a number of studies showing that mutations in
mediators of diverse DNA repair pathways, significantly contribute to premature stem cell
depletion (Ito et al., 2004; Rossi et al., 2008 and references therein).

Another intrinsic mechanism for maintaining genome integrity in stem cells was originally
proposed by Cairns (1975) as the ‘Immortal strand hypothesis’. According to this
controversial theory, DNA-strands are non-randomly distributed amongst daughter cells
during asymmetric stem cell division. This allows for the newly synthesized DNA copy,
which might contain de novo mutations, to be segregated to the daughter cell that is
destined to differentiate and eventually will wear off due to normal cell turnover*. The
original DNA-copy on the other hand, is segregated to the other daughter cells which
retains stem cell identity. In this way, the genetic integrity of stem cells is secured. Three
decades after this theory has been proposed, the immortal strand hypothesis still remains
a matter of intense debate (Rando, 2007; Lansdorp, 2007).

Furthermore, cellular quiescence is widely considered to be an essential protective
mechanism within stem cell populations. As new and improved tools become available and
new adult stem cell models emerge, it is becoming increasingly apparent that quiescence is
a frequent feature of stem cell populations (Fuchs, 2009). By reducing the number of cell
divisions, these cells minimize the chance to incorporate mutations into their DNA during
the error-prone process of DNA-synthesis, and furthermore avoid cell exhaustion*
(Sharpless and Depinho, 2007; Orford and Scadden, 2008). Moreover, as quiescent stem
cells appear to be less metabolically active, they may be subjected to lower levels of DNA-
damage-inducing metabolic side products such as reactive oxygen species (ROS) (Rossi et

al., 2005; Kobayashi and Suda, 2012).
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1.1.3. Stem cell dynamics in adult organisms

There can be little dispute that cellular proliferation is one of the most fundamental of
biological processes (Hall and Levison, 1990). Although intrinsic properties of stem cells are
likely to be similar across stem cell populations, proliferation activity and cycling rate are
features that vary considerably (Fuchs, 2009). For example, in mammals, brain and heart
muscle tissue are generally believed to have very little turnover (Fuchs, 2009; Zhang et al.,
2008; Bergmann et al., 2009), whereas other tissues such as epidermis and blood, have a
rapid turnover in steady state (Watt, 2002; Orkin and Zon, 2008). Besides the variation
observed between different stem cell systems, heterogeneity within the system itself must
be considered as well. Stem cell populations, existing of kinetically and/or functionally
distinct subpopulations have been described extensively across a wide range of taxa
(plants: Yanpaisan et al., 1998; hydra: David and Campbell, 1972; Campbell and David,
1974; mammals: Clausen et al., 1986b; Cheshier et al., 1999; Collins et al.,, 2005;
Quesenberry, 2006). For instance, emerging evidence indicates that both quiescent (out of
cell cycle and in a lower metabolic state) and active stem cell subpopulations coexist in
several mammalian tissues (Li and Clevers, 2010, and references therein). These
subpopulations are often considered to be organized in a hierarchical structure, with the
quiescent stem cells (described as ‘true’ stem cells) occupying the top (Greco and Guo,
2010). These ‘true’ stem cells are highly clonogenic (see below), and give rise to a
population of potentially restricted, rapidly dividing precursor cells, the so-called transit
amplifying cells (TACs) (Figure 1.1) (van der Kooy and Weiss, 2000; Passegué et al., 2005;
Alison and Islam, 2009).
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Figure 1.1:

Hypothetical example of a stem cell hierarchy, adapted from (Alison and Islam, 2009). In most renewing
systems a cell hierarchy can be recognized, in which a limited number of self-renewing (flexed arrow) stem cells
give rise to a series of transit amplifying cells (TACs) which, in turn, give rise to terminally differentiated cells.
Usually, the cells at the top of the hierarchic structure demonstrate little proliferative activity and a high
clonogenic potential. Descending in the hierarchy results in increased proliferative activity and decreased

clonogenicity.

Such a hierarchical differentiation scheme makes sense from the perspective of organismal
longevity. It permits the production of large numbers of differentiated cells from a single
stem cell by combining subsequent steps in differentiation with proliferation (Momma et
al., 2000). Indeed, under such conditions, there is a limited proliferative demand on the
self-renewing stem cell at the top of the stem cell population (Sharpless and Depinho,
2007). The importance of cell cycle inactivity for preserving stem cell function is
demonstrated in a number of genetic models in which induced proliferation leads to failure
in the maintenance of long-term repopulating activity (Orford and Scadden, 2008, and
references therein).

From the top to the base layers of the hierarchical structure, proliferation activity of its

occupants increases, while clonogenic potential decreases. The varying clonogenic
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potential of stem cells has classically been described by the following definitions (Jaenisch
and Young, 2008):

4 Totipotent: ability to form all cell types of the body, including those that make up the
extra-embryonic tissues (e.g. blastomeres in early fertilized eggs)

Pluripotent: ability to form all cell types of the body, except those that make up the
extra-embryonic tissues (e.g. embryonic stem cells)

Multipotent: ability to develop into a number of cell types of a closely related family

Clonogenic potential

(e.g. hematopoietic stem cells)

Unipotent: ability to form one single cell type (e.g. spermatogonial stem cells)

Stem cells in adult organisms, so-called adult stem cells (ASCs) or somatic stem cells, 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; Wagers et al., 2002).

To generate cells that constitute tissues and organs, obviously cell division is necessary.
This process occurs through a series of stages that are collectively termed the cell cycle
(Figure 1.2). The cell cycle is a highly ordered process that results in the duplication and
transmission of genetic information from one cell generation to the next (Israels and
Israels, 2001). This cycle comprises the first gap phase (G1-phase), a DNA-synthesis phase
(S-phase), the second gap phase (G2-phase), and the mitosis phase (M-phase). At the G1-
phase, a period of variable duration, the cellular content, excluding the chromosomes, is
duplicated. During the S-phase, DNA-synthesis takes place which results in a doubling of
the genome. The quality of this synthesis is checked and errors are repaired during the G2-
phase. The actual cell division takes place at the M-phase. In addition, a fifth phase (GO-
phase), is described in which quiescent cells reside that are not part of the cell cycle, but
may rejoin the cycling population after having received suitable stimuli (Johnson and
Walker, 1999). In any tissue there are also cells that can no longer divide, thus every cell
population can be divided into a cycling and a non-cycling compartment (Hall and Levison,

1990).
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cycling non-cycling
Figure 1.2:
The cell cycle is a highly ordered process, comprising four phases (green): the first gap phase (G1), the DNA-
synthesis phase (S), the second gap phase (G2), and the mitotic segregation phase (M) during which cells
actually divide. Additionally, in any tissue, non cycling cells are present (blue).Quiescent cells reside in the GO-
phase, from which they may be activated to rejoin the cyclin population after having received suitable stimuli.
Cells which have left the cell cycle permanently are in an non-proliferative state. Adapted from (Hall and

Levison, 1990).

Although several questions remain, large advances have been made in our understanding
of the eukaryotic cell cycle, with the help of a wide range of diverse strategies. Some
examples of such strategies are analysis of ultrastructural changes and varying DNA-
content, the use of antibodies against cell cycle related genes and proteins (e.g.
phosphorylated histon-H3, PCNA*), and incorporation of nucleotide analogs during the
DNA-synthesis phase (e.g. bromodeoxyuridine) (reviewed in Hall and Levison, 1990;
Darzynkiewicz et al., 2011). Such studies have been conducted in a diversity of model
organisms, which has greatly promoted the knowledge of the cell cycle and its regulation.
Furthermore, extensive interplay between research conducted in a wide range of taxa, has
demonstrated modifications of this biological process in response to the specific

environmental challenges of each organism (Jensen et al., 2006). Therefore, model
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organisms in which stem cells can be studied in vivo are particularly well suited to study
how the cell cycle is regulated by both intrinsic signals and environmental cues (e.g. tissue

damage, nutrient deprivation, irradiation).

1.1.4. Stem cell dynamics during regeneration

It is the regenerative capacity of stem cells that accounts for the expanding biomedical
interest in these cells. However the mechanisms by which such cells contribute to tissue
regeneration are not fully defined yet.

Tissue damage, leading to a sudden demand for increased proliferation, places a heavy
burden on stem cell populations. Stem cells must be able to swiftly adjust their
proliferation rate, in order to restore and, once restored, maintain a proper balance in the
tissue they reside in (Fuchs, 2009). A valuable source to meet the need for increased
proliferation, lies within cellular quiescence, which is considered to be a fundamental trait
of many stem cell populations. Indeed, re-entrance of such ‘dormant’ cells into the cell
cycle has been observed in diverse models upon tissue damage (Schultz and McCormick,
1994; Wilson et al., 2008; Li et al., 2010a). The mechanisms that regulate the transition of
GO-arrested cells into the G1-phase of the cell cycle, although not fully understood yet, are
beginning to unravel in several vertebrate stem cell systems (Yusuf and Fruman, 2003;
Dhawan and Rando, 2005). One might imagine that re-activation of quiescent cells involves
increased expression of genes promoting growth. However, there is growing evidence that
quiescence is under active transcriptional control, and therefore relief from inhibitors
stimulates re-entry into the cell cycle (Glynne et al., 2000; Yusuf and Fruman, 2003). Given
the common biology of stem cells in different systems, it has been stated that such
molecules and mechanisms are similar amongst diverse models (Dhawan and Rando,
2005).

Besides re-activation of quiescent stem cells, adjustment of the cell cycle transit time upon
receiving regenerative cues has been demonstrated for stem cells as well. Although the
minimal duration of the S- and M-phase are considered to be relatively fixed, considerable

variance in the duration of both gap-phases has been described upon various changes in
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the environment. For example, a link between feeding and a reduction of the time spent in
G1 and G2, has been demonstrated in freshwater triclad flatworms (further in the text
referred to as ‘Planaria’) and in Hydra, respectively (Kang and Sanchez Alvarado, 2009;
David and Campbell, 1972). During regeneration, a shortening of the G1-phase has been
described in vertebrate models (Ford and Young, 1963; Clausen et al., 1986a).

A third feature that has been demonstrated to account for the plasticity of tissues to
recover from injury is in vivo dedifferentiation of terminally differentiated cells, which
induces the cell to recapitulate earlier stages of development. Dedifferentiation is
extensively described in plants (Fehér et al., 2003; Inzé and De Veylder, 2006) and is
furthermore suggested to occur during regeneration in some vertebrates, such as newts
(Tsai et al., 2002; Nye et al., 2003).

Regardless of the exact strategy — or several thereof — that induces adjustment of the cell
dynamics, it is clear that regulatory mechanisms of cell cycle progression are inevitably

linked to changes in the environment.

1.1.5. Models for stem cell research

Stem cells are widely present within the animal kingdom. Because they are considered
highly conserved biological units of development and regeneration, it should be possible to
gain insights on their biology through the study of simpler animals (Sanchez Alvarado,

2004; Laird et al., 2005; Bosch, 2009).

1.1.5.1. In vitro and in vivo

The potential of stem cells in regenerative medicine relies upon removing them from their
natural habitat, propagating them in culture, and placing them into foreign tissue
environment. Therefore, the need for in vitro stem cell research is obvious. Still, prior to
effectively and safely using stem cells for therapeutic applications, it is essential to fully
understand the mechanisms that regulate when and how to proliferate and, particularly,
when to stop proliferating, in order to maintain appropriate numbers of cells. Since

differences in stem cell kinetics in vivo and in vitro have been demonstrated manifold
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(Schultz and McCormick, 1994; Morshead et al., 1998; Gabay et al., 2003; Joseph and
Morrison, 2005; lwashita et al., 2003), the microenvironment in which these cells reside is
widely accepted as a controlling parameter in these processes (Fuchs, 2009). Nonetheless,
relatively little is known on in vivo population dynamics of stem cells in steady-state, during
growth, or during regeneration. In fact, models for the regulation of the population
dynamics of metazoan stem cells have been worked out primarily in vitro (Sanchez
Alvarado, 2007a). Given that in vitro culture systems are unable to emulate the
microenvironment, additional in vivo stem cell research is indispensible in order to gain
complete knowledge on stem cell behavior (Sanchez Alvarado, 2007a).

However, in vivo stem cell research is often challenging because of experimental
difficulties caused by tissue depth and motion artefacts in vertebrates (Sanchez Alvarado
et al., 2002; Tsai et al.,, 2002; Tanaka, 2003; Pellettieri and Sanchez Alvarado, 2007;
Sharpless and Depinho, 2007; Austad, 2009). Flatworms have been described as promising
models for stem cell research, as many of the limitations linked to in vivo research, are
overcome in these organisms. Most importantly, they possess a large population of ASCs
that are accessible for experimental manipulation (reviewed in Sanchez Alvarado, 2007a;
Ladurner et al., 2008). The inherent flatness of flatworms, and the transparent nature of
the body in some species (e.g. Macrostomum lignano), greatly facilitates in vivo, whole
mount cell imaging.Furthermore, flatworms are known for their extraordinary plasticity in
response to amputation and starvation, on account of their stem cells. This is in direct
contrast to the rigidity displayed by frequently used invertebrate models such as
Caenorhabditis elegans and Drosophila melanogaster (Sanchez Alvarado et al., 2002).
Although flatworm stem cells differ in some respects from mammalian stem cells (see
general discussion: 6.2.) , they offer a unique opportunity to study pluripotent stem cells
and their contribution to the regenerative process in vivo in an intact adult animal (Gentile
et al., 2011). So far, these animals have been, and will continue to be a major source of
insight into stem cell biology (Sanchez Alvarado et al., 2002; Pellettieri and Sanchez

Alvarado, 2007; Gonczy, 2008; Austad, 2009; Gentile et al., 2011).
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1.2. Flatworms as stem cell models

1.2.1. The Phylum Platyhelminthes

Flatworms (Plathylminthes) are one of the simplest animals that are bilaterally
symmetrical, unsegmented and acoelomate as only mesenchymal cells separate the
epidermis from the gut (Rieger et al., 1991). They possess a primitive cellular mesoderm
(triploblastic) and an anterior concentration of neural tissue (cephalization). Flatworms
belong to the Lophotrochozoa, which is a sister group of the Ecdysozoa, containing e.g.
arthropods and nematodes. Together the Lophotrochozoa and Ecdysozoa are sister to the

Deuterostomia, which include the vertebrates (Figure 1.3) (Edgecombe et al., 2011).
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Figure 1.3: Summary of relationships within Metazoa. Nodes labelled with stars have received

broad consensus. Modified from (Edgecombe et al., 2011; Orford and Scadden, 2008).
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Flatworms, particularly planarians*, are best known for their adult pluripotent stem cell
system (so-called neoblast-system) which governs their great regenerative potential
(Newmark and Sanchez Alvarado, 2002; Reddien and Sanchez Alvarado, 2004; Sald, 2006).
Nowadays, a handful of species have been adopted for laboratory studies, such as
Macrostomum lignano (Macrostomorpha), Schmidtea mediterranea, Dugesia japonica,
Schmidtea polychroa, and Girardia tigrina (all four belonging to the Tricladida) (Ladurner et

al., 2008; Newmark and Sanchez Alvarado, 2002; Oviedo et al., 2008; Sald, 2006).

1.2.2. Stem cells in flatworms

Flatworm stem cells are historically referred to as neoblasts. The term neoblast was first
coined by Harriet Randolph (1892) to describe the small, undifferentiated, embryonic-like
cells found in the adult body plan of earthworms. The term was extended to planarian
flatworms when similar cells were found in their body plan (Sdnchez Alvarado, 2007a).

Neoblasts possess the capacity to self-renew and create progeny that can differentiate into
various cell types, thereby fulfilling the definition of stem cells (Brgndsted, 1969; Sanchez
Alvarado and Kang, 2005; Rieger et al., 1999; Ladurner et al., 2000). A unique feature of
these cells is that they are the only cells that remain mitotically active during adulthood,
which is demonstrated by the lack of mitotic figures in somatic cells (Morita and Best,
1984; Baguia and Romero, 1981). Hence, the neoblasts system is solely responsible for cell
renewal of all body cells, including the germ line, during homeostasis and regeneration
(Brgndsted, 1969; Bagufia et al., 1994; Rieger et al., 1999). This is demonstrated by
extensive light and electron microscopy data, and cell lineaging experiments, showing
differentiation of neoblasts into any different cell type, including those of the germ line
(references, see: Sato et al., 2006; Ladurner et al., 2008). Relatively recently, the neoblast
pool is shown, by means of gene expression data, to be a heterogeneous population (Sato
et al., 2006; Rossi et al., 2006; Handberg-Thorsager et al., 2008; Eisenhoffer et al., 2008).
This heterogeneity is also confirmed by X-ray treatments and FACS analysis, demonstrating
two groups of irradiation-sensitive cells, X1 and X2 (Reddien et al., 2005b; Hayashi et al.,

2006; Higuchi et al., 2007; Salvetti et al., 2009). These groups diverge in both expression of
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proliferation markers and in ultrastructural features. Hence, the term neoblasts does not
refer to a single population of stem cells but to a compound of different subpopulations of
stem cells each of which expresses particular molecular markers and, consequently, could
have different biological properties (Salvetti et al., 2009). Only very recently, the study of
Wagner and colleagues (2011) have delivered tangible evidence for the pluripotency of
individual neoblasts.

Vast advances have been made in the molecular characterization of neoblasts. However,
this information will be truly useful if more information on the behavior of neoblast
populations under a variety of conditions is acquired (Sanchez Alvarado, 2007a). Yet, the
study of cellular dynamics in flatworms is currently relatively understudied (Kang and

Sanchez Alvarado, 2009).

1.2.3. Macrostomum lignano as a model for the in vivo study of

stem cell dynamics

1.2.3.1. Macrostomum lignano

M. lignano is an emerging flatworm model for studying stem cell biology, regeneration,
aging and sex allocation (Ladurner et al., 2008 and references therein; Mouton et al.,
2009b; Mouton et al., 2009a; Pfister et al., 2008; Egger et al., 2009; De Mulder et al., 2010),
complementary to the well studied planarians. It is a marine, free living flatworm and a
member of the Macrostomida, the second-earliest diverging clade of the Platyhelminthes
(Schockaert et al., 2008). M. lignano is a simultaneous hermaphrodite*, reproducing

exclusively sexually (Figure 1.4.A) (Ladurner et al., 2005b).
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Figure 1.4:

Macrostomum lignano (A): Light microscopic picture of an adult specimen (left panel). Schematic drawing (right
panel). Abbreviations: R, rostrum; B, brain; E, eye; P, pharynx; G, gut; T, testis; O, ovary; D, developing egg. (B):
Distribution of S-phase cells, as shown by 30 min BrdU incorporation (confocal projection). During homeostasis,
proliferating neoblasts are distributed in a bilateral pattern. Arrow indicates the level of the eyes. Anterior is on

top. Scale bars: 50 um. Adapted from (Verdoodt et al., 2012b).

Mass cultures of M. lignano can easily and cost-effectively be maintained under laboratory
conditions, with an average of one egg per day per animal the whole year round. The
feeding status of the individuals can be standardized by providing a constant source of the
diatom Nitzschia curvilineata (SAG, Germany). This implies an important advantage for
studying stem cell dynamics, given that under such conditions, neoblasts proliferation is

asynchronized, meaning that a constant proliferation rate of neoblasts is maintained
31



GENERAL INTRODUCTION

(Ladurner et al., 2000). Planarian cultures on the other hand, are maintained by time-
restricted moments of feeding, resulting in partial synchronization of neoblast
proliferation, and thus fluctuations of stem cell dynamics depending on the feeding status
of the animal (Kang and Sanchez Alvarado, 2009). Another major advantage of M. lignano,
is the simple manner by which thymidine analogs can be applied. Such analogs (e.g.
bromodeoxyuridine, BrdU) are an important tool for studying proliferation. In M. lignano,
simply soaking the individual in the analog for a period as short as five minutes is sufficient
for labelling (Ladurner et al., 2000). Hence, the exact start and duration of the pulse can be
tightly controlled, and pulse, pulse-chase, and continuous labelling experiments can be
performed meticulously. In planarians, on the other hand, successful labelling of adult
specimens with thymidine analogs occurs through feeding or injection (Newmark and
Sanchez Alvarado, 2000). Both of these manipulations affect cell proliferation and are
slower in distributing the BrdU to all of the cells in the body, which impedes analysis of the
resulting data (Wenemoser and Reddien, 2010).

M. lignano has a well documented regenerative capacity that is, although more limited
when compared to planarians, remarkable given that all organs can regenerate if the brain

and pharynx remain intact (Egger et al., 2006).

1.2.3.2. Neoblasts in M. lignano

Neoblasts in M. lignano comprise approximately 6.5% of all body cells (reviewed in
Ladurner et al., 2008). This number corresponds to true neoblasts and cells that are
already committed, yet have retained neoblast-like features (Bode et al., 2006). Using light
microscopy, these cells are identified as small (5-10um), round cells with a large nucleus
and nucleolus and scanty cytoplasm (Ladurner et al., 2000). Based on these morphological
characteristics, neoblasts can be distinguished from differentiated cells such as epidermal,
gut, and muscle cells (Figured 1.5A-D). Ultrastructurally, heterogeneity has been observed
among neoblasts. Electron microscopal observations revealed different stages of neoblasts
(stage | to stage lll), based on the organization of the chromatin and the level of

specialization of the cytoplasm (Figures 1.5E,F) (Bode et al., 2006; Rieger et al., 1999). The
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authors suggested that this heterogeneity could either reflect different stages of the cell
cycle, or different subpopulations of neoblasts (possibly with different cell cycle
characteristics). A strong argument for the second hypothesis, was the increasing level of
specialization of the cytoplasm from stage | to stage Ill. The presence of chromatoid
bodies* close to the nucleus is described in somatic and germ line specific neoblasts

(Pfister et al., 2008; De Mulder et al., 2009).

Stage 1 Stage 2 Stage 3 e.g. muscle cell

Figure 1.5

Morphology and identification of M. lignano neoblasts. (A-D) Cells of macerated BrdU labeled animals; BrdU
labeled nuclei are stained green. (A) Epidermal cells, (B) gut cell, (C) muscle cell after continuous 14-day
exposure to BrdU. (D) Neoblasts after a 30-min BrdU pulse. (E) Schematic drawing of neoblast nuclei with
increasing complexity of chromatin structure. (F) Ultrastructure of a neoblast with nucleus (red) containing
patchy clumps of condensed chromatin, surrounded by a thin rim of cytoplasm (yellow). The neoblast is in
direct contact with the main lateral nerve cord (blue) located below the body wall musculature (green) and the

epidermis (ep). Scale bars (A-D) 10 um, (F) 2 um. (Ladurner et al., 2008)
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In M. lignano, neoblasts are predominantly distributed in a bilateral pattern (Figure 1.4.B).
Neoblasts, outside the bilateral pattern are observed, medially, at the level of the pharynx
and at the level of the tail. No neoblasts are observed in the rostrum, the region anterior to
the eyes. Based on their location, neoblasts have been divided in three subpopulations: (1)
mesodermal neoblasts, located in the parenchym* between the gut and the epidermis, (2)
gonadal neoblasts, located in the testes and ovaries, and (3) gastrodermal neoblasts,

located in the gut region (Ladurner et al., 2000).

1.2.3.3. Cellular dynamics of neoblasts during homeostasis

The thymidine analog BrdU (Figure 1.4B), which allows labelling of cells in S-phase, and the
mitotic marker anti-posphorylated histone H3 (anti-phos-H3) have been used to study the
kinetics of neoblasts in M. lignano (Nimeth et al., 2004; Nimeth et al., 2007).

M. lignano has a high rate of cell turnover*. Nimeth et al. (2002) have determined that in
two weeks, nearly one third of all cells are being replaced, which comes down to
approximately 21 cells/h. In this study, the presence of a relatively small number of
apoptotic cells was demonstrated in M. lignano. Since the observed number was
insufficient to explain the level of cell renewal, it was suggested that apoptosis
independent mechanisms are involved (Ladurner et al., 2008).

Performing continuous BrdU pulses, differentiation of neoblasts into various cell types has
been amply demonstrated (Ladurner et al., 2000; Nimeth et al., 2002; Bode et al., 2006).
However, differentiation pathways remain an open question and cell lineages have not
been fully established.

Migration of neoblasts, to all regions of the body has been demonstrated, via two main
routes: medially and rostrally. As migrating cells were observed to enter proliferation-free
regions in the body, they are most likely already determined (Ladurner et al., 2000).
Moreover, migration into the rostrum, a region which is devoid of neoblasts, allowed
estimating the migration rate of cells, which was determined to be approximately 6.7um/h

(Ladurner et al., 2000).
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Cellular dynamics of neoblasts in M. lignano have, so far, mostly been studied by combined
usage of BrdU and anti-phos-H3 (Nimeth et al., 2004; Nimeth et al., 2007). Although many
guestions remain to be answered, already some important insights have been generated.
Based on the results of diverse experimental set-ups using BrdU and anti-phos-H3, the
passage through the G2-phase of the cell cycle could be analyzed. The duration of this
phase was observed to be rather short, given that the majority of mitotic cells (around
70%) were observed to be still in some stage of the S-phase (most likely the end stage), 4h
prior to visualization of M-phase cells. Based on this result, it could be concluded that the
majority of neoblasts need approximately 4h to traverse the phase between S- and M-
phase, or the G2 phase. Furthermore a proportion of neoblasts (10-20%) seemed to pass
through G2 in less than 2h. The observation of a small percentage of neoblasts (2%) that
needed more than 48 hours to cycle through G2, indicated the presence of a
subpopulation of G2 arrested cells in M. lignano (Nimeth et al., 2004). Furthermore, the
presence of slow cycling, or cell cycle arrested neoblasts was also demonstrated by Bode
and colleagues (2006). In their study, continuous BrdU-labelling experiments revealed the
presence of unlabelled neoblasts after a continuous pulse of 14 days, indicating that a
subset of neoblasts did not go through S-phase during this time interval. Additionaly, a
subpopulation of neoblasts with a remarkably fast cell cycle has been observed by Nimeth
et al. (2007). In this study, 20% of all cells that are in mitosis at a given moment had cycled
through the whole S- and G2- phase in merely two hours.

Taken together, it is clear that the neoblast pool in M. lignano is not a homogeneous
collection of stem cells. Instead, kinetic heterogeneity has been demonstrated, as well as
topological and ultrastructural heterogeneity (see 2.3.2). Currently, the nature of
heterogeneity is not fully understood for all separate levels, nor is the relation between
these three levels of heterogeneity. Furthermore, concerning the specific parameters of
the cell cycle, some important questions remain to be answered, such as the separate

phase durations and the total cell cycle duration.
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1.2.3.4. Cellular dynamics of neoblasts during regeneration

The neoblast system in M. lignano, demonstrates a remarkable plasticity during repair
upon amputation. For example, amputation behind the pharynx results in a reduction of
the neoblast pool by roughly 90%, yet, regenerates need merely two to three weeks to
restore normal body size and replenish the neoblast population (Egger et al., 2006). The
remaining somatic neoblasts were not only able to replenish the somatic stem cell
population, but gonadal stem cells as well. Furthermore, repetitive amputation and
regeneration has been demonstrated up to 29 times (Egger et al., 2006), suggesting a
highly robust repair system.

Regeneration of the tail, after amputation at the level of the female gonoporus, has been
studied extensively. The formation of a blastema, a bulge of undifferentiated neoblasts and
differentiating cells, was observed 24 hours after amputation, but is probably present even
sooner (Egger et al., 2009).

Using BrdU and anti-phos-H3, the kinetics of neoblasts have been studied during
regeneration of the tail in M. lignano (Nimeth et al., 2007). An initial decrease of mitotic
cells was observed during the first hours (2h-8h) after wounding in regions close to the
wound as well as in regions far from the wound. Subsequently, after 24h and 48h, M-phase
as well as S-phase numbers rose significantly, in the region close to the wound. In the
region far from the wound, these numbers approached control values, indicating a local
response. Interestingly, double labelling with BrdU and anti-phos-H3 demonstrated that, in
M. lignano, the duration of G2 could not be reduced during regeneration, at least not
during the first hours of regeneration. Elongation of G2-phase, on the other hand, could be
observed during starvation (Nimeth et al., 2004). Based on these observations, it was
concluded that the G2-phase can be prolonged in case of lack of food, but cannot be
shortened during an emergency situation such as regeneration. Taken together a massive
proliferative response is observed upon amputation of the tail plate, demonstrating
adjusted kinetics in the neoblast pool. The exact nature of these adjustments, however,

remains unknown. Furthermore no information is available on the proliferative response of
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the neoblast pool upon anterior regeneration. Nonetheless, given that the region anterior
to the eyes is devoid of proliferating cells, as opposed to the tail region, comparing the
response of the neoblasts system in both situations promises to contribute to a more

complete understanding of regeneration in M. lignano.
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1.3. Aims of this study

The general aim of this thesis was to contribute to a better understanding of the
population of adult stem cells in the flatworm Macrostomum lignano. Specifically, we have
focused on the proliferative dynamics of this cell population during homeostasis, as well as

regeneration. This was performed by pursuing different sub-aims:

1) Identifying a population of label-retaining cells (LRCs) and evaluating the cause for
label-retention:

Label-retention is a common aspect of stem cell biology in many model systems. Our first

aim was to evaluate whether a population of LRCs could be identified in M. lignano, by

designing an elaborate pulse-chase scheme. Secondly, we sought to evaluate whether

label-retention in neoblasts can be attributed to non-random segregation of DNA-strands

during divisions of LRSc, or cellular quiescence (Chapter 2).

2) The effect of amputation on neoblast proliferation:
Our goal was to study the proliferation activity of neoblasts after amputation of the
rostrum, a region devoid of neoblasts, and compare our results with available information

on stem cell dynamics after amputation of the tail plate (Chapter 3).

3) Gaining information on the cell cycle dynamics of active and quiescent neoblasts:
On one hand our goal was to determine specific parameters of cycling cells, and compare
them between homeostasis and regeneration (of the rostrum). On the other hand, we
evaluated cycling activity of LRCs during homeostasis and regeneration To this end, two
different experimental approaches were used.

- double immunohistochemical labelling (CldU and IdU) and colocalization analysis,

in order to determine the duration of the S-phase (Chapter 4)

38



GENERAL INTRODUCTION

- flow cytometry-based methods to determine (1) cell cycle distribution, (2) cell

cycle duration, and (3) cycling activity of LRCs (Chapter 5)
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1.4. Outline of this study

This thesis is divided into 8 chapters.

Chapter 1 is a general introduction, illustrating the context in which this study is situated

and the aims that were set.

Chapter 2-5 contain the results that were obtained, and their discussion. These chapters
are designed according to requirements for manuscripts in Al-journals.
- Chapter 2, Stem cells propagate their DNA by random segregation in the
flatworm Macrostomum lignano, presents the study of label-retention and the
mode of DNA-segregation in M. lignano.
- Chapter 3, Proliferative response of the stem cell system during regeneration of
the rostrum in Macrostomum lignano (Platyhelminthes), describes the
morphology and the number of S-phase cells during regeneration of the rostrum.
- Chapter 4, Measuring S-phase duration of adult stem cells in the flatworm
Macrostomum lignano by double replication labelling and quantitative
colocalization analysis, summarizes the method that was established for
colocalization analysis, and the determination of the S-phase during homeostasis
and regeneration.
- Chapter 5, Cell cycle parameters of adult stem cells in Macrostomum lignano
(Platyhelminthes) during homeostasis and regeneration: the study of actively
cycling and label-retaining stem cells using flow cytometry, presents the flow
cytometry-based methods that were established, and the therewith obtained

results on cell cycle parameters in M. lignano.
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Chapter 6 contains a general discussion, which integrates the content of Chapter 1-5.
Chapter 7 is a glossary, explaining terms that were marked with an asterisk in the text.

Chapter 8 holds an English and Dutch summary of this thesis.
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2.1. Abstract

Adult stem cells are proposed to have acquired special features to prevent an
accumulation of DNA-replication errors. Two such mechanisms, frequently suggested to
serve this goal are cellular quiescence, and non-random segregation of DNA strands during
stem cell division, a theory designated as the immortal strand hypothesis. To date, it has
been difficult to test the in vivo relevance of both mechanisms in stem cell systems. It has
been shown that in the flatworm Macrostomum lignano pluripotent stem cells (neoblasts)
are present in adult animals. We sought to address by which means M. lignano neoblasts
protect themselves against the accumulation of genomic errors, by studying the exact
mode of DNA-segregation during their division.

In this study, we demonstrated four lines of in vivo evidence in favor of cellular quiescence.
Firstly, performing BrdU pulse-chase experiments, we localized ‘Label-Retaining Cells’
(LRCs). Secondly, EDU pulse-chase combined with Vasa labeling demonstrated the
presence of neoblasts among the LRCs, while the majority of LRCs were differentiated
cells.We showed that stem cells lose their label at a slow rate, indicating cellular
quiescence. Thirdly, CldU/IdU- double labeling studies confirmed that label-retaining stem
cells showed low proliferative activity. Finally, the use of the actin inhibitor, cytochalasin D,
unequivocally demonstrated random segregation of DNA-strands in LRCs.

Altogether, our data unambiguously demonstrated that the majority of neoblasts in M.
lignano distribute their DNA randomly during cell division, and that label-retention is a

direct result of cellular quiescence, rather than a sign of co-segregation of labeled strands.
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2.2. Introduction

Adult stem cells (ASCs) have a long-term and dual responsibility to both self-renew and
produce differentiated progeny, thereby playing a crucial role during the entire lifetime of
an organism (Morrison et al., 1997; Morrison and Spradling, 2008). Given the constant
demand for proliferation and the error-prone nature of DNA replication, these cells
possess a high risk for malignant transformation (Sharpless and Depinho, 2007). As a
consequence, it has long been postulated that ASCs might have acquired specialized
features to protect their genome (Tannenbaum et al., 2005; Cairns, 2006). A highly
efficient DNA-repair system is commonly described as a stem cell trait, which would serve
this purpose (Morrison and Spradling, 2008).

Additionally, a putative mechanism by which ASCs might limit accumulating erroneous
genetic information, was originally proposed by Cairns (1975) as the immortal strand
hypothesis. According to this hypothesis, stem cells segregate their DNA strands non-
randomly upon asymmetric self-renewing cell divisions. Those sister chromatids containing
the original template DNA strands are selectively retained in one daughter cell, destined to
be the renewed stem cell. The newly synthesized strands, which might have acquired
mutations during replication, are passed on to the tissue committed cell. A common
strategy to verify this hypothesis, relies on pulse-chase studies with nucleotide tracers,
such as tritiated thymidine, bromodeoxyuridine (BrdU), or chlorodeoxyuridine (CldU).
Labeling the original ‘immortal’ DNA strands when they are synthesized during
development or regeneration, should result in ‘Label-Retaining Cells’ (LRCs), considering
that these labeled strands are co-segregated during cell divisions (Figure 2.1A, top panel).
Alternatively, retention of label in stem cells can likewise be explained as a result of cellular
quiescence. Restricting the number of stem cell divisions seems an equally valuable
mechanism for preservation of genome integrity and furthermore prevents stem cell
exhaustion (Orford and Scadden, 2008; Fuchs, 2009; Wilson et al., 2008; Arai and Suda,

2007; Alison and Islam, 2009; Li and Clevers, 2010). Low or absent proliferative activity,
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after cells were labeled with nucleotide tracers, reduces the chance of label-dilution and
allows quiescent ASCs to be identified as ‘Label-Retaining Cells’ (LRCs) (Figure 2.1B, top
right panel). Conversely, in more rapidly cycling progeny cells the label is gradually diluted
(Figure 2.1B, top left panel). Performing a double labeling protocol using a second
nucleotide tracer serves as a promising tool to assess information on the proliferative

activity of LRCs (Figure 2.1A, B, bottom panel).

Figure 2.1

Possible interpretation of label-retention studies, using a double labeling approach. (A): Cairns’ theory, known
as the immortal strand hypothesis, postulates that adult stem cells (ASCs) segregate their DNA-strands non-
randomly and permanently retain original template DNA. Using a thymidine derivate such as CldU, these
template DNA strands can be labeled at the moment they are synthesized during development, which results in
two daughter cells in which complementary DNA-strands are composed of 1 labeled template strand next to an
unlabeled normal DNA strand. Because of co-segregation of the labeled template DNA-strands, from the
second division after establishment of labeled immortal strands on, the label is passed on to only one daughter
cell. Therefore, cells are able to retain label indefinitely during adulthood and are referred to as label-retaining
cells (LRCs). By performing a second pulse with another thymidine analog such as IdU, LRCs can become double
labeled. (B): If DNA is segregated randomly, labeled DNA-strands which are created during a first pulse period
with CldU, are distributed over both daughter cells, instead of only one. By consequence, in a regularly cycling
cell, the label is diluted under the detection threshold after a certain number of cell cycles in CldU-free medium
(left panel). Thus, initially-labeled cells do not retain the label and a second pulse-period with IdU will not result
in double labeled cells. However, if cells remain quiescent after they incorporated CldU, the chance of dilution
of the label is reduced due to low or even absent cell proliferation (right panel). This results in LRCs. Creating
double labeled LRCs after a second pulse with a thymidine derivate (IdU), is therefore possible, yet unlikely
because of low cell cycle activity. Abbreviations: LRC, label-retaining cell; CldU, 5-chloro-2’-deoxyuridine; |dU,

5-iodo-2’-deoxyuridine.
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Elucidating the label-retention theory remains a matter of intense debate, fueled by
publications confirming the theory of cellular quiescence on one hand (Wilson et al., 2008;
Cotsarelis et al., 1990; Wei et al., 1995; Braun et al., 2003; Waghmare et al., 2008;
Sotiropoulou et al., 2008), versus those supporting non-random segregation of DNA
strands on the other hand (Potten et al., 1978; Potten et al., 2002; Karpowicz et al., 2005;
Smith, 2005; Shinin et al., 2006; Karpowicz et al., 2009). It has been shown that culture
environments can alter the patterning of cells in ways that modify their fates and
proliferative potential (Blanpain et al., 2004; Joseph and Morrison, 2005). Therefore, the
use of model organisms in which stem cells can be studied in vivo has attracted substantial
attention (Fuchs et al.,, 2004; Spradling et al., 2001; Yamashita et al., 2005; Watt and
Hogan, 2000; Kuroki and Murakami, 1989; Tsai et al., 2002). However, the in vivo data on
this topic is mainly gathered in systems in which the analysis of stem cell behavior is
hindered by the rare incidence of stem cells, relative inaccessibility of these cells for
experimental manipulation in vivo, and lack of specific stem cell markers (Lansdorp, 2007).
Over the last decennia, flatworms have been put forward as valuable model organisms to
unravel the complex biology of stem cells (Sdnchez Alvarado, 2004; Agata, 2003; Handberg-
Thorsager et al., 2008; Rossi et al., 2008; Ladurner et al., 2008). These simple, triploblastic
metazoans exhibit a powerful stem cell system that is maintained through adult life and
which lies at the root of their exceptional developmental plasticity and regeneration
capacity (Newmark and Sanchez Alvarado, 2002). The flatworm stem cell population is
comprised of pluripotent stem cells, referred to as neoblasts, which remain mitotically
active during adulthood, unlike all differentiated cells in the organism (Dubois, 1948; Steph
and Gilgenkrantz, 1961; Lange and Gilbert, 1968; Lange, 1968; Bagufia, 1981; Wagner et
al., 2011). Among flatworms, Macrostomum lignano (Figure 2.2A) has been recently
described as a highly advantageous model for in vivo stem cell research (Ladurner et al.,
2008; Ladurner et al., 2000; Nimeth et al., 2004; Pfister et al., 2007; Pfister et al., 2008;

Egger et al., 2009; De Mulder et al., 2009; Mouton et al., 2009b). Advantages are the ease
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of culturing (Ladurner et al., 2000; Mouton et al., 2009b), the short embryonic and post-
embryonic development (5 and 14 days, respectively), and the limited number of cells (25
000 in total) which facilitates cell quantification (for references see Ladurner et al., 2008).
Furthermore, neoblasts are well characterized and present in large numbers (6.5% of the
total cell number) (Bode et al., 2006). They can easily be distinguished from non-stem cells,
based on morphological traits, and by using an antibody against neoblast-specific Macvasa
proteins (Ladurner et al., 2000; Pfister et al., 2008). Immunohistochemical staining of S-
phase neoblasts with the thymidine analog bromodeoxyuridine (BrdU), and mitotic
neoblasts with an anti-phospho histone H3 mitosis marker (anti-phos-H3), have revealed a
bilateral distribution of these cells (Ladurner et al., 2000; Nimeth et al., 2004) (Figure 2.2B).
Pulse and pulse-chase studies with thymidine analogs such as BrdU can easily be
performed by soaking the animals in the analog-containing medium during the pulse
period. Moreover, an in vivo double labeling technique using two different thymidine
derivates, iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU), can be applied (Ladurner
et al., 2008). To our knowledge, this technique has been performed only once before to
test the segregation mode of DNA-strands in vivo (Kiel et al., 2007). Altogether, these
advantages enable in vivo analysis of the exact mode of DNA segregation in ASCs in the

flatworm M. lignano.
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Figure 2.2

Macrostomum lignano (Platyhelminthes). (A): Light microscopic picture of an adult specimen, dorsal view (left
panel). Schematic drawing (right panel). Abbreviations: R, rostrum; B, brain; E, eye; P, pharynx; G, gut; T, testis;
O, ovary; D, developing egg. (B): Confocal projection of a double BrdU/phospho histone H3 immunostaining
(green S-phase cells, red mitoses converted to magenta) after a 30-min BrdU pulse (no chase) in an adult
animal. During homeostasis, proliferating neoblasts are distributed in a bilateral pattern. S-phase, nor mitotic

cells are visible anterior to the eyes. Arrow indicates the level of the eyes. Anterior is on top. Scale bars: 50 um.
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We aimed to elucidate if label-retaining stem cells exist in M. lignano. Performing long-
term pulse-chase studies, four different in vivo approaches were used. First, a single BrdU
pulse-chase experiment was performed to demonstrate the existence of LRCs. Second,
among this population of LRCs, Macvasa-positive (Macvasa®) neoblasts were identified.
Third, double labeling of the LRCs with chlorodeoxyuridine (CldU) and iododeoxyuridine
(IdU) gave information on the proliferative activity. Finally, the actin inhibitor cytochalasin
D was used to directly analyze the segregation of labeled DNA strands at the single-cell
level. Altogether, our results demonstrate that in M. lignano random segregation of DNA

strands is predominant, and that label-retention is a direct result of cellular quiescence.

2.3. Methods

2.3.1. Animal Culture

Cultures of M. lignano were reared in standard culture medium (f/2) (Guillard and Ryther,
1962) as described previously (Mouton et al., 2009b; Rieger et al., 1988). To obtain animals
of a standardized age, adult worms were put together for 24 hours, after which the eggs
were collected. Animals that were pulsed with a thymidine analog, were protected from

light.

2.3.2. BrdU pulse labeling and immunocytochemistry in whole-
mount organisms and macerated cell suspensions

A 24-hour incubation period in the thymidine analog 5-bromo-2’-deoxyuridine (BrdU -
Sigma) was given to 11 standardized age groups of embryos (at day 1, 2, 3, 4, or 5 of
development) and hatchlings (at day 6, 7, 8, 9, 10, or 11 of development). Together, the
initial five age groups cover the embryonic development of M. lignano, while the following
groups cover the first six days of post-embryonic development. Both embryos and

hatchlings were pulsed, simply by soaking them in f/2 containing BrdU (500 uM). Animals
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were then kept in standard culture medium, in the presence of food (ad libitum), for two
or six months in the absence of BrdU. Subsequently, BrdU positive cells were localized
using the protocol described below.

The procedure for visualization of the incorporated BrdU in whole mount animals was
modified from a previous publication (modified from Ladurner et al., 2000). Specimens
were relaxed in MgCl, (1:1 MgCl,.6H,0 (7.14%):f/2, 5 min — MgCl,.6H,0 (7.14%), 5 min),
fixed in 4% paraformaldehyde (PFA, 30 min), and rinsed in PBS-T (phosphate-buffered
saline + 0.1% Triton X-100, 3 x 10 min). Animals were then treated with Protease XIV (0.2
mg/ml in PBS-T, 37°C, under visual control) and DNA was denatured with 2N HCI (1 h,
37°C). Rinsing with PBS-T (6 x 10 min) and blocking in BSA-T (PBS-T + 1% bovine serum
albumin, 30 min) were followed by overnight incubation in the primary antibody, rat-anti-
BrdU (1:800 in BSA-T, 4°C - AbD Serotec). Subsequently, animals were washed in PBS-T (3 x
10 min) and incubated in the secondary antibody, FITC-conjugated donkey-anti-rat (1:600
in BSA-T, 1 h — Rockland). Finally animals were rinsed in PBS (3 x 10 min) and mounted in
Vectashield (Vector Laboratories).

Simultaneous visualization of S- phase and mitotic neoblasts, using anti-BrdU and anti-
phos-H3, was performed as described by Nimeth et al. (Nimeth et al., 2004), with the
exceptions that both the Protease XIV and HCI treatment was performed as described
above. Rhodamine-conjugated goat-anti-rabbit (1:150 in BSA-T, 1 h — Millipore) was used
as a secondary antibody for the mitosis marker.

In macerated cell suspensions, the incorporated BrdU was visualized as described before
(Ladurner et al., 2000), though some modifications were made. Twenty animals were
incubated in 100ul of maceration solution (glacial acetic acid:glycerol:distilled water 1:1:13
- 9% sucrose, 10 min), after which calcium/magnesium-free medium (CMF, 100ul) was
added. Thirty minutes after addition, animals were gently pipetted until they fell apart into
single cells. Cells were then pelleted (130 x g, 20 min), supernatant was removed, and the
pellet was resuspended in PBS (200 pl). The cell suspension was spread onto poly-L-lysine
coated slides. The staining of BrdU, was performed directly on these slides in a humid

chamber, and was identical to the protocol for whole-mount preparations, with the
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exclusion of the Protease XIV step. Prior to the mounting of slides with Vectashield, DNA
was stained using DAPI (1 pug/ml in PBS, 1 h). The morphology of single cells was studied,
following the methods described earlier (Ladurner et al., 2000; Nimeth et al., 2004).
Neoblasts were identified as small, rounded cells (5-10 um) with a large nucleus and scanty

cytoplasm.

2.3.3. Double labeling with CldU and IdU and immuno-
cytochemistry of whole mounts

Standardized age groups of embryos and hatchlings were pulsed with the thymidine analog
5-chloro-2’-deoxyuridine (CldU; 500 uM in /2, 24 h - Sigma) following the same protocol as
described for BrdU-labeling. Animals were then chased for six months in the presence of
food (ad libitum) in CldU-free standard culture medium, after which they were pulsed with
5-iodo-2’-deoxyuridine (IdU; 50 uM in f/2 — Sigma) continuously for 7 days. The following
steps were identical to the single BrdU-labeling in whole-mount animals (starting from
MgCl,-relaxation until incubation in BSA-T). Animals were then incubated in the first
primary antibody, mouse-anti-ldU (1:800 in BSA-T, overnight, 4°C - Becton-Dickinson);
washed in PBS-T (3 x 10 min); incubated in stringency buffer (0.5 M NaCl + 36 mM Tris HCI
+ 0.5% Tween 20, 15 min) for removal of nonspecifically-bound primary antibody; and
washed again in PBS-T (3 x 10 min). Subsequently, specimens were incubated in the first
secondary antibody, Alexa Fluor 568-conjugated goat-anti-mouse (1:900 in BSA-T, 1 h -
Invitrogen); the second primary antibody, rat-anti-CldU (1:800 in BSA-T, overnight, 4°C -
AbD Serotec); and the second secondary antibody, FITC-conjugated donkey-anti-rat (1:600
in BSA-T, 1 h - Rockland). Incubation-periods in antibodies were separated by washing
steps in PBS-T (3 x 10 min). Finally, animals were rinsed in PBS (3 x 10 min) and mounted in

Vectashield.
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2.3.4. EdU-pulse labeling, immunocytochemistry in macerated
cell suspensions and the use of cytochalasin D

Embryos and hatchlings, standardized by age, were soaked in the thymidine analog 5-
ethynyl-2’-deoxyuridine (EdU; 20uM in f/2 - Invitrogen) during development, respectively
from day 1 until day 5 continuously, and from day 6 until day 11 continuously. Animals
were then chased in the presence of food (ad libitum) for two months in EdU-free medium,
followed by a seven-day incubation period in the actin-binding protein cytochalasin D (5uM
in f/2 - Sigma). Subsequently, they were macerated, following the protocol described
earlier and cells were spread onto poly-L-lysine coated slides, washed in PBS (3 x 10 min),
blocked with BSA-T-1% (PBS + 1% Triton X-100 + 1% BSA, overnight, 4°C) and incubated in
Click-iT® EdU reaction cocktail (concentrations according to manufacturer’s instructions -
Invitrogen). Afterwards, slides were washed thoroughly in BSA-T-1% (1 h), DNA was stained
with DAPI (1ug/ml in PBS, 1 h) and cells were mounted using Vectashield (Vector

Laboratories).

2.3.5. EdU-pulse labeling, immunocytochemistry in whole
mounts and the use of Macvasa antibody

An EdU-pulse was performed as described above, in embryos (day 1-5, continuously) and
hatchlings (day 6-11, continuously), after which a three-month chase was performed in the
presence of food in EdU-free medium. Subsequently, animals were relaxed, fixed, and
rinsed with PBS-T, as described above. Blocking was performed with BSA-T (2 h), followed
by incubation in Click-iT® EdU reaction cocktail (concentrations according to
manufacturer’s instructions — Invitrogen). Next, Macvasa® cells were visualized as
described by Pfister et al. (2008), using primary rabbit-anti-Macvasa and secondary TRITC-
conjugated goat-anti-rabbit. Finally, animals were rinsed in PBS (3 x 10 min) and mounted

in Vectashield.
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2.3.6. Imaging and quantification of LRCs in whole-mounts

Epifluorescence and phase-contrast microscopy was performed on a Zeiss Axiovert 200M
inverted microscope, followed by image processing using AxioVision 4.7.2. software (Zeiss)
and Photoshop CS2. A Nikon Eclipse Clsi confocal microscope was used for generating
confocal images of whole mount animals. An argon laser (488nm) in combination with a
narrow band-pass filter (BP 515/30), and a helium-neon laser (543nm) in combination with
a narrow band-pass filter (BP 593/40) were used for visualization of the FITC-
fluorochromes (CldU) and the Alexa Fluor 568-fluorochromes (ldU), respectively. Images
where processed, using Nikon EZ-C1 3.40 software and Adobe Photoshop CS2.

Quantification of BrdU* LRCs was performed on confocal images, using the free software
program Image J (Abramoff et al., 2004). Images were prepared by performing automatic
thresholding, after which cells were quantified automatically, using the ‘Analyze Particles’
plug-in in Image J. In order to exclude labelled differentiated cells from the cell counts,
exclusion parameters were activated based on size and shape of the labelled particles (Size
pixel A2: 10-100; Circularity: 0.80-1.00). Based on their location in regions which are known
to lack neoblasts in M. lignano (Ladurner et al., 2000), labelled cells in the rostrum
(anterior to the eyes) and at the median axis were not considered to be stem cells and
were therefore excluded from counts. Given that the data are based on a relatively low
sample size, non-parametric Mann-Whitney U (BrdU" LRC’s) and Kruskal-Wallis (CldU" /IdU*

LRC’s) tests were implemented.
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2.4. Results

2.4.1. Establishment of LRCs in M. lignano

To evaluate whether LRCs were present in M. lignano, animals were pulsed with BrdU
during development, allowing nascent neoblasts to incorporate the thymidine analog into
their DNA. For BrdU-incorporation, five groups of embryos and six groups of hatchlings,
standardized by age, were pulsed at successive 24-hour time intervals during both
embryonic (days 1-5) and postembryonic (days 6-11) development (Figure 2.3A). This wide
developmental window was chosen to ascertain that the potential founder label-retaining
neoblasts were covered by the pulse period. In order to pinpoint a specific time interval
during which these neoblasts originate, BrdU-incubation was limited to intervals of 24
hours. Following the BrdU pulse, specimens were chased in the presence of food, for two
and six months in BrdU-free medium. Subsequently, after both chase periods, 10 randomly
chosen animals of every pulse-group (days 1-11) were sacrificed, BrdU was visualized, and
animals were examined for the presence of LRC's.

After two months of chase, the presence of cells that had retained the BrdU label was
confirmed in all studied animals that were pulsed during embryonic and post-empbryonic
development (total n=110). LRCs were distributed all over the body (Figure 2.3B, left
panel). A high density of BrdU" cells was observed in a bilateral pattern, which is in
accordance with the distribution of neoblasts in M. lignano (Figure 2.2B) (Ladurner et al.,
2000). Outside this bilateral pattern, two separate clusters of labelled cells were found;
one at the level of the brain, and another at the level of the mouth and pharynx. To test
whether LRCs could be established during homeostasis as well, adult individuals were
pulsed with BrdU and then chased for two months. Similarly, this resulted in the presence
of LRCs in all studied individuals (data not shown).

After a six-month chase-period, 95% of a total of 110 randomly chosen animals could be
labelled (n=104), and LRCs were present in all of them. These labelled cells were scattered
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throughout the body (Figure 2.3B, right panel). An accumulation of labelled cells, similar to
those after two months chase, at the brain region, the mouth-pharynx region, or both was
visible in 75% of the animals.

For every pulse-group, both at two and six months chase, the number of LRCs was
quantified in five animals (Figure 2.3C), as described in the Methods section. The number
of LRCs was significantly lower in all pulse-groups at six months chase when compared to
the same groups after two months chase (for all pulse-groups, p<0.05). Thus, a
considerable amount of LRCs have lost their label over time, meaning that these cells are
not able to retain label indefinitely, or labelled cells were replaced by the progeny of
unlabelled neoblasts during tissue homeostasis. The number of LRCs after two months
chase seemed to vary, with a mean value of 31 LRCs per animal (+ 9, n=55). After 6 months
chase, the mean number of LRCs for all pulse groups combined was 13 per animal (t 6,
n=55).

These LRCs might represent differentiated progeny of labelled stem cells, in which case the
label is retained due to the post-mitotic state of differentiated cells in flatworms. In order
to verify whether LRCs, or a fraction thereof, could be identified as neoblasts, two month
chased animals were macerated into single cells and BrdU was visualized. By analyzing the
morphology of BrdU-positive cells, the existence of label-retaining neoblasts was
confirmed (Figure 2.3D;,). In addition, several differentiated labelled cells were found,
including cells displaying the morphology of nerve cells (Figure 2.3D;) and epidermis cells

(not shown).
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Figure 2.3

LRCs can be established during both embryonic and post-embryonic development, and lose their label at a slow
rate. (A): Scheme of the experimental set-up. Animals were pulsed with BrdU (24h) at successive 24-hour time
frames of embryonic and post-embryonic development, followed by chase times of 2 and 6 months in BrdU-
free medium. Subsequently BrdU was visualized and the presence of LRCs was analyzed. (B): Visualization of
LRCs (green) in whole mount animals (confocal projections of BrdU immunostaining). Left panel, from left to
right: animal pulsed at day 3 (ED), animal pulsed at day 6 (PED); both animals were chased for 2 months. Right
panel, from left to right: animal pulsed at day 4 (ED), animal pulsed at day 6 (PED); both animals were chased
for 6 months. Abbreviations: b., cluster of BrdU® cells at the level of the brain; ph., cluster of BrdU" cells at the
mouth-pharynx region. Anterior is on top. (C): Graph representing the quantification of LRCs (mean number +
Standard deviation, n=5), chased for 2 and 6 months. LRCs were present in all animals of all pulse groups, both
after two and six months. In animals, chased for 6 months, a significant lower number of LRCs was present,
compared to animals that were pulsed for 2 months. Abbreviations: BrdU, 5-bromo-2’-deoxyuridine; ED,
embryonic development; PED, post-embryonic development. (D): Visualization of LRCs in macerated cell
suspensions. Superimposition of interference contrast and fluorescence images of BrdU immunostaining (left),
interference contrast images (middle) and fluorescent images (right). Animals were pulsed during embryonic
and post-embryonic development, and chased for 2 months. Pictures show labeled neoblasts with a large
nucleus surrounded by a small rim of cytoplasm (D1, D2), and a labeled nerve cell (D3). Scale bars: B, 50um; D,

Sum.
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2.4.2. Label-retaining stem cells are positive for the neoblast
marker Macvasa

An additional experiment was performed to test whether neoblasts could be identified
within the population of LRCs. For this purpose, a polyclonal antibody against a homolog of
the highly conserved Vasa protein of M. lignano (Macvasa) was used. Unlike in other
metazoans, where Vasa is almost exclusively detected in germ line cells, Macvasa in M.
lignano is also present in a subset of somatic stem cells in a characteristic pattern - a ring of
Macvasa-labelled spots of nuage surrounding the nucleus (Pfister et al.,, 2008).
Consequently, Macvasa can be used as a neoblast marker in this flatworm. In this
experiment, LRCs were established using EdU, since HCl-denaturation is unnecessary for
the visualization of this thymidine analog, which enabled simultaneous labelling of
Macvasa proteins. The specificity of EdU-labelling was observed comparable to BrdU (see
supplementary Figure 2.51, supplementary Method 2.51).

In the first pulse group, individuals were pulsed continuously with the thymidine analog
EdU for five days during embryonic development (day 1 until day 5). A second group of
individuals was pulsed continuously with EAU during the first six days of post-embryonic
development (day 6 until day 11). Individuals were then chased for three months, in the
presence of food (Figure 2.4A), after which EdU-positive (EdU’) and Macvasa® cells were
visualized.

Macvasa® LRCs were identified in all individuals pulsed during embryonic (day 1 — day 5) as
well as in individuals pulsed during post-embryonic development (day 6 — day 11) (Figure
2.4B). Macvasa protein in double labelled cells, was visible in spots of nuage around the
EdU-labelled nucleus, as observed previously (Pfister et al., 2008). Macvasa® LRCs were
located at the lateral sides of the animal, the area described to contain somatic neoblasts
(Ladurner et al., 2000). Double positive cells were never observed in the testes, nor
ovaries.

In conclusion, these results directly confirm the existence of neoblasts among the

population of LRCs, which are distributed among other somatic neoblasts.
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Identification of neoblasts among the population of LRCs, using an antibody against neoblast-specific Macvasa

Figure 2.4

proteins. (A): Scheme of the experimental set-up. Animals were pulsed continuously with EdU during
embryonic development (dayl-day5) and during post-embryonic development (day6-dayl1l), followed by a
chase time of 3 months in EdU-free medium. Subsequently, EdU was visualized in combination with Macvasa.
(B): Visualization of label-retaining neoblasts in whole-mount animals (confocal image). LRCs (EdU) are green.
The TRITC-signal of the Macvasa proteins, was converted to magenta. EdU*/Macvasa’ cell in a control animal
(no chase) displays Macvasa proteins in a ring of nuage around the nucleus (upper left panel). EdU*/Macvasa®
cell in an animal pulsed during ED (upper right panel). EdU*/Macvasa® cells in an animal pulsed during PED
(lower left and right panel). LRCs that are Macvasa-negative (asterisks) are visible in individuals pulsed during
ED and PED (right panels). Abbreviations: EdU, 5-ethynyl-2’-deoxyuridine ; Vasa, Macvasa; ED, embryonic

development ; PED, post-embryonic development. Scale bars: 10um.
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2.4.3. Label-retaining stem cells manifest low proliferative
activity

To further analyze the proliferative activity of label-retaining stem cells, a CldU/IdU double
labelling method was applied to label the S-phase of stem cells after a six months chase
time. In these experiments, CldU was administered continuously for 24 hours to different
groups of embryos and hatchlings at successive time frames of embryonic (days 1-5) and
post-embryonic (days 6-11) development, followed by a chase time of six months in CldU-
free culture medium. Following the chase period, a second pulse with IdU was performed
for seven days continuously to embrace all LRCs that proliferated during this week (Figure
2.5A). Immediately afterwards, animals were immunostained for CldU and IdU.
Consequently, every CldU" LRC going through S-phase during the second pulse period with
IdU incorporates this thymidine analog as well and therefore becomes double labelled.

The presence of proliferating LRCs (CldU*/IdU" cells) was confirmed in representatives of
every pulse group (day 1-11) (Figure 2.5B). Since neoblasts are the only somatic cells that
are actively dividing in M. lignano, this directly proves that each 24-hour pulse period
resulted in neoblasts that were able to retain their label for six months. Hence, no specific
time-frame could be pinpointed for the establishment of proliferating label-retaining stem
cells. The distribution of all CIdU*/IdU" cells was in accordance with the normal distribution
of neoblasts (Ladurner et al., 2000), except for two cells that were located in the rostrum.
These two cells were probably differentiated and migrated during the seven day
administration of the second pulse.

A quantitative study of double labelled cells was performed in animals that were pulsed
during embryonic development (days 1-5) and chased for six months. Overall, the number
of CldU" /IdU" cells was very low, with an observed maximum of three double labelled cells
per worm (8% of all animals observed, n=38). In most animals (58%) zero double labelled
cells were quantified, and 24% and 11% of all observed animals had one and two CldU*
/IdU” cells, respectively. When analyzed for each of the five pulse groups, the mean
numbers of double positive cells per worm did not significantly differ between the groups
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(p>0.8). This low number of double labelled cells indicated little proliferative activity

among the label-retaining stem cells.
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Figure 2.5

Analysis of the proliferative activity of LRCs in M. lignano, performing a double labeling technique with the
proliferation markers CldU and IdU. (A): Scheme of the experimental set-up. Animals were pulsed with CldU
(24h) at successive 24-hour time frames during embryonic and post-embryonic development, followed by a
chase time of six months in CldU-free medium. Subsequently animals were pulsed for 7 days continuously with
IdU, after which both markers were visualized and the presence of double labeled cells was analyzed. (B):
Double labeled LRC located in the tail region (left inset), in a whole mount animal (confocal plane) that was
pulsed with CldU (green) on day 1 of embryonic development, chased for six months, and pulsed again with IdU
(red, converted to magenta). Every LRC (labeled during the first pulse) that proliferates during the second pulse
will become overlabeled with 1dU, and is CldU"/IdU" (white, indicated with arrow). LRCs that do not proliferate
during the second pulse are CldU" (green) and cells which are proliferating during the second, but not the first
pulse, are Idu* (magenta). Abbreviations: CldU, 5-chloro-2’-deoxyuridine; I1dU, 5-lodo-2’-deoxyuridine. Scale

bars: C, 50um; C inset, 20pum.
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2.4.4. The use of cytochalasin D indicates random segregation

of DNA strands

In order to directly test the segregation pattern of DNA strands in vivo, cytochalasin D was
used. This actin binding protein blocks cytokinesis, while karyokinesis is unaffected,
thereby maintaining one cell with two daughter nuclei.

In order to incorporate EdU in all cells, embryos were pulsed continuously during the
whole embryogenesis (day 1 until day 5). In a second pulse-group, hatchlings were
continuously treated with EdU from day 6 until day 11. Animals were then chased in the
presence of food for two months and subsequently incubated in cytochalasin D for one
week (Figure 2.6A). Immediately afterwards, animals were macerated into single cells and
stained for EdU. As a consequence, each label-retaining stem cell that proliferated during
this one week incubation-period was blocked, resulting in a binucleate cell. This made it
possible to analyze the distribution of labelled strands in the daughter nuclei.

All EdU" binucleate cells that were observed displayed an equivalent EdU-signal in both
daughter nuclei (Figure 2.6B). No cells were found that contained a labelled nucleus next
to an unlabelled one, or otherwise displayed evidence of unequal fluorescence

distribution.
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Figure 2.6

Analysis of the distribution of labeled DNA-strands among daughter nuclei of label-retaining cells (LRCs) on
single cell level, using the actin-binding protein cytochalasin D. Cytochalasin D is an actin-binding protein that
inhibits cytokinesis, while karyokinesis remains unaffected. Thereby, binucleate cells are created, which
enables analysis of the distribution of DNA-strands among daughter nuclei on single cell level. (A): Scheme of
the experimental set-up. Animals were pulsed continuously with EdU during embryonic development (day1-
day5) and during post-embryonic development (day6-day11), followed by a chase time of 2 months in EdU-free
medium. Subsequently animals were soaked in cytochalasin D for 7 days, EdU was visualized and DNA was
stained with DAPI. (B): Visualization of binucleate LRCs in macerated cell suspensions. Fluorescence images of
EdU (left), DAPI (middle), and interference contrast images (right) of binucleate LRCs, pulsed during embryonic
(B1) and post-embryonic (B2, B3) development. Binucleate EdU" cells display equivalent EdU-signal in both

daughter nuclei. Abbreviations: EdU, 5-ethynyl-2’-deoxyuridine. Scale bars: 5um.
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2.5. Discussion

In M. lignano four different in vivo approaches were used to analyze the exact segregation
mode of DNA-strands during stem cell division. None of these approaches produced
evidence for non-random segregation of DNA-strands, and were therefore inconsistent
with the immortal strand hypothesis. In contrast, our long-term label-retention analyses
are rather a confirmation of the existence of a population of relatively quiescent stem cells.
BrdU pulse-chase experiments were performed to test whether LRCs can be established in
M. lignano. In order to enable pinpointing the origin of LRCs to a specific developmental
window, an elaborate pulse scheme was designed. The data demonstrated that LRCs could
be established in all specimen pulsed during 11 different time periods of development. A
similar pulse-chase experiment in adult worms also resulted in LRCs. Thus, our study
demonstrates that LRCs can be established in M. lignano, not only during the complete
duration of embryonic development (dayl - day 5), but also during post-embryonic
development (day 6 - day 11) and even during adulthood. Of possible concern was that
label-retention is caused by an artifactual withdrawal from the cell cycle, caused by a
possible deleterious effect of the incorporated thymidine analog. However, our double
labelling experiment contradicts this hypothesis, since label-retaining neoblasts are
observed to proliferate. Previously, a continuous BrdU pulse (50 uM) from hatching to
maturity in M. lignano, has been observed to result in viable labelled sperm (Schérer et al.,
2007b). Furthermore, other reports on the use of BrdU in M. lignano (with continuous
pulse durations up to 14d) have demonstrated no major effect on the dynamics of
proliferating cells, since pulsing was not observed to affect morphology, animal behavior,
cell cycle dynamics of fast cycling cells, differentiation of BrdU" cells, and sperm production
and differentiation (Ladurner et al., 2000; Nimeth et al., 2004; Bode et al., 2006; Scharer et
al., 2007b; Scharer et al.,, 2004). Based on the results presented in this study and in
previous studies, we can conclude that the effect of analog incorporation is minimal and

that label-retention is not caused by a cell cycle arrest. Another possible caveat of label-
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retention studies is that the label is retained due to the post-mitotic state of differentiated
cells. Working with M. lignano, however, enables identification of stem cells, based on
their morphology (Ladurner et al., 2000), expression of Macvasa (Pfister et al., 2007), and
their ability to incorporate a thymidine analog, as the only proliferating somatic cells
(Ladurner et al., 2000). In this study, the presence of label-retaining neoblasts among the
LRCs was proven in three ways: (1) labelled neoblasts were identified morphologically, (2)
Macvasa proteins were demonstrated in a subset of LRCs, and (3) a small number of LRCs
were observed to incorporate IdU in our double labelling experiment. These double
labelled cells were found in all pulse groups, meaning that every pulse that was performed
resulted in stem cells which retained label for extended periods of time. Thus, if label-
retention would be a result of non-random segregation of labelled DNA-strands and
‘immortal’ strands do exist in M. lignano, our observations indicate that they would be
synthesized continuously during embryonic and post-embryonic development, as well as
during homeostasis. Serially creating new ‘immortal’ strands is totally incompatible with
the purpose of the immortal strand hypothesis. On the other hand, the results of our
analysis for the establishment of LRCs are compatible with the existence of a population of
relatively quiescent stem cells. The inability to pinpoint the origin of LRCs to a specific
developmental window, has previously been observed to be compatible with the existence
of quiescent stem cell in mice (Sotiropoulou et al., 2008).

Quantitative analysis of LRCs after two and six months chase demonstrates a significant
decline in the number of LRCs. Still, neoblasts are observed to be able to retain label for as
long as six months, a period equivalent to the median life span of M. lignano (Mouton et
al., 2009a). Thus, the label of LRCs is lost at an extremely slow rate, indicating little cell
proliferation, a sign for cellular quiescence. To directly test the proliferative activity of LRCs
during homeostasis, in vivo CldU/IdU double labelling experiments were performed. The
extremely low numbers of double labelled LRCs demonstrate little proliferation. Both our
single and double labelling experiment, therefore, deliver strong arguments for the
existence of a population of quiescent stem cells in M. lignano. The combined outcome of

our single and double labelling experiment after prolonged chase times, and the
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implications thereof, are explained in Figure 2.7A. These experiments have demonstrated
the establishment of a population of LRCs, consisting of labelled neoblasts on one hand,
and differentiated progeny of labelled neoblasts on the other hand. By pulsing with CldU
during embryonic or post-embryonic development, cells become labelled in S-phase
(Figure 2.7A, left panel). During successive development and growth, these CldU-labelled
cells proliferate and create labelled progeny. The labelled progeny then migrates and
differentiates to participate in homeostasis. As a result of proliferation, migration and
differentiation CldU-labelled cells are distributed throughout the whole animal with some
clustering at the brain and pharynx (Figure 2.7A, middle panel). CldU labelled stem cells
that go through S-phase during a second, 7d-pulse period with IdU incorporate the second
label. Due to cell renewal, autophagy and apoptosis, the amount of differentiated cells,
and the amount of neoblasts that have retained label decreases with increasing chase time
duration (Figure 2.7A, right panel). In summary, this mode of cell turn over leads to the
conclusion that random segregation of DNA-strands is the preliminary mechanism during
neoblast divisions. Based on the results obtained from our label-retention study, a
hypothetical graph is presented elucicating the persistance of labelled cells during the life

span of M. lignano (Figure 2.7B).
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Figure 2.7

LRCs in M. lignano: their establishment, persistence and disappearance. A): Explanatory scheme of the results
of a double labeling technique, using CldU and IdU. See text for details. (B): Explanatory graph representing the
curve of the number of LRCs during the lifespan of M. lignano. Two starting points correspond to hypothetical
pulses, one in hatchlings and one in adults. After performing a single pulse in hatchlings (dotted line curve) or
adults (full line curve), a certain number of cells incorporate the thymidine analog and become labeled. Due to
proliferation and differentiation this initial population of labeled cells expands. Their progeny either retains
neoblast identity (blue) or loses mitotic activity to eventually become differentiated cells (green). After an
initial period of expansion, the number of CldU-labeled cells decreases as a result of cell replacement from
unlabeled progeny (green curve) and dilution of the CldU in proliferating neoblasts (blue curve). After six
months, a small proportion of differentiated cells and neoblasts have retained the CldU-label, respectively due

to long-term functionality and cellular quiescence.
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Finally, the actin-binding protein cytochalasin D was used to inhibit cytokinesis, thereby
allowing analysis of the actual distribution of labelled DNA-strands among daughter cells of
LRCs. This technique was performed for the first time in vivo. All binucleate cells observed,
demonstrated equal distribution of labelled DNA-strands among daughter nuclei,
indicating random segregation of DNA-strands in LRCs. However, it should be noted that if
non-random segregation does occur, unequal distribution of fluorescence would not be
visible until the second cell division after pulsing. Nonetheless, not one binucleate cell was
found displaying non-random segregation of DNA-strands. Given the long chase time, and
the fact that the number of LRCs was observed to decline with increasing chase time, it is
unlikely that all binucleate cells divided only once after they were labelled during
embryonic or post-embryonic development. In conclusion, this experiment corroborated
the random distribution of DNA-strands in LRCs. The presence of a small population of
qguiescent neoblasts has been demonstrated previously in M. lignano. However, to date
evidence was only produced for a short quiescent period of one week (Bode et al., 2006).
In irradiation studies on M. lignano, quiescent neoblasts that were activated upon
radiation, were suggested to be responsible for recovery of the animals (De Mulder et al.,
2010). Our results, though, clearly demonstrate cellular quiescence on a considerably
larger scale, since the foundation of a population of quiescent neoblasts appears to be
already laid during the earliest stages of development. Moreover, these stem cells are
shown to remain in this relatively quiescent state for a period as long as the median life-
span in M. lignano.

In literature, adult stem cells are often suggested to exit the cell cycle upon reaching
adulthood and form a dormant population of reserve cells. Additionally, developmental
quiescence has been observed in a number of organisms. For example, in mice, the
presence of quiescent or slow-cycling stem cells during the later stages of development has
been observed in multiple tissues (Ahn and Joyner, 2005; Nowak et al., 2008). It is not clear
however, whether these cells remain in this dormant state during adulthood. Similarly, in

lower organisms, cell cycle arrest has been described for vulval precursor cells during
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development in C. elegans. Still, these cells already resume proliferation during a later
stage of development (Clayton et al., 2008). Thus, our observation of such an early onset of
stem cell quiescence that persists for such a long time during adulthood, sheds light on a
remarkable feature of neoblasts in M. lignano and opens venues for additional research.
Our study demonstrates that the neoblasts in M. lignano can be divided in at least two
distinct subpopulations. The coexistence of quiescent and active neoblasts can serve to
accomplish the two defining tasks of stem cell compartments, respectively maintaining a
reserve for long-term repopulation, and creating progeny to cope with the high demand
for proliferation. To date, it is not known whether these two populations are divided even
further into a hierarchy of neoblast subpopulations with gradual limited differentiation
potential. Such an organization of the stem cell pool has been postulated to greatly
decrease the maximum number of cell divisions stem cells must undergo (Morrison and
Spradling, 2008), hence reducing the risk of accumulating genomic errors. Furthermore,
based on the high tolerance against radiation, neoblasts in M. lignano have been
suggested to exhibit a highly efficient DNA repair system (De Mulder et al., 2010). In its
natural environment M. lignano is exposed to harsh environmental conditions such ase. g
desiccation, very high or low salinity and temperatures. These stress conditions can
damage DNA integrity. Therefore, M. lignano might have evolved competent DNA repair
mechanisms that are indirectly highly beneficial for the stem cell system.

As previously mentioned, the immortal strand hypothesis is almost impossible to reject
(Rando, 2007; Lansdorp, 2007). Although this study produced evidence for quiescent stem
cells and failed to detect non-random segregation of DNA-strands, it cannot be ruled out
that only a proportion of the chromosomes are unequally distributed among daughter
cells, as was reported by Armakolas and Klar (2006). In the same way, it can never be
excluded that some rare cells in the neoblasts population display non-random segregation
of DNA-strands. However, the biological relevance of such a system can be questioned if it
is only present in a very limited number of cells.

In this long-term in vivo study, the exact mode of DNA-segregation during stem cell division

was tested in the flatworm M. lignano. Altogether, our data suggest random segregation of
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DNA-strands and that label-retention is a direct result of cellular quiescence. We therefore
conclude that the M. lignano stem cell system is protected by the presence of a population
of quiescent neoblasts , probably together with a high capacity of DNA repair. Our findings
contribute to a better understanding of how stem cell systems are organized in flatworms

and higher organisms, including humans.
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2.6. Supplementary Material

Figure 2.51

BrdU/EdU double labeling. To test the specificity by which EdU labels cells in S-phase, an EdU/BrdU double
labeling was performed. Due to unequal binding kinetics of both analogs, however, a simultaneous pulse could
not be performed. Instead, hatchlings and adults were pulsed with EdU (40min), immediately followed by a
pulse with BrdU (40min). Subsequently both EdU and BrdU were visualized. (A, B): Visualization of EdU (green)
and BrdU (red) in whole mount animals (epifluorescence). Labeled cells are EdU"/BrdU*, with the exception of a
small number of EdU’/BrdU” cells (arrowhead) and EdU/BrdU" cells (open arrowhead). These single labeled
cells most likely represent cells that have left S-phase during the first pulse, and cells that have entered S-phase
during the second pulse. (A): hatchling, complete animal. (B): adult, area of the gut. Abbreviations: EdU, 5-

ethynyl-2’-deoxyuridine; BrdU, 5-bromo-2’-deoxyuridine. Scale Bars: 20pum
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Supplementary method 2.51

Animals were successively pulsed with EAU (40 min - Invitrogen) and BrdU (40 min —
Sigma). Subsequently, animals were relaxed for 15 min with 7.14% MgCl, and then fixed in
paraformaldehyde (4% in PBS, 30 min). Next, specimens were washed with PBS-T, treated
with Protease XIV and incubated in 2N HCl, as described for detection of BrdU. EdU
detection with the Click-iT EdU Alexa Fluor (Invitrogen) was performed according to the
manufacturer’s instructions. After washings steps in PBS-T (5 x 5 min), specimen were
incubated with rabbit-anti-BrdU (1:1000 in BSA-T, overnight, 4°C - Roche). After washing
with PBS-T (3 x 10 min), specimens were incubated in TRITC-conjugated swine-anti-rabbit
(1:250 in BSA-T, 1 h, at room temperature - DAKO). Finally, specimen were washed with

PBS-T (3 x 10 min) and mounted in Vectashield mounting medium (Vector Laboratories).
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3.1. Abstract

Macrostomum lignano (Platyhelminthes) possesses pluripotent stem cells, also called
neoblasts, which power its extraordinary regeneration capacity. We have examined the
cellular dynamics of neoblasts during regeneration of the rostrum in M. lignano. First,
using live squeeze observations, the growth curve of the rostrum was determined. Second,
neoblasts were labelled with bromodeoxyuridine (BrdU) and anti-phospho histone H3
mitosis marker (anti-phos-H3) to analyze their proliferative response to amputation.
During the regeneration process, both S- and M-phase cells were present anterior to the
eyes, a region which is devoid of proliferating cells during homeostasis. Furthermore, BrdU
pulse experiments revealed a biphasic S-phase pattern, different from the pattern known
to occur during regeneration of the tail plate in M. lignano. During a first systemic phase, S-
phase numbers significantly increased, both in the region adjacent to the wound (the
anterior segment) and the region far from the wound (the posterior segment). During the
second, spatially restricted phase, S-phase numbers in the anterior segment rose to a peak
at three to five days post-amputation (p-a), while in the posterior segment, S-phase activity
approached control values again. A blastema, characterized as a build-up of S- and M-
phase cells, was formed one day p-a.

Altogether, our data present new insights into the cellular response of the neoblast system
upon amputation, clearly demonstrating important differences from the situation known
to occur during regeneration of the tail plate. Furthermore, the presence of proliferating
cells in the region anterior to the eyes shows a clear alteration in stem cell regulation

during regeneration.
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3.2. Introduction

Flatworms are famous for their extraordinary ability to regenerate lost body parts. During
this process, adult stem cells—the so-called neoblasts—have been shown to play an
indispensable role. The majority of the regeneration research within flatworms has focused
on triclads (Brgndsted, 1969; Salé and Baguna, 2002; Agata, 2003; Reuter and
Kreshchenko, 2004; Reddien and Sanchez Alvarado, 2004; Sald, 2006). However, within
macrostomids, Macrostomum lignano (Ladurner et al.,, 2005b) is becoming a
complementary model organism for studying adult stem cells and regeneration in vivo. This
is mostly due to their small size, which allows for straightforward quantitative analysis, and
the ability to label S-phase cells with the thymidine analogue 5-bromo-2’-deoxyuridine
(BrdU), by simply soaking (Ladurner et al., 2000). In contrast, successful BrdU-labelling in
triclads requires feeding or injection, which were both reported to inflict changes on the
proliferative status of neoblasts (Newmark and Sanchez Alvarado, 2000).

M. lignano can regenerate all organ systems as long as brain and pharynx are present
(Egger et al., 2006). To date, detailed reports are mainly available on regeneration of the
tail plate in this flatworm. One study on the dynamics of the stem cell pool has
demonstrated massive neoblast proliferation upon amputation, though restricted to
neoblasts located near the wound region (Nimeth et al., 2007). The caudal blastema, an
accumulation of proliferating cells that is visible 24 hours after amputation, was described
in great detail (Egger et al.,, 2009), as was the restoration of the muscle system
(Salvenmoser et al., 2001). Despite the attention paid to tail plate regeneration in M.
lignano, no more information on regeneration of the rostrum is currently available, other
than live observations showing that it can occur successfully given that the brain remains
intact (Egger et al.,, 2006). The reaction of the neoblast system on amputation of the
rostrum in M. lignano remains unknown. Nonetheless, given that this region is devoid of
neoblasts in control wormes, it is a compelling region in that it allows precise analysis of

neoblast migration. To our knowledge, within the macrostomids, the stem cell response
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during regeneration of the rostrum was described only once, in Microstomum lineare
(Palmberg, 1986). However, contrary to M. lignano, this species reproduces asexually and
does have proliferative cells in the rostrum during homeostasis. Remarkably, on a
morphological level, M. lineare showed no sign of blastema formation (Palmberg, 1986),
though it must be noted that detailed spatial and temporal analyses of the stem cell
dynamics were not undertaken in this study.

In the current study, the regeneration of the rostrum in M. lignano was analyzed,
performing amputation anterior to the brain. Firstly, live squeeze observations were used
to describe the regeneration process morphologically and determine its time course.
Secondly, immunolabelling techniques were performed with BrdU and anti-phospho-
histone H3 mitosis marker (anti-phos-H3) to study the cellular dynamics of the neoblast
pool following amputation. For accurate analysis of the results, a distinction is made
between neoblasts located in a region near the wound and those in a region far from the
wound (the anterior and posterior segment, respectively). Quantitative analysis
demonstrates a biphasic S-phase pattern, consisting of an initial systemic phase, followed
by a secondary spatially restricted phase. One day p-a, a regeneration blastema was

formed in the rostrum, in which a build-up of S-phase and mitotic cells was apparent.

3.3. Materials & Methods

3.3.1. Cultures

M. lignano cultures were grown in f/2-medium (Guillard and Ryther, 1962) and fed ad
libitum with the diatom Nitzschia curvilineata, as described by Mouton et al (2009b).
Amputations were performed with a fine steel surgical blade (SM62, Swann-Morton) under
a stereo microscope, while worms were relaxed in a small droplet of 1:1 MgCl,.6H,0

(7.14%) and ASW (artificial sea water). Immediately thereafter, specimens were washed in
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f/2 medium. Unless otherwise stated, regenerates were then transferred to culture dishes

filled with f/2 medium and diatoms and left to regenerate.

3.3.2. In vivo observations

For determination of the growth curve of the rostrum, a time series was made, observing
the same individuals at successive time points post-amputation (p-a) (0, 2, 4, 6, 8, 10, and
12 days). Animals were anaesthetized in a 2:1 mixture of MgCl,.6H,0 (7.14%) and ASW,
and live squeeze preparations were made using a standardized spacer (35 um), as specified
by Schérer and Ladurner (2003).

To study the regeneration process of anatomical structures in the rostrum, animals were
observed at several time points p-a (0, 1, 2, 4, 8, and 12 hours; 1, 2, 4, 6, 8, and 10 days).
Live squeeze preparations were made without a spacer, using a drop (20ul) of a 2:1
mixture of MgCl,.6H,0 (7.14%) and ASW. Specimens were observed with interference
contrast microscopy (Olympus BX51), and images were made with an Olympus C-5060
camera. For the growth curve of the rostrum, measurements of the length of the rostrum
and mouth opening were performed, using the free software program Image J (Abramoff
et al., 2004), and statistical analysis was performed, using repeated measurements Anova

(Statistica 7).

3.3.3. Staining of muscle F-actin and serotonergic nerve cells

Muscle F-actin filaments were stained according to the protocol described by Salvenmoser
et al. (2001), using TRITC-conjugated Phalloidin (1:200, Sigma). Staining of the serotonergic
nervous system was performed by relaxing the animals, first in a 1:1 mixture of MgCl,.6H,0
(7.14%) and ASW (5min), then in MgCl,.6H,0 (7.14%) (undiluted, 5min), followed by
fixation in paraformaldehyde (PFA, 4% in PBS, 60min). Subsequently, animals were rinsed
with phosphate-buffered saline (PBS, 3 x 5min) and blocked in bovine serum albumin,
containing triton (BSA-T, 0.1% Triton X-100, 60min). Animals were then incubated in
primary rabbit-anti-5HT (1:400 in BSA-T, 48h, 4°C, Sigma), rinsed with PBS-T (0.1% Triton X-

100, 5 x 5min), and incubated in secondary TRITC-conjugated goat-anti-rabbit (1:100 in
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BSA-T, 2h, room temperature, Millipore). Finally, animals were rinsed with PBS (5 x 10min)

and slides were mounted using Vectashield (Vector Laboratories).

3.3.4. Scanning electron microscopy

Specimens were relaxed (as described for staining of the nervous system), fixed in
glutaraldehyde (2.5% in sodium cacodylate buffer — 0.2M, pH 7,4, 2d, 4°C), and rinsed with
sodium cacodylate buffer (0.2M, 4 x 5min). Fixed specimens were then dehydrated in
graded ethanol solutions (30%, 50%, 75%, 90%, 95%, and 99% ethanol - 1 x 20min each;
and 100% ethanol - 3 x 15min). Subsequently, animals were rinsed with liquid CO, (5 x),
critical-point dried (Balzers Union, CPD020), mounted onto stubs with carbon tabs and
coated with gold (JFC1200 Finecoater, Jeol). Finally, they were examined with a Jeol JSM-

840 scanning electron microscope.

3.3.5. BrdU pulse, BrdU pulse-chase, and anti-phos-H3 labelling

During pulse periods, the thymidine analogue 5’-bromo-2’-deoxyuridine (BrdU, Sigma) is
incorporated into the nuclei of cells in S-phase. Organisms were labelled with BrdU (5mM
in ASW), soaking them for 30min. For BrdU pulse experiments, groups of animals were
pulsed at different time points p-a (2, 4, 8, 12, and 24 hours; 2,3, 4,5, 6,7, 8,9, and 10
days), after which the incorporated BrdU was visualized. For BrdU pulse-chase
experiments, animals were pulsed immediately following amputation, washed with f/2 (3 x
5min) and chased in f/2 for 0, 2, 4, 8, or 12 hours; 1 or 2 days (in the dark). BrdU was
visualized after completion of the chase-period.

For visualization of the BrdU, animals were relaxed and fixed, as described for staining of
the serotonergic nervous system, followed by several rinses with PBS (3 x 5min) and
incubation in PBS-T (60min). Specimens were treated with Protease XIV (0.2mg/ml in PBS-
T, 37°C, under visual control, Sigma), exposed to 0.1M HCI (10min, on ice) and 2M HCI (1h,
37°C), washed several times with PBS (3 x 10min), and blocked in BSA-T (30min).

Incorporated BrdU was localized using a monoclonal mouse-anti-BrdU antibody (1:600 in
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BSA-T, overnight, 4°C, Sigma). After being washed with PBS (3 x 10min), a secondary FITC-
conjugated goat-anti-mouse antibody (1:200 in BSA-T, 1h, DAKO) was used.

To test the presence of mitotic cells in the rostrum of 1-day regenerates, the mitotic
marker anti-phospho-histone H3 (anti-phos-H3) was used. Specimens were treated as
described for the visualization of BrdU, starting from relaxation until the blocking
treatment in BSA-T. Subsequently animals were incubated in primary anti-phos-H3
antibody (1:300 in BSA-T, overnight, 4°C, Upstate Biotechnology), rinsed in PBS (3 x 10min),
and incubated in secondary TRITC-conjugated swine-anti-rabbit (1:150 in BSA-T, 1h, DAKO).
Finally, animals were washed with PBS (3 x 10min) and slides were mounted using
Vectashield (Vector Laboratories).

Immunohistochemical stainings were analyzed using a Nikon Eclipse Clsi laser scanning
microscope. An argon laser (488 nm) in combination with a narrow band-pass filter (BP
515/30), and a helium-neon laser (543 nm) in combination with a narrow band-pass filter
(BP 593/40) were used for visualization of the FITC- (BrdU), and TRITC-fluorochromes (anti-
phos-H3), respectively. Images were processed using Nikon EZ-C1 3.40 and Photoshop CS2

software.

3.3.6. Quantitative analysis of cellular dynamics

In control animals and in regenerating specimens, the number of S-phase cells was
determined in the region anterior to the testes and the region posterior to the ovaries,
respectively referred to as the anterior and posterior segment. Additionally, S-phase
activity in the rostrum was analyzed quantitatively, by performing quantification of
labelled cells in the rostral segment, the region marked by the anterior border of the eyes
and the anterior tip of the rostrum. These quantification areas have the advantage of being
able to be defined precisely for each animal by marking the border of the gonads or eyes.
Quantification of BrdU-labelled cells was performed on confocal images using the cell-
counter plug-in for Image J (Abramoff et al.,, 2004). Prior to the analysis of the cellular
dynamics data, residual plots indicated homoscedastic error distributions, and formal

testing did not reject the normality assumption of the error terms. However, these data
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are based on a relatively low sample size, and small samples almost always pass a
normality test. Hence, a non-parametric test, although having lower power efficiency, is
more appropriate. Congruent with our independent-samples design, differences between

observations were tested using a Mann-Whitney U Test (Statistica 7).

3.4. Results

3.4.1. Growth curve of the rostrum and morphological study of
the regeneration process

The anterior margin of the brain, located in front of the eyes, was used as a reference point
for amputation (Figure 3.1a). The duration of the regeneration process, when cut anterior
to the brain, was determined by a morphological marker. A time series of individuals was
made, measuring the ratio of the length of the rostrum to that of the mouth opening,
before amputation and at different time points p-a (0, 2, 4, 6, 8, 10 and 12 days, n=4). This
ratio was constant in control animals (Figure 3.1b). Following amputation, the value
increased gradually as more newly formed tissue is present in time. Six days p-a, this ratio
again approached the value of control animals (p=0.9).

Using in vivo squeeze preparations, the rostrum was studied in control animals (Figure
3.1c, ¢/, and c¢”) and regenerates (Figure 3.1d-f) after amputation at the designated level. A
fast wound-closing mechanism was observed following amputation of the rostrum. After
only 1h p-a, for the most part, the wound area was covered with a layer of flattened
epidermal cells (Figure 3.1d). At this early stage however, the wound was still fragile and
easily broke open when observed in animals anaesthetized with MgCl, in vivo squeeze
preparations. Scanning electron microscopic (SEM) images confirmed that, 1h p-a,
epidermal cells cover the wound almost completely, leaving only a small opening
(Supplementary Figure 3.51b). However, as the wound was observed to still be fragile, it
cannot be excluded that this opening was a result of anaesthetizing the animals, prior to

fixation. In addition to epidermal cells covering the wound area, reduction of the size of
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the wound was observed. Staining of muscle F-actin, 1h p-a, confirmed contraction of
muscle fibers at the wound site (Supplementary Figure 3.52b). One day p-a, the presence
of cilia of sensory receptors was visible at the anterior tip (Fig 1e, €’). Eight days p-a, the
presence of morphologically visible structures —such as rhammites, rhabdites, and cilia of
sensory receptors— resembled those in control animals. The formation of an extension of
un-pigmented blastema cells at the level of the wound —as previously described during
regeneration of the tail plate— could not be observed during live observation in one-
(Figure 3.1e, €’) or two- (Figure 3.1f, f') day regenerates, or at any other time-step of the
regeneration process. A blastema extension was either absent or was not distinguishable

due to the un-pigmented nature of neighboring differentiated cells in the rostrum.
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Figure 2.1:

The regeneration process in Macrostomum lignano following amputation of the rostrum. a Schematic drawing
of adult M. lignano. Amputation level (red dotted line) just anterior tot the brain. The rostrum (two-sided
arrow) is described as the area in front of the eyes. Abbreviations: ro rostrum, b brain, e eye, m mouth, ph
pharynx, g gut, t testis, and o ovary. b Graph representing the growth curve of the rostrum during the
regeneration process (n=4). Y-values represent the ratio of the length of the rostrum to the length of the
mouth (£ standard deviation), which is observed to be constant in control animals. The X-axis represents time
points after amputation (in days). Six days p-a, the ratio approaches the constant value again. Significant
differences with the control value are indicated with an asterisk. c-f Light microscopic images of the rostrum
area in M. lignano. c Control animal, showing epidermal layer (ep), and cilia of sensory receptors (s). Rhammite
gland necks run through the brain into the rostrum (arrowheads). ¢’ Detail of s in a control animal. ¢’ Detail of
ep. d 1h p-a. The wound surface is covered by flattened epidermal cells (open arrowheads). Preparing the slides
causes some epidermal cells to detach (x), which shows the fragility of the wound. e 1d p-a. Rhammite gland
necks and S are visible. ¢’ Detail of s. f 2d p-a. rhammite gland necks are visible. f' Detail of the anterior tip of
the rostrum, showing rhammite gland necks. Anterior is on top. Bars c, d, e, f: 50um. Bars c’, e’, f': 25um. Bar

c”: 10um.
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3.4.2. Stem cell dynamics during regeneration of the rostrum

BrdU pulse experiments were performed to study the response of the neoblast pool as a
reaction to amputation of the rostrum. To test whether loss of tissue causes a systemic
response or a response that is spatially restricted, S-phase neoblasts were quantified in the
region adjacent to the wound, as well as those in the region far from the wound.

For analysis of proliferation dynamics of the neoblasts near the wound, BrdU-labelled S-
phase cells were quantified in the region marked by the wound itself and by the anterior
border of the testes, the anterior segment (Figure 3.2a). Quantification of the number of S-
phase cells was performed on control animals and on regenerates at different stages of the
regeneration process (2, 4, 8, and 12 hours; 1, 2, 3,4, 5, 6, 7, 8, 9, and 10 days) (Figure
3.2b). In control animals, 80 (11, n=5) S-phase cells were present in the anterior segment.
After amputation, a fast response was observed. Two hours p-a, the number of S-phase
cells had increased significantly (114112, n=7; Mann-Whitney U, p=0.04), and already at
four hours p-a, this number exceeded a 50% increase (127115, n=7; Mann-Whitney U,
p=0.004). Subsequently, S-phase numbers further rose until 2d p-a (156+34, n=5),
eventually resulting in an S-phase peak at three (193438, n=7), four (192136, n=7), and five
days p-a (18024, n=7). The number of S-phase cells had decreased significantly at six days
p-a (128139, n=9; Mann-Whitney U, p=0.02) and approached control values again at nine
days p-a (119142, n=9; Mann-Whitney U, p=0.05).

To test whether this S-phase response is systemic, S-phase cells were quantified in the
posterior segment, the region marked by the posterior border of the ovaries and the tail of
the animal (Figure 3.2a). Quantification was performed in control animals, and in
regenerates at time points corresponding to the initial fast increase (2h, and 4h p-a) and
the S-phase peak (3d, 4d and 5d p-a) as observed in the anterior segment (Figure 3.2c).
Control animals were observed to have 169 (+38, n=8) S-phase cells in the posterior
segment. In two-hour regenerates, this number had increased merely slightly (19517,
n=6; Mann-Whitney U, p=0.1). However, at four hours p-a, a significant increase was

observed (212435; Mann-Whitney U, n=8, p=0.028), demonstrating an initial systemic S-
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phase response to amputation of the rostrum. In three- (163 +23, n=6), four- (187+18,
n=6), and five-day regenerates (17226, n=5) the number of S-phase cells was not
significantly different from control animals (Mann-Whitney U; p=0.95, p=0.2, and p=0.7,
respectively). Thus, while S-phase numbers are significantly increased in the anterior
region, the number of S-phase cells in the region far from the wound was comparable to
controls. In conclusion, a biphasic S-phase response to amputation of the rostrum was
observed, consisting of an initial systemic response and a secondary spatially restricted

response.
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Figure 3.2:

Dynamics of S-phase cells during regeneration of the rostrum in M. lignano (BrdU pulse)

a Schematic drawing of adult M. lignano. Light and dark grey area represent, respectively, the anterior and
posterior segment in which S-phase cells were quantified. Amputation level (red dotted line) is anterior to the
brain. b, ¢ Graphs representing quantification data of S-phase cells during regeneration, respectively, in the
anterior and posterior segment. Y-values represent the mean number of S-phase cells (+ standard deviation). X-
axes represent time p-a. (n=5-9) b An early onset increase of S-phase numbers is already observed 2h p-a. S-
phase activity further increased, until reaching a peak at 3d—5d p-a. ¢ A significant increase in S-phase cells is
observed, 4h p-a. 3d, 4d, and 5d p-a, S-phase numbers approach control values. d BrdU-labelling after a 30-
minute BrdU pulse. Confocal projection of a control animal. S-phase neoblasts are distributed in a bilateral
pattern. No S-phase cells are present anterior to the level of the eyes (arrow). e, f Quantitative analysis of
migration of S-phase cells into the rostrum. e Schematic drawing of adult M. lignano. Grey area represents the
rostral segment in which S-phase cells were quantified. Amputation level (red dotted line) is anterior to the
brain. f Graph representing quantification data of S-phase cells in the rostral segment during the regeneration
process (n=5-7). Y-values represent the mean number of S-phase cells (+ standard deviation). X-axis represents
time p-a. g-1 BrdU-labelling after a 30-minute BrdU pulse. Confocal projections of the rostrum area. g 4h p-a.
The number of S-phase cells at the level of the eyes has increased. h 12h p-a. S-phase cells are present at the
level of the wound, underneath the epidermis (open arrowhead). i 1d p-a, 2 individuals. A blastema is visible at
the anterior tip of the rostrum, characterized by a build-up of S-phase cells which however varies in density
(left panel versus right panel). (n=4) j 2d p-a, 2 individuals. S-phase activity in the blastema has decreased (left
panel). S-phase activity in the blastema remains high (right panel). k 6d p-a. The S-phase cells that are located
most anteriorly, are at the level of the eyes. | Confocal projection of the rostrum area after anti-phos-H3
labelling. 1d p-a. Mitotic cells are present in the blastema. Arrows indicate the level of the eyes. Anterior is on

top. Bars: 50pum.
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3.4.3. Spatial Distribution of S-phase and Mitotic cells

In control animals, the most anterior position of S-phase neoblasts is at the level of the
eyes (Figure 3.2d). S-phase cells were never observed more than 20um (n=5) anterior to
the upper border of the eyes. During regeneration of the rostrum, S-phase cells were
observed in the rostrum. To analyze S-phase activity in the rostrum, labelled cells were
quantified in the rostral segment (Figure 3.2e) at different time steps during the
regeneration process (Figure 3.2f). In control animals, on average two (+1, n=5) S-phase
cells were present. This number rapidly increased during the regeneration process, until it
reached a maximum of 26 (39, n=5; Mann-Whitney U, p=0.004) cells at 1d p-a. In three-day
regenerates, this number had decreased significantly, compared to 1d p-a (8+7, n=7;
Mann-Whitney U, p=0.01) and at six days p-a, the number approached control values (243,
n=7; Mann-Whitney U, p=0.84).

Additionally, the presence of S-phase cells in the rostrum was analyzed qualitatively (Figure
3.2g-k; for additional images, see Supplementary Figure 3.53). Four hours after
amputation, the number of S-phase cells at the level of the eyes was increased in
comparison to non-regenerating animals (Fig 2g). S-phase cells were visible for the first
time at the level of the wound, underneath the epidermal cell layer, in animals that were
left to regenerate for 12 hours (Figure 3.2h). One day p-a, cells going through S-phase
accumulated, forming a regeneration blastema in the region below the wound. Although in
all individuals, S-phase cells were present in this region, their density was observed to vary
(Figure 3.2i, compare left panel to right panel). Two days p-a, S-phase activity in the
blastema had decreased in most of the observed animals (Figure 3.2j, left panel). In 20% of
the individuals, S-phase activity was still highly upregulated in the blastema (Figure 3.2j,
right panel). In six-day regenerates, no S-phase activity was observed in the region below
the wound. Instead, the S-phase cells which were located most anteriorly, were located
within a distance of 20um from the level of the eyes, comparable to control animals
(Figure 3.2k). In two specimens, however (total n=10), a single S-phase cell was observed

that was still located at a distance between 50um and 100um from the level of the eyes.
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Our results demonstrate the temporary presence of cells in S-phase in the rostrum region.
The S-phase activity in this region reached a maximum, one day p-a. In order to
unambiguously prove the existence of actual cell division in this region, one-day
regenerates were analyzed using anti-phos-H3. In all animals (n=4), mitotic cells were
observed in the region anterior to the eyes and at the anterior tip of the rostrum, the

region of the blastema (Figure 3.2l).

3.4.4. BrdU pulse-chase experiments to study cell cycle
parameters and migration of cells

By means of BrdU pulse-chase experiments, cell cycle parameters and migration patterns
of BrdU-labelled (BrdU®) cells can be assessed. Animals were amputated at the level
anterior to the brain, after which they received a 30min BrdU pulse, followed by a chase
time during which BrdU" cells can divide and migrate. Thus, at the time of visualization of
the BrdU, labelled cells are not necessarily S-phase cells anymore. BrdU was visualized in
different groups of animals after a chase of 0, 2, 4, 8, and 12 hours, and after 1 and 2 days.
As a consequence, a cohort of cells that were in S-phase, or started S-phase during the 30-
minute time interval p-a, was followed in time during the regeneration process.

First, quantification of the number of BrdU" cells was performed in all groups (Figure 3.3a),
allowing analysis of cell cycle parameters of these cells. A 30-minute BrdU pulse in control
animals resulted in 83 (10, n=4) BrdU" cells in the anterior segment (see Fig 2a). In BrdU
pulsed regenerates that were not chased (0Oh), 106 (18, n=7) labelled cells were visible.
This significant (28%; Mann-Whitney U, p=0.014) increase represents an extra activation of
cells due to amputation. In 2h chased animals, 11413 (n=8; Mann-Whitney U, p=0.9)
BrdU" cells were quantified. Between two, and four hours p-a, this number increased
significantly to 143 (+16, n=9; Mann-Whitney U, p=0.003) BrdU" cells, which corresponds
to a 35%-increase of the initial cohort of cells. This increase was caused by the division of
labelled cells. In 8h-regenerates, 148 (+10, n=5) S-phase cells were quantified. This

indicates that, during the time interval between four and eight hours of chase, only 4%
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(p=0.6) of the BrdU" cells divided, assuming that no cells go through apoptosis.
Subsequently, BrdU" cells further increased rapidly up to a doubling of cell numbers after a
2d-chase (209+20, n=7), every measured time point being significantly higher than the
previous one (Mann-Whitney U, p<0.05).

Second, the spatial distribution of BrdU" cells was assessed, in order to investigate patterns
of migration during the first two days of the regeneration process. After a 30-minute pulse
and a two-hour chase, pairs of labelled cells could be observed (Figure 3.3b, inset). Longer
chase times resulted in the observation of cells that migrated to the rostrum via a route
that passes at the lateral sides of the regenerating rostrum (Figure 3.3c). Staining of the
serotonergic nervous system demonstrated that, prior to the time-step when migration of
neoblasts was visible (4h chase), severed nerve fibers were observed to run all the way to
the anterior tip of the growing rostrum (Supplementary Figure 3.54). After a 12-hour chase
period, BrdU" cells were observed to have migrated medially in the rostrum, and labelled
cells were present at the level of the wound, underneath the epidermal cell layer (Figure
3.3d). Starting from the level of the eyes, they migrated over an average distance of
116.4um. Based on these data, the minimal, average migration rate of neoblasts during
regeneration of the rostrum was estimated at 9.7um/h. After a chase of one day, the
amount of BrdU" cells that had migrated to the median axis of the rostrum was increased,
and after a two-day chase, a tight accumulation of labelled cells was observed (Figure

3.3e).
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Animals received a 30-minute BrdU pulse immediately after amputation and were then chased. a Graph
representing the quantification of BrdU” cells in the anterior segment. Y-values represent the mean number of
BrdU" cells (+ standard deviation) in the anterior segment. The X-axis represents the chase time duration. Oh
chase demonstrates a significant increase, which represents an extra activation of cells upon amputation.
BrdU" cells further increase up to a 100% increase after a 2d chase, due to cell division of labelled cells. b-e
Confocal projections of the rostrum area after BrdU pulse-chase labelling. b 2h chase. Migration of BrdU" cells
is not yet visible. A pair of labelled cells is visible (open arrowhead). Inset: Single confocal stack, showing the
pair of labelled cells. ¢ 8h chase. Cells, migrating in the direction of the wound area, at the lateral sides of the
rostrum (asterisks). d 12h chase. BrdU" cells have migrated towards the midline of the rostrum (antero-
posteriorly), and have reached the anterior tip of the rostrum (arrowhead). e 2d-chase. An accumulation of
BrdU" cells is visible at the anterior tip of the organism. Arrows indicate the level of the eyes. Anterior is on top.

Bars: 45um, Bar inset: 20pum.

109



REGENERATION OF THE ROSTRUM

3.5. Discussion

3.5.1. Wound healing and blastema formation

Following amputation of the rostrum, a fast wound-closing mechanism was observed.
Besides contraction of the musculature at the level of the wound, already one hour p-a,
the wound was almost completely covered by a thin layer of flattened epidermal cells. The
same mechanism was observed earlier for tail plate regeneration in M. lignano
(Salvenmoser et al., 2001; Nimeth et al., 2007; Egger et al., 2009), and regeneration in
triclads, so-called planarians (Baguiia et al., 1994; Alvarado and Newmark, 1998) and
polychaetes (Paulus and Muller, 2006).

Our BrdU pulse and histon-H3 experiments in one-day regenerates, demonstrated the
presence of a blastema, which was built up of cells in S- and M-phase. The fact that a
clearly distinguishable blastema extension did not show up in our light microscopic analysis
is most likely due to the un-pigmented nature of the rostrum area, hampering discernment

of such an accumulation of un-pigmented cells.

3.5.2. Biphasic S-phase pattern

S-phase activity shows a biphasic pattern in response to amputation of the rostrum. During
the first phase, S-phase numbers were observed to increase significantly, both in the
region adjacent to the wound and the region far from the wound (the anterior and
posterior segment, respectively). This systemic phase was followed by a second phase that
was spatially restricted to the anterior segment.

The exact stimulus that leads to each of the two phases is not known. In triclads, similar
findings have been reported when quantifying mitotic cells. In these organisms,
amputation was shown to initially result in a systemic mitotic peak, followed by a local,
second peak (Baguiia, 1976b; Salé and Baguia, 1984; Wenemoser and Reddien, 2010). The
first peak was shown to be caused by the stimulus of injury itself, while the second peak
was uniquely caused by tissue absence (Wenemoser and Reddien, 2010).
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Interestingly, amputation of the tail plate in M. lignano was observed to only cause a local
proliferative response (Nimeth et al., 2007), resulting in a peak, temporally corresponding
to the S-phase peak in our study. Increased S-phase activity was not observed in regions far
from the wound.

Equally remarkable, amputation of the rostrum was observed to cause an early onset
increase in S-phase numbers, while regeneration of the tail plate demonstrated an initial
decrease of this number (Nimeth et al., 2007). The decrease which was observed during
tail plate regeneration, coincided with wound closure (Salvenmoser et al., 2001), and was
suggested by the authors as a mechanism to prevent the additional loss of regenerative
cells through the wound opening. The apparent different reaction during regeneration of
the rostrum, might be linked to the distribution of neoblasts during homeostasis. When
amputating the tail plate, neoblasts are present within the vicinity of the wound. Therefore
it seems beneficial to delay expansion of these valuable cells until the wound is safely
closed. Amputation of the rostrum, on the other hand, does not imply danger of losing
regenerative cells, since, at the time of amputation, the most anterior neoblasts are
positioned at the level of the eyes. Proliferative cells were observed to need twelve hours
to reach the wound, which by that time is already closed. Given this fact, there would be

no reason to stall proliferation.

3.5.3. Migration and proliferation in the rostrum

Our BrdU-experiments demonstrate a migration of neoblasts to the rostrum, with an
average migration speed of 9.7um/h. This shows that, compared to a migration speed of
6.5um/h during homeostasis (Ladurner et al., 2000), regeneration can induce an
accelerated migration speed. These results correspond to previous observations of an
accelerated migration in regenerating triclads (Salé and Bagufia, 1985).

Interestingly, for the first time, our study demonstrates transient neoblast proliferation in
the region anterior to the eyes. Hitherto, proliferation in this region had never been
observed, not in juveniles, adults, nor starved adults (Ladurner et al., 2000; Nimeth et al.,

2004; Nimeth et al., 2007). Hence, during development, homeostasis, and starvation, stem
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cells which maintain proliferative activity, are inhibited to migrate into the rostrum, and
this region is solely maintained by the migration of post-mitotic cells. During regeneration,
however, our study clearly shows that neoblasts are able to migrate into the rostrum and
then go through S- and M-phase. It is not clear whether regeneration induces a stimulus
that promotes migration prior to proliferation, or lifts a stimulus which inhibits migration
of proliferative cells during homeostasis.

Comparison of S-phase activity in the rostral segment and the overlapping anterior
segment demonstrates non-coinciding maxima in S-phase numbers, respectively at one
day p-a, and at three to five days p-a. Hence, for chase times longer than one day, S-phase
activity is mostly located in the region posterior to the eyes. Given that the growth curve of
the rostrum indicates a considerable lengthening of the rostrum after one day p-a, at least
a proportion of the S-phase cells in the lower part of the anterior segment are likely to
migrate anteriorly and contribute to the regeneration of the rostrum. This shows that the
progeny of cells, proliferating at the wound site, is not sufficient to fully restore the

rostrum.

3.5.6. Cell cycle characteristics

Both our BrdU pulse and BrdU pulse-chase experiments clearly demonstrate an immediate
effect of amputation on the dynamics of the stem cells. The 30min BrdU pulse/Oh chase
experiment demonstrated that amputation causes a significant extra activation (28%) of
cells entering S-phase. In conclusion, within half an hour, a population of neoblasts is
activated to contribute to the regeneration of missing tissues. Whether the cell cycle of
these cells is accelerated or whether they belong to a population of arrested reserve cells
is unclear. However, reports on tail plate regeneration in M. lignano have demonstrated
that neoblasts do not reduce the duration of the cell cycle, at least not during the first four
hours p-a. Therefore, a reduction of the cell cycle duration is unlikely to account for this
population of cells. Activation of arrested reserve cells, on the other hand, seems a
valuable alternative explanation, given that the presence of non-cycling neoblasts has been

demonstrated in M. lignano (Bode et al., 2006). Their exact position within the cell cycle
112



REGENERATION OF THE ROSTRUM

remains to be elucidated, though. Given the short time interval (30 minutes) during which
arrested cells are to enter S-phase in this study, re-activation of quiescent cells in GO-phase
is most likely. Previously, irradiation in M. lignano was suggested to induce quiescent
neoblasts to re-enter the cell cycle (De Mulder et al., 2010). In the same way, re-activation
of GO cells upon wounding has been described for haematopoietic stem cells (Wilson et al.,
2008). Additionally, it is possible that activation of a pool of G2-arrested neoblasts
accounts for the increased S-phase activity, observed here. The presence of a population of
G2-arrested neoblasts, allowing for a fast mitotic response after wounding, has been
suggested before in M. lignano (Nimeth et al., 2004; Bode et al., 2006; Egger et al., 2009)
and in triclads (Salé and Bagufia, 1984). However, for G2-arrested cells to contribute also
to the increased S-phase numbers observed in our experiments, these cells would have to
finish G2-, M- and G1-phases within 30 minutes. This seems highly unlikely, but it cannot
be ruled out until the dynamics of the cell cycle is completely understood in M. lignano.

In two-hour chased animals, the appearance of labelled cell pairs, which likely result from
the division of a labelled cell, indicates that cells that were in S-phase during the pulse
period, complete mitosis within two hours. The significant increase of labelled cells after
four hours chase indicates that 34% of cells that were in S-phase during the 30-minute p-a

period, need four hours to pass from S- to M-phase.

3.5.7. Conclusion

The cellular dynamics of the neoblast pool were analyzed after amputation of the rostrum,
and were observed to differ from earlier descriptions of the situation during regeneration
of the tail plate in M. lignano. Therefore, this study has provided essential information
which contributes to a better and more complete understanding of the biology of

neoblasts in this model organism.
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a-b Scanning electron microscopic images of the rostrum region in M. lignano. a Control animal. Lateral view
on the rostrum area. Ciliae of epidermal cells (arrowheads) and longer ciliae of sensory nerves (open
arrowheads) are visible. Anterior is on top, ventral side is on the left. b 1h p-a. View on the anterior tip of the
regenerating rostrum. The wound area is almost completely covered with a layer of epidermal cells, leaving

only a small opening (asterisk). Ventral is on the left/bottom. mo, mouth. Bars: 10um.

Supplementary Figure 3.52

Immunostaining of muscle F-actin (phalloidin) after amputation of the rostrum in M. lignano. Confocal
projections of the rostrum area after immunostaining of muscle F-actin, using TRITC-conjugated phalloidin. a
Control animal, dorsal view. b 1h p-a, ventral view. Contraction of muscle fibers is visible at the level of the
wound, resulting in a reduction of the wound area. Arrows indicate the level of the eyes. Anterior is on top.

Bars: 10pum.
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Supplementary Figure 3.S3

Spatial distribution of S-phase cells during regeneration of the rostrum in M. lignano (BrdU pulse). BrdU-
labelling after a 30-minute BrdU pulse. a-i Confocal projections of the rostrum area. a 2h p-a. b 8h p-a. ¢ 3d p-a.
d 4d p-a. e 5d p-a. f 7d p-a. g 8d p-a. h 9d p-a. i 10d p-a. Arrows indicate the level of the eyes. Anterior is on
top. Bars: 50um.
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Supplementary Figure 3.54

Immunostaining of the serotonergic nervous system (anti 5-HT) after amputation of the rostrum in M. lignano.
Confocal projections of the rostrum after immunostaining of neurons expressing the neuropeptide serotonin. a
Control animal. Two condensed clusters of serotonergic neurons, are present at the lateral sides of the
neuropile (asterisks). Emanating from the neuropile are axons, which form a subepidermal plexus (see also
Morris et al., 2007). b Oh p-a. The condensed clusters at the lateral sides of the neuropile are not damaged
when amputation is performed at the indicated cutting level. ¢ 2h p-a. Neurons of the subepidermal plexus are

present in the anterior tip of the rostrum. Arrows indicate the level of the eyes. Anterior is on top. Bars: 10um.

117



REGENERATION OF THE ROSTRUM

3.7. References

Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image processing with Image J. Biophotonics
Int 11:36-42

Agata K (2003) Regeneration and gene regulation in planarians. Curr Opin Genet Dev
13:492-496

Alvarado AS, Newmark PA (1998) The use of planarians to dissect the molecular basis of
metazoan regeneration. Wound Repair Regen 6:413-420

Baguia J (1976) Mitosis in intact and regenerating planarian Dugesia mediterranea n.sp. 2.
Mitotic studies during regeneration, and a possible mechanism of blastema formation. J
Exp Zool 195:65-79

Baguina J, Salé E, Romero R, Garciafernandez J, Bueno D, Munozmarmol AM,
Bayascasramirez JR, Casali A (1994) Regeneration and pattern-formation in planarians -
cells, molecules and genes. Zoolog Sci 11:781-795

Bode A, Salvenmoser W, Nimeth K, Mahlknecht M, Adamski Z, Rieger RM, Peter R,
Ladurner P (2006) Immunogold-labeled S-phase neoblasts, total neoblast number, their
distribution, and evidence for arrested neoblasts in Macrostomum lignano
(Platyhelminthes, Rhabditophora). Cell Tissue Res 325:577-587

Brgndsted HV (1969) Planarian Regeneration. Pergamon Press, Oxford, New York

De Mulder K, Kuales G, Pfister D, Egger B, Seppi T, Eichberger P, Borgonie G, Ladurner P
(2010) Potential of Macrostomum lignano to recover from gamma-ray irradiation. Cell
Tissue Res 339:527-542

Egger B, Gschwentner R, Hess MW, Nimeth KT, Adamski Z, Willems M, Rieger R,
Salvenmoser W (2009) The caudal regeneration blastema is an accumulation of rapidly
proliferating stem cells in the flatworm Macrostomum lignano. BMC Dev Biol 9:

Egger B, Ladurner P, Nimeth K, Gschwentner R, Rieger R (2006) The regeneration capacity
of the flatworm Macrostomum lignano - on repeated regeneration, rejuvenation, and the
minimal size needed for regeneration. Dev Genes Evol 216:565-577

Guillard R, Ryther J (1962) Studies of marine planktonic diatoms. |. Cyclotella nana Hustedt,
and Detonula confervacea (Cleve) Gran. Can J Microbiol 8:229-239

118



REGENERATION OF THE ROSTRUM

Ladurner P, Rieger R, Bagufia J (2000) Spatial distribution and differentiation potential of
stem cells in hatchlings and adults in the marine platyhelminth Macrostomum sp.: A
bromodeoxyuridine analysis. Dev Biol 226:231-241

Ladurner P, Schérer L, Salvenmoser W, Rieger RM (2005) A new model organism among
the lower Bilateria and the use of digital microscopy in taxonomy of meiobenthic
Platyhelminthes: Macrostomum lignano, n. sp. (Rhabditophora, Macrostomorpha). J Zool
Syst Evol Res 43:114-126

Morris J, Cardona A, De Miguel-Bonet MDM, Hartenstein V (2007) Neurobiology of the
basal platyhelminth Macrostomum lignano: map and digital 3D model of the juvenile brain
neuropile. Dev Genes Evol 217:569-584

Mouton S, Willems M, Braeckman BP, Egger B, Ladurner P, Scharer L, Borgonie G (2009)
The free-living flatworm Macrostomum lignano: A new model organism for ageing
research. Exp Gerontol 44:243-249

Newmark PA, Sanchez Alvarado A (2000) Bromodeoxyuridine specifically labels the
regenerative stem cells of planarians. Dev Biol 220:142-153

Nimeth KT, Egger B, Rieger R, Salvenmoser W, Peter R, Gschwentner R (2007) Regeneration
in Macrostomum lignano (Platyhelminthes): cellular dynamics in the neoblast stem cell
system. Cell Tissue Res 327:637-646

Nimeth KT, Mahlknecht M, Mezzanato A, Peter R, Rieger R, Ladurner P (2004) Stem cell
dynamics during growth, feeding, and starvation in the basal flatworm Macrostomum sp.
(Platyhelminthes). Dev Dyn 230:91-99

Palmberg | (1986) Cell-migration and differentiation during wound-healing and
regeneration in Microstomum lineare (Turbellaria). Hydrobiologia 132:181-188

Paulus T, Muller MCM (2006) Cell proliferation dynamics and morphological differentiation
during regeneration in Dorvillea bermudensis (Polychaeta, Dorvilleidae). J Morphol
267:393-403

Reddien PW, Sanchez Alvarado A (2004) Fundamentals of planarian regeneration. Annu
Rev Cell Dev Biol 20:725-757

Reuter M, Kreshchenko N (2004) Flatworm asexual multiplication implicates stem cells and
regeneration. Can J Zool 82:334-356

Salé E (2006) The power of regeneration and the stem-cell kingdom: freshwater planarians
(Platyhelminthes). Bioessays 28:546-559

119



REGENERATION OF THE ROSTRUM

Sald E, Baguia J (1984) Regeneration and pattern-formation in planarians .1. the pattern of
mitosis in anterior and posterior regeneration in Dugesia (G) tigrina, and a new proposal
for blastema formation. J Embryol Exp Morphol 83:63-80

Salé E, Baguia J (1985) Cell-movement in intact and regenerating planarians - quantitation
using chromosomal, nuclear and cytoplasmic markers. J Embryol Exp Morphol 89:57-70

Salé E, Bagufia J (2002) Regeneration in Planarians and other worms: New findings, new
tools, and new perspectives. J Exp Zool 292:528-539

Salvenmoser W, Riedl D, Ladurner P, Rieger R (2001) Early steps in the regeneration of the
musculature in Macrostomum sp. (Macrostomorpha). Belg J Zool 131:105-109

Scharer L, Ladurner P (2003) Phenotypically plastic adjustment of sex allocation in a
simultaneous hermaphrodite. Proceedings of the Royal Society of London Series B-
Biological Sciences 270:935-941

Wenemoser D, Reddien PW (2010) Planarian regeneration involves distinct stem cell
responses to wounds and tissue absence. Dev Biol 344:979-991

Wilson A, Laurenti E, Oser G, van der Wath RC, Blanco-Bose W, Jaworski M, Offner S,
Dunant CF, Eshkind L, Bockamp E, Lio P, MacDonald HR, Trumpp A (2008) Hematopoietic
stem cells reversibly switch from dormancy to self-renewal during homeostasis and repair.
Cell 135:1118-1129

120



121



4. Measuring S-phase duration of
adult stem cells in the flatworm
Macrostomum lignano by double
replication labelling and quantitative

colocalization analysis

Freija Verdoodt, Maxime Willems, Ineke Dhondt, Wouter Houthoofd, Wim Bert, and

Winnok H. De Vos

122



S-PHASE DURATION

4.1. Abstract

Platyhelminthes are highly attractive models for addressing fundamental aspects of stem
cell biology in vivo. These organisms possess a unique stem cell system comprised of
neoblasts, which are the only proliferating cells during adulthood. In this study, the S-phase
duration (T,) of neoblasts was determined, both during homeostasis and regeneration in
the flatworm Macrostomum lignano. A double immunohistochemical technique was used,
performing sequential pulses with the thymidine analogs chlorodeoxyuridine (CldU) and
iododeoxyuridine (IdU), separated by variable chase times in colchicine.

Due to the localized nature of the fluorescent signals (nuclei) and variable levels of
autofluorescence, standard intensity-based colocalization analyses could not be
applied to accurately determine the colocalization. Therefore, an object-based
colocalization approach was devised to score the relative number of double-positive cells.
Using this approach we found that the S-phase duration in the main population of
neoblasts was approximately 13 hours. During early regeneration, no significant change in

T, was observed.

4.2. Introduction

Proliferation is a fundamental trait of stem cells, as they have the ability to continuously
self-renew and generate large numbers of differentiated progeny. This dual function
asserts their crucial role during development, tissue homeostasis, and regeneration, and
therefore requires meticulous control (Morrison et al., 1997; Morrison and Spradling,
2008). Both external and internal stimuli affect the dynamics of stem cells, a fact that
emphasizes the importance of studying these cells in their natural environment (Rando,
2006; Orford and Scadden, 2008). However, in vivo stem cell research is often challenging
because of experimental difficulties caused by tissue depth and motion artefacts (Tsai et

al., 2002; Tanaka, 2003). Mainly for this reason, Platyhelminthes have been amply
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introduced as highly attractive model organisms for addressing fundamental aspects of
stem cell biology in vivo (Newmark and Sanchez Alvarado, 2002; Sanchez Alvarado, 2004).
These organisms possess a unique stem cell system within the animal kingdom, comprised
of neoblasts that are the only proliferating cells in adult species (Baguna, 1981; Salé and
Baguina, 2002; Sanchez Alvarado, 2007; Ladurner et al., 2008; Agata and Umesono, 2008).
Although neoblasts are a powerful model for studying proliferation dynamics of a
population of adult stem cells in vivo, fundamental information on specific parameters of
the cell cycle is relatively limited. To our knowledge, other than the mean duration of the
G2-phase in Schmidtea mediterranea and Macrostomum lignano (Newmark and Sanchez
Alvarado, 2000; Nimeth et al., 2004; Nimeth et al., 2007), and the total cell cycle duration
(T.) in S. mediterranea (Kang and Sanchez Alvarado, 2009), no specific parameters of other
phase durations are available. Furthermore, regeneration has been shown to temporarily
affect the numbers of S-phase and mitotic cells in flatworms, indicating adjustment of the
cell cycle kinetics (Salé and Baguiia, 1984; Newmark and Sanchez Alvarado, 2000; Nimeth
et al., 2007; Wenemoser and Reddien, 2010; Verdoodt et al., 2012a). However, it is not
completely understood at what stage the cell cycle is adapted during this process.

In the past, the combined use of two different thymidine analogs has been demonstrated
as a valuable technique for determining kinetic parameters of cycling cells (Wimber and
Quastler, 1963; David and Campbell, 1972; Miller et al., 1991; Yanik et al., 1992; Rachel et
al., 2002; Hayes and Nowakowski, 2002; Burns and Kuan, 2005). Performing sequential
pulses with such analogs allows for determining the duration of the S-phase (T,) of the cell
cycle. A method for immunohistochemical detection of two thymidine analogs,
chlorodeoxyuridine (CldU) and iododeoxyuridine (ldU), has been established for the
flatworm Macrostomum lignano (Verdoodt et al., 2012b). In the study presented here, this
method was adapted to test the T, of neoblasts during homeostasis and regeneration in M.
lignano. To this end, individual worms received sequential pulses with CldU and IdU, which
were separated by varying chase times in colchicine. The use of colchicine, which inhibits
cell cycle progression at metaphase (Nagl, 1972), allowed analysis of a single round of cell

proliferation and avoided misinterpretation due to cell doublings. To determine T, overlap
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between the two markers was evaluated. Due to the localized nature of the fluorescent
signals in limited regions (nuclei) of the image, standard intensity-based colocalization
analyses which evaluate the whole image, could not be applied. Instead, an object-based
colocalization approach was devised to score the relative number of double-positive cells.
Using this approach, the duration of S-phase in the main population of neoblasts was

determined approximately 13 hours, both during homeostasis and early regeneration.
4.3. Materials and methods

4.3.1. Animal culture and amputation of the rostrum

Cultures of M. lignano were reared in f/2-medium (Egger and Ishida, 2005) and fed ad
libitum with the diatom Nitzschia curvilineata, as described previously (Scharer et al., 2007;
Ladurner et al., 2008). To induce regeneration, the rostrum was amputated at the level
anterior to the brain. Amputations were performed with a fine steel surgical blade (SM62;
Swann-Morton) under a stereo microscope, while worms were relaxed in a small droplet of
1:1 MgCl,.6H,0 (7.14%) and ASW (artificial sea water). Immediately thereafter, specimens

were washed in f/2-medium and pulsed with CldU.

4.3.2. Accumulation of mitotic cells after colchicine incubation

To test the efficiency and toxicity of colchicine in M. lignano, the accumulation of mitotic
cells was analysed after incubation with different concentrations of colchicine. Adults were
incubated in a colchicine-containing medium (Sigma-Aldrich) of 0.001%, 0.005%, or 0.010%
(in f/2-medium). After 3h, 24h, 48h and 6d of incubation, mitotic cells were visualized using
rabbit-anti-phosphorylated histone H3 (Upstate Biotechnology) and TRITC-conjugated
swine-anti-rabbit (DAKO), according to the method described earlier (Verdoodt et al.,

2012a). For each condition, 4 replicates were analyzed.
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4.3.3. CldU- and IdU-pulse and immunocytochemistry

For the first pulse, uncut animals or regenerates were incubated in CldU (10 mM in f/2-
medium, 30 min, in the dark; Sigma-Aldrich). From this moment on, animals were
protected from light. Specimens were then rinsed with f/2-medium, and chased in
colchicine-containing medium (0.005% in f/2; Sigma-Aldrich) forOh, 1 h,2h,4 h,6 h, 12 h,
24 h, and 48 h. Subsequently, the second pulse was performed with IdU (ImM in
colchicine-containing medium, 30 min; Sigma-Aldrich), followed by washing with
colchicine-medium (2 x 5 min). Relaxation, fixation, and indirect visualization of both CldU
and IdU were performed as described previously (Verdoodt et al., 2012b). The set of
antibodies used for indirect visualization of CldU were rat-anti-CldU (AbD Serotec) and
FITC-conjugated donkey-anti-rat (Rockland). For indirect visualization of 1dU, mouse-anti-
IdU (Becton-Dickinson) and Alexa Fluor 568-conjugated goat-anti-mouse (Invitrogen) were

used.

4.3.4. Image Acquisition

For the visualization of CldU- and IdU-label, a Nikon C1 (Nikon Instruments, Paris, France)
confocal laser scanning microscopy system was used mounted on a Nikon TE2000 (Nikon
Instruments, Paris, France) inverted epifluorescence microscope, equipped with a 488-nm
Multi-line Ar laser and 543nm HeNe laser. CIdU and IdU signals were sequentially excited
with both laser lines (by line-scanning) and detected through a 515/30 nm bandpass filter,
and a 570 long pass combined with a 593/40 nm bandpass filter, respectively. All images
were acquired using identical settings of laser power, detector gain and offset. 3D-images
were acquired with the pinhole set at 1AU, using a Plan Fluor 60x/1.4 oil lens at a voxel size

of 0.41x0.41x1.0 um3.
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4.3.5. Image Analysis

All images were acquired with Nikon EZ-C1 software (Nikon Instruments, Paris, France).
Visualization, annotation and quantification of images were performed with Fiji, a
packaged version of the open source program Imagel (W. Rasband, National Institutes of
Health, Bethesda, Maryland, USA). For determination of double-positive nuclei in each
specimen, an object-based colocalization analysis was developed. Assuming that a positive
replication labelling yields a signal that fills up the entire nucleus, circularity and size were
used as limiting parameters. The following steps were performed. First, a selection was
made for analysis of the relevant 3D region of interest. In each animal, the region anterior
to the testes and the region posterior to the female genital pore were analyzed. For each
condition, between 4 and 7 replicates were analyzed. A sum projection was made of the Z-
slices, and the individual channels were pre-processed by sequential background
subtraction (radius = 20um), Gaussian filtering (sigma = 1um) and median filtering (radius =
2um). Next, objects (nuclei) were specifically enhanced in both channels by applying a
Laplace filter with automatic scale selection (as documented before by De Vos et al., 2010)
and segmented by global isodata autothresholding. To compensate for closely-located
nuclei, the resulting masks were used to extract objects, which were further separated by
maxima finding and region growing. By particle analysis, those objects that did not comply
with user defined nuclear shape criteria (size and circularity) were removed. Finally,
colocalization was determined by scoring, per object, the amount of overlap between the
binarized and coded versions of the two channels. Objects in the first channel were coded
with the number 1, objects in the second channel were coded with the number 2, and so
overlapping regions have code 3. Signals were said to colocalize for a given ROI, when the
number of overlapping pixels (code 3) was larger than 50% of the total number of pixels of
the object of interest. Finally, the raw output was visually verified and, if necessary (e.g. in

spatially restricted zones of high autofluorescence), corrected using a dedicated ROI
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correction/deletion tool. The workflow of the object-based colocalization analysis is
summarized in Figure 4.1. The code is freely available at the following URL:
http://www.limid.ugent.be/software.htm. At least 4 individuals were analysed per
condition (n=4-7). For validation, the object-based analysis was compared to intensity-
based colocalization methods using Pearson or Manders coefficients (Bolte and

Cordelieres, 2006; Manders et al., 1992).

4.3.6. Statistical Analysis

The statistical analysis was done using Statistica 7 (StatSoft Europe GmbH, Hamburg,
Germany). Normality and homogeneity of variances were tested using a Kolmogorov-
Smirnov test and a Levene’s test, respectively. CIdU" data (absolute numbers) were square
root transformed, prior to analysis. Proportions of CldU" /IdU" cells were first square root
and then arcsinus transformed (Sokal and Rohlf, 1995). The obtained data were analyzed
by means of one-way analysis of variance (ANOVA), followed by a post-hoc Bonferroni test.
Linear regression analysis was performed on the individual samples assayed at 0 h, 1 h, 2 h,
4 h, and 6 h, using the proportion of double labelled cells and the chase time duration as
independent and dependent variable, respectively.

Data that did not meet the assumption for homogeneity of variances were analyzed using
a non-parametric Mann-Whitney U test (pair wise comparison between homeostasis and

regeneration).
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4.4.Results

4.4.1.Validation of the colocalization analysis

First, the colocalization analysis was validated on a number of control images, including
single-pulsed samples as well as simultaneously double-pulsed samples. A comparison was
made with the typical colocalization metrics Pearson correlation coefficient and Manders
coefficients. While on average, the Pearson correlation coefficient was close to 0 in single
stained samples and relatively high for double stained samples (0.8), the values for the
Manders coefficients were not straightforward (Table 4.1). This is plausibly due to the
presence of autofluorescent components, which cannot be removed in classical intensity-
based analyses. Moreover, neither the Pearson nor the Manders coefficients returned the
exact information that was required, namely the number of double positive nuclei, relative
to the total number of labelled nuclei. The object-based method effectively segments only
those objects that comply with the nuclear shape requirements and accordingly provided
the necessary output. Using this method, average colocalization values of 0% in single-
pulsed samples and 92% in double-pulsed samples were obtained. Comparison of the raw
output with values after manual correction (Table 4.1) shows that the differences are
negligible and indicates that the false-negative rate in double stained samples was not due

to analytical errors but rather to labelling inefficiencies.
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Metric CldU only (n=8) IdU only (n=6) | IdU + CldU (n=8)
Pearson [-1,1] 0.10+0.03 0.25+0.08 0.79+0.12
Manders A [0,1] 0.07+0.03 0.14+0.12 0.52+0.08
Manders B [0,1] 0.03+0.03 0.08+0.04 0.35+0.14
Object-based [0,100] 1.52+1.85 0.41+0.99 88.36110.58
raw results

Object-based corrected 0.0+0.00 0.00+0.00 91.9148.17
[0,100]

Table 4.1: Comparison of the results from different colocalization metrics after intensity- or object based

colocalization analysis on control image data sets.

4.4.2. S-phase duration during homeostasis

The T, of neoblasts was determined by performing sequential pulses with the thymidine
analogs CldU and IdU, separated by varying chase times in colchicine-containing medium.
Prior to performing these experiments, three concentrations of colchicine (0.001%,
0.005%, and 0.010%) were tested for their efficiency and toxicity in M. lignano, by
analyzing the accumulation of mitotic cells. For each concentration, the number of anti-
phos-H3 labeled cells was quantified, after an incubation period of 3h, 24h, 48h, and 6d
(supplementary Figure 4.S1). The median concentration (0.005%) demonstrated a faster
and more efficient blocking after short incubations, while no toxic effect was obvious for
incubations up to 48h. The highest concentration on the other hand, demonstrated toxic
effect after 24 h of incubation. In conclusion, the use of a 0.005% solution of colchicine
demonstrated the best balance between efficiency of blocking cells in M-phase on one
hand, and no dramatic toxic effect for exposures up to 48 h. Hence, this concentration was

used for further experiments.
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To estimate the T, of neoblasts, adults were pulsed for 30 minutes with CldU, chased in
CldU-free, colchicine-containing medium, and subsequently pulsed for 30 minutes with
IdU. Individuals were then fixed and both analogs were visualized by double
immunofluorescence labelling. First, absolute numbers of CldU*/1dU*, CldU*/IdU’, and CldU’
/IdU" nuclei were quantified (see supplementary Figure 4.S2a), using the aforementioned
object-based analysis. After 12 h chase, a marginally significant increase (one-way ANOVA,
p=0.046) was observed in the total amount of CIdU" cells (single and double labelled). After
24 h chase, a highly significant increase (one-way ANOVA , p<0.01) was measured in the
number of CldU" cells. This increase can be explained by a small proportion of cells that
were unaffected by the colchicine and were able to divide.

Second, the proportion of CldU*/IdU" neoblasts was determined by the ratio of CldU*/IdU*
nuclei over the total amount of CldU" nuclei (both single- and double-labelled). In this
paradigm, nuclei from cells that have exited S-phase, during or after the first pulse, will be
CldU*/IdU” (Figure 4.2a). The chase time after which all CldU-labelled cells CldU*/IdU’
corresponds to the maximal T,. The mean proportion of CldU*/IdU* neoblast nuclei was
quantified in individual organisms (the region anterior and posterior of the gonads) after
chase timesof 0 h, 1 h,2 h,4 h, 6 h, 12 h, 24 h, and 48 h (Figure 4.2b-c). An initial fast
decrease in the proportion of double-labelled nuclei was observed. After 0 h chase, 94%
(3, n=5) CldU/IdU" nuclei were quantified. CldU-labelled cells that have left S-phase
during the first pulse, combined with a technical margin of false-negative results (see table
4.1), explain why 0 h chase did not result in 100% CldU*/IdU" cells. After 1 h chase, 88.26
(2.1, n=4) were present, and after 2 h chase, this number had decreased significantly
(69%+6, n=5; one-way ANOVA, p=0.002). The fast rate by which the proportion of
Cldu*/IdU* cells diminished, was continued for chase times up to 12 h: 4 h, 6 h, and 12 h
resulted in proportions of 64% (%3, n=5), 50% (+3, n=7), and 21% (+7, n=4), respectively.
For chase times longer than 12 hours, the number of double-positive nuclei further
decreased, albeit at a slower rate. A chase of 24 h and 48 h resulted in a proportion of 14%
(+4, n=5) and 3% (+1, n=5) CldU"/IdU" cells, respectively. The presence of this second phase

in the graph is most likely linked to the increase in total number of CldU" cells (see
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discussion). Therefore, for estimation of T,, only results up to 6 h chase were taken into
account. These time points (0 h, 1 h, 2 h, 4 h, and 6 h) were used in a regression analysis.
The intersection of this trendline (R2=0.93) with the X-axis was used as a measure for the

duration of S-phase (Figure 4.2d). Here a duration of 12.7 hours was measured.

Figure 4.2:

Determination of T, during homeostasis. (a) Scheme of the experimental set-up. Animals were pulsed with CldU
(30 min), chased for various durations in colchicine and subsequently pulsed with IdU (30 min). Demonstrated
are four hypothetical cells (I, Il, 1, and 1V) at a different stage of S-phase during the first pulse (top panel). With
longer chase times, there is an increased chance that cells have already left S-phase and therefore do not
incorporate the IdU-label. (b) Visualization of CldU (green) and IdU (red) labeling in whole mount animals
(confocal images) after Oh, 4h, and 24h chase. After Oh chase, the majority of cells are double labeled (yellow).
Note the gradually decreasing amount of double labeled cells after 4h and 24h chase. Anterior is to the left.
Scale bars: 50um. (c) Graph representing the mean proportion (+SEM, n=4-7) of CldU*/IdU" cells within the
whole population of CIdU" cells (single- and double-labelled). Note the steep decrease for chase times up to 12
hours. (d) Linear regression analysis based on data for 0 h, 1 h, 2 h, 4 h, 6 h, and 12 h chase (n=4-7). The

regression line (black line) intersects with the X-as at 12.7 h, which is an estimation of T,.
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4.4.3. S-phase duration during regeneration

Previously, amputation of the rostrum in M. lignano has been shown to cause an
immediate increase in the number of S-phase cells after amputation. Thirty minutes after
amputation, this number had already risen by 28%, demonstrating that a significant
amount of cells were induced to enter S-phase due to amputation (Verdoodt et al., 2012a).
Therefore, cells that were in S-phase during the 30-minute time interval after amputation,
were followed as they progressed through the DNA synthesis phase. To this end,
individuals were amputated at the level anterior to the brain (Figure 4.3a, upper panel),
after which the same experimental set-up was used as for the homeostasis experiment
(Figure 4.3a, lower panel). Subsequently, CldU and IdU were visualized (Figure 4.3c) and
the proportion of CldU*/IdU"* neoblasts was determined (Figure 4.3b, for absolute numbers
see supplementary Figure 4.52b). Similar to the results observed during homeostasis, the
proportion of double-labeled nuclei decreased rapidly for chases up to 12 hours. After 0 h,
2 h, 4 h, and 12 h chase, a proportion of 84% (+0.03, n=4), 73% (+0.08, n=4), 57% (+0.03,
n=5), and 24% (+0.03, n=4) was quantified, respectively. Longer chase times demonstrated
a slower decrease of the proportion of CldU*/IdU" cells: 24 h and 48 h chase resulted in 8%
(x2, n=5) and 11% (£3, n=4) double-labelled cells, respectively.

Results obtained from regenerating individuals were compared with corresponding chase
time durations from the homeostasis experiment. No significant differences were found
(Mann-Whitney U, p>0.05), except for 48 h chase (p=0.03). These results indicated that
amputation of the rostrum did not result in an acceleration of the S-phase during early

regeneration.
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Figure 4.3:

T,, compared between homeostasis and early regeneration. (a) Scheme of adult M. lignano (upper panel)
depicting the amputation level (dotted red line). The rostrum is depicted by the 2-sided arrow. b, brain; e, eye;
t, testis; o, ovary. Scheme of the experimental set-up (lower panel). amp, amputation; fix, fixation. (b) Graph
representing the mean proportion (+SEM, n=4-7) of CldU’/IdU" cells after various chase times during
homeostasis (blue curve) and regeneration (black curve). Note the similar course of both curves, only after 48 h
of chase a significant difference (asterisk) was observed. (c.) Visualization of CldU (green) and IdU (red) labeling
in whole mount animals (confocal images) after 0 h, 4 h, and 24 h chase. Note the high number of single
labelled 1dU" cells (red) after 0 h chase. These cells are activated during regeneration and entered S-phase
during the second pulse (compare with Oh chase during homeostasis, Figure 4.2b). Note the gradually

increasing amount of CldU" /IdU- cells (green) after 4h and 24h chase. Anterior is to the left. Scale bars: 50um.
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4.5. Discussion

In this study, the S-phase of cycling neoblasts was studied in M. lignano by means of a
double labelling technique using two different thymidine analogs (CldU and IdU) and the
mitotic blocking agent colchicine. Colchicine was used to prevent labelled cells from
dividing and entering the S-phase of a subsequent cycle. The necessity of blocking the cell
cycle of labelled cells is indicated by previous studies, demonstrating that (1) neoblasts
cycle asynchronously, and that (2) subpopulations of neoblasts exist with different cell
cycle kinetics (Ladurner et al., 2008). Given that cycling of neoblasts is not synchronized,
cells that incorporate CldU during the first pulse are at different stages of the S-phase.
Since T.is unknown in M. lignano, CldU" cells going through mitosis while others are still in
S-phase is a possibility that should be taken into account. Furthermore, diverse cell kinetics
in subpopulations of neoblasts have been shown by Nimeth et al. (2007). In this study the
presence of a small proportion of fast-cycling neoblasts was observed, which can traverse
from the beginning of S-phase, through G2-phase, and into M-phase in merely two hours.
On the other hand, the main population of neoblasts was observed to cycle much slower
and needed four hours to merely traverse the G2-phase. These diverse kinetics suggest
that fast-cycling CldU" cells could already go through mitosis and even enter a new S-
phase, while slower cycling CldU" cells have not yet left the initial S-phase. Both processes
affect the slope of CldU*/IdU" cells in that cell division affects the total number of CldU"
cells, and entrance into a new round of DNA-replication results in IdU-uptake. Therefore, in
order to analyse the duration of the S-phase, it is necessary to block cells in metaphase. By
comparing different concentrations, we found that a 0.005% colchicine solution
demonstrated a good balance between efficiency of blocking cells in metaphase on one
hand, and experiencing no dramatic toxic effects for exposures up to 48h (Supplementary
Figure 4.51). This concentration is acceptable, as it should not interfere with regular cell
cycle progression. Indeed, at concentrations ranging from 0.0002% to 0.2%, colchicine has

been reported to have no measurable effect on the rate of DNA synthesis, nor on the rate
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of progression to M-phase in plant cells, and human cells in culture (Taylor, 1965; Borisy
and Taylor, 1967; Villemont et al., 1997). Furthermore, in M. lignano colchicine (0.005%)
has been shown to have no effect on the progression of cycling neoblasts through S-phase.
This was demonstrated by similar rates of cells cycling from S-phase to M-phase in both
colchicine-treated animals and non-treated animals (Nimeth et al., 2004).

To determine T,, the number of double-labelled cells was scored in a pulse chase
experiment with increasing chase times. Due to the localized nature of the fluorescent
signals (nuclei) and variable levels of autofluorescence, standard intensity-based
colocalization analyses could not be applied to accurately determine the colocalization.
Moreover, most classical analyses fail to return the desired quantitative information, i.e. a
number of double-positive nuclei. Hence, an object-based colocalization approach was
devised to score the relative number of double-positive cells within a sample. This method,
which is based on scoring the overlap between the segmented and binarized nuclear ROls
of both channels, proved robust and reliable, as demonstrated in both single- and double-
labelled control images. With minor modifications, this method should be applicable to
various biological image data-sets. Through the modification of the parameters, such as
the degree of overlap, the analysis should also be able to deal with differences in labelling
efficiency.

Theoretically, in this paradigm, the chase time for which all CldU-labelled cells have left S-
phase, and are therefore CldU*/IdU’, corresponds to the maximum T, (Figure 4.2a). In this
study, the number of double labelled cells decreased quickly. Surprisingly, though, the
initial steep decrease of the curve, was followed by a second phase with a considerably
slower decrease (Figure 4.2c). The presence of this phase may be due to a subpopulation
of slow-cycling cells with an extended S-phase duration (>48h) compared to the main
cycling population, or due to technical factors. To evaluate the latter possibility, the
efficiency of colchicine, which is reflected by absolute numbers of CldU" cells, was tested
(Suppelementary Figure 4.S2). These numbers of CldU-labelled cells (both single and
double labelled) were observed constant for chase times up to 6 h. Increasing the chase

time by another six hours, however, resulted in a small increase (p=0.046), which was
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observed to be even larger at 24 h chase (p<0.01). The expanded number of CldU" cells
after long chase times, can be explained by a small amount of labelled cells that were able
to divide, separating their label over two daughter cells. Double labelling of such cells, due
to entry into the S-phase of a new cell cycle, explains the delayed decrease of CldU*/IdU*
cells for longer chase times. Another possible explanation for the increased number of
CldU" cells is a toxic effect of colchicine after prolonged cell cycle arrest, and re-uptake of
the analog by other cells. So far, it is not clear which of both hypotheses is correct.
However, due to this technical constraint, results for chase times of 12 h and longer, were
not used for analysis of S-phase duration. For chase times up to 6 h, though, efficient
blocking of cells in metaphase is demonstrated by the constant number of CldU" cells.
Hence, regression analysis was performed on results obtained from animals that were
chased for 0 h, 1 h, 2 h, 4 h, and 6 h (Figure 4.2d). Based on these data points, T; was
estimated to be approximately 13 hours. Although S-phase duration varies greatly among
different taxa, the phase length observed, here lies within range of the S-phase duration in,
for instance, hydra (12-15 h) and rat satellite cells (14 h) (David and Campbell, 1972;
Schultz and McCormick, 1994).

In M. lignano, the presence of a population of fast-cycling neoblasts has been described,
additional to the main population of cycling neoblasts (Nimeth et al., 2007). These fast-
cycling cells, although very little in absolute numbers, were observed to cycle through the
whole S-, and G2-phase in merely 2 hours. The presence of a subpopulation of neoblasts
with a considerably shorter S-phase compared to the main population, is expected to
result in an even steeper decline in the first phase of the graph. Based on our data,
however, no clear indication for such a subpopulation can be deduced. However, it should
be noted that this can be caused by (1) their low incidence within the neoblast population,
and (2) their extremely short Ts (1-2 h) which hampers their discrimination. Furthermore,
an S-phase duration of less than 2 h has also been observed during embryonic
development in M. lignano (Willems et al., 2009). Although separate phase durations were
not determined, cell lineaging experiments have demonstrated cleavage of blastomeres

approximately every one to two hours. Similar to M. lignano, in other models a
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considerable elongation of the S-phase in adults, compared to embryos, has been observed
(Alexiades and Cepko, 1996). Altogether, it can be concluded that, although a fast passage
through S-phase (< 2 h) is possible in M. lignano, the majority of cycling neoblasts in adults
need approximately 13 h.

To evaluate S-phase duration during regeneration, individuals were amputated at the level
of the rostrum. Previously, during regeneration of this region, an immediate expansion of
S-phase numbers was demonstrated, indicating an early-onset increase in cell proliferation
(Verdoodt et al., 2012a). In this study was tested whether an acceleration at the level of
the S-phase is responsible for these adjusted cell cycle kinetics. To this end, the T, of cells
that are in S-phase after amputation, was evaluated and compared to the situation during
homeostasis. The data, obtained by our double labelling experiment, demonstrate that
amputation did not considerably affect the S-phase duration. The curve of the proportion
of double-labelled cells in regenerating animals demonstrated kinetics, comparable to
those observed in non-regenerating animals (Figure 4.3b). Again, an initial steep decrease
was observed, which showed no significant differences with time-point matched
counterparts in homeostasis. Based on this observation, it can be concluded that S-phase
was not accelerated during early regeneration. Hence, other adjustments of the cellular
kinetics within the neoblast pool must occur to account for the early-onset proliferation
boost after amputation. Cell production depends on the number of dividing cells and their
average cell cycle duration (West et al., 2004). Thus, the fast replacement of missing tissue
during regeneration in M. lignano, can be supported by an expansion of the pool of cycling
neoblasts, an acceleration of a cell-cycle phase other than the S-phase, or both. In the
same way, in mouse epidermis cells, the wave of cells entering S-phase upon induction of
regeneration, is caused by a significantly shortened G1-phase, rather than a reduction of
the S-phase duration. Additional studies should be done to further address cell cycle
kinetics during regeneration in M. lignano.

In this study, for the first time, the S-phase duration was determined in a flatworm model,

during both homeostasis and regeneration. These results add up to the limited knowledge
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on the cell cycle dynamics of flatworms, and will contribute to a better understanding of
cell cycle regulation in these organisms. Furthermore, a standardized object-based method
was established for colocalization analysis. This method will be of further use when
applying double immunohistochemical labelling techniques, and thus serve as a valuable

expansion of the toolbox for studying flatworm stem cells in vivo.
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4.5. Supplementary material

Supplementary Figure 4.51:

Accumulation of mitotic cells in M. lignano after incubation in colchicine. (a) Graphs representing the number
of mitotic cells after incubation in three different concentrations of colchicine: low (0.001%, left panel), median
(0.005%, middle panel), and high (0.010%, right panel). X-axis represents the incubation time in colchicine. Y-
axis represents the mean number of mitotic cells (+SEM, n=4). For animals incubated in the median
concentration, a significant higher number of mitotic cells (one-way ANOVA, p=0.01) was observed after 3h of
colcichine-treatment, compared to the lowest concentration. The highest concentration was observed to cause
a toxic effect for incubations longer than 24 hours, and no successful labelling could be performed. For animals
treated with the middle and low concentration, such a toxic effect was not observed for incubations up to 48h.
In conclusion, the use of a 0.005% solution of colchicine demonstrated a good balance between having a fast
and efficient blocking of cells in M-phase on one hand, and experiencing no dramatic toxic effects for
exposures up to 48h. This concentration was selected for further experiments. (b) Immunohistochemical

labelling of mitotic cells using anti-phos-H3, after incubation in 0.005% colchicine.
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a. HOMEOSTASIS
Chase| n= | Cldu*/iduU* Cldu*
({mean £ SEM) (mean £ SEM)
Oh 5 114,8 £ 10 123,6 £ 13
1h 4 153 + 20 172,3 £ 19
2h 5 108,4 + 5 159,2 £+ 6
4h 5 84,8 + 13 131,4 £ 20
6h 7 61,9 £ 6 1249 + 9
12 h 4 42 + 13 216,5 + 18
24 h 5 31,2 £ 8 253,4 + 27
48 h 5 48 +1 194 + 31
b. REGENERATION
Chase| n= | CldUu*/i1du* Cldu*
{mean + SEM) (mean + SEM)
Oh 4 128,3 + 23 152,5 £ 26
2h 4 85,5 + 11 123,5 £ 22
4h 5 64,8 £ 9 113,2 + 12
12 h 4 258 +5 115,75 + 31
24 h 5 17 +5 220,4 + 17
48 h 4 26 + 10 230,75 + 36

Supplementary Figure S2:

¥

g
-

Tables representing the absolute numbers of the quantification data of the CldU/IdU double labelling during

homeostasis and regeneration. In the 1* and 2™ column the chase time duration and the number of replicates

are given, respectively. The 3" column represents the absolute numbers of double labelled cells (CIdU*/IdU").

The 4™ column demonstrates the total number of CldU-labelled cells (CldU™), both single and double labelled.

(a.) Homeostasis. Arrows and asterisks indicate significant (p=0.04, dotted arrow) and highly significant

differences (p<0.01, arrows) in the number of CldU" cells. A significant increase of CldU" cells might be an

indication of cell division of labelled cells, and thus inefficient blocking of cells in metaphase after prolonged

incubations in colchicine (12 h). (b.) Regeneration. Significant differences in the number of CldU" cells are

indicated (arrows and asterisks).
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5.1. Abstract

Cellular proliferation is a fundamental trait of stem cells. Understanding how stem cells
meet the exact needs for cell renewal, requires a deeper knowledge of the cell cycle
dynamics of these cells in diverse conditions, such as homeostasis and regeneration.

Flatworms have been introduced as powerful models for in vivo stem cell research, on
account of the abundance of experimentally accessible adult stem cells (ASCs), so-called
neoblasts. Although these ASCs have shown remarkable proliferative plasticity upon
various environmental cues, their cell cycle dynamics are relatively understudied. Here, the
cell cycle parameters of ASCs were studied in vivo during homeostasis and regeneration in
the flatworm Macrostomum lignano. To this end, flow cytometry methods were adapted
for use in this flatworm. During homeostasis, the distribution of cells within different
phases of the cell cycle was tested, using the DNA-binding fluorochrome DAPI. By
combining DAPI with ethynyldeoxyuridine (EdU), the progress of a cohort of EdU-labelled
cells through the cell cycle was monitored and a cell cycle duration of approximately 30 h
was estimated for the main population of neoblasts in M. lignano. During regeneration, an
altered cell cycle distribution was observed, characterized by increased S-phase activity
and a decreased number of cells in GO/G1-phase. Furthermore, a special subset of Label-
Retaining Cells (LRCs), which were shown to be relatively quiescent during homeostasis,

demonstrated increased cell cycle activity upon amputation.

5.2. Introduction

Proliferation is a primary function of stem cells (Orford and Scadden, 2008). Hence, to fully
understand stem cell biology and exploit the therapeutic potential of these cells, it is
essential to gain detailed knowledge of the cell cycle parameters of these cells under
various physiological conditions (e.g., homeostasis, regeneration, nutrient deprivation).

The eukaryotic cell cycle is a highly ordered process which has, classically, been divided
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into four phases, the DNA-synthesis (S) phase and the mitotic segregation (M) phase,
respectively preceded by gap phases G1 and G2 (Israels and Israels, 2001). In addition, a
fifth phase, referred to as the GO-phase, is described as a post-mitotic phase in which cells
reside in a quiescent state. The cells in this phase are not part of the cycling population,
but may resume cycling after having received activating stimuli (Johnson and Walker,
1999).

When analyzing the cell cycle of stem cells, the need for in vivo studies is stressed by
reports demonstrating highly affected cycling behaviour upon placing individual cells in a
new environment (Joseph and Morrison, 2005; Orford and Scadden, 2008). This is
exemplified by adult stem cells, which are typically quiescent in vivo but are driven to cycle
under in vitro culture conditions (Morshead et al., 1998). Furthermore, environmental cues
such as tissue loss or damage, have been demonstrated to directly affect the cell cycle
(Wilson et al., 2008; Orford and Scadden, 2008; Spradling et al.,, 2001; Hong and
Stambrook, 2004). Hence, studying stem cells in their natural habitat serves to better
understand their cycling behavior in diverse physiological conditions.

In contrast to many other in vivo models, flatworms possess a highly abundant population
of experimentally accessible adult stem cells (ASC), which have been shown to be
pluripotent (Wagner et al.,, 2011). Therefore they promise to be highly valuable for
studying the cell cycle of ASCs. The stem cells in flatworms, so-called neoblasts, are the
only cells in the adult individual in which mitotic activity can be observed, and they are
responsible for the remarkable plasticity that is demonstrated by these animals under
diverse experimental conditions (Gentile et al., 2011; Ladurner et al., 2008 and references
therein). This plasticity is most clear during regeneration, which leads to a vast increase in
proliferation activity (Newmark and Sanchez Alvarado, 2000; Nimeth et al., 2007; Verdoodt
et al.,, 2012a), indicating changes in the cell cycle parameters of the ASCs, or a subset
thereof. Nevertheless, although flatworm stem cells are subject to a wide range of studies,
their cell cycle parameters are relatively understudied.

Because of the ability to rapidly analyze properties of cells in suspension, flow cytometry

offers a range of valuable applications to study cell cycle kinetics (Yanpaisan et al., 1998).
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Uniparametric flow cytometry methods using stoichiometrically binding DNA stains such as
propidium iodide (PI) and 4'-6-diamidino-2-phenylindole (DAPI) are routinely used for this
purpose. These techniques rely on the fact that such staining molecules emit a signal
directly proportional to the amount of DNA present in a cell, and varying DNA content is
linked to progression through the cell cycle. Individual cells can therefore be assigned to
different phases of the cell cycle (GO/G1, S, and G2/M) (Nunez, 2001). This method has
resulted in a detailed analysis of the distribution of cells within the different phases of the
cell cycle in various model systems (yeast: Haase and Reed, 2002; plants: Galbraith et al.,
1983; triclad flatworms: Ermakov et al.,, 2011; hydra: Ulrich and Tarnok, 2005).
Furthermore, biparametric flow cytometry methods have been developed, using a
quantitatively binding DNA-fluorochrome in combination with a thymidine analog, which
labels cells in the S-phase of the cell cycle. Using this technique, a cohort of pulse-labelled
cells can be monitored as they progress through the cell cycle. In this way, actively cycling
cells can be distinguished from non-cycling cells, resulting in a considerable increase in the
resolution of the analysis of cell cycle characteristics (Yanpaisan et al., 1998; Lucretti et al.,
1999; Kang and Sanchez Alvarado, 2009; Clausen et al., 1986a; Clausen et al., 1986b;
Fluckiger et al., 2006).

In the study presented here, cell cycle parameters of ASCs are studied in the flatworm
Macrostomum lignano, using flow cytometry. Working with M. lignano has the advantage
over other flatworm species that, under normal culture conditions (continuous and
unlimited access to food), a constant proliferation rate is maintained (Ladurner et al.,
2000), which greatly facilitates analysis of the cell cycle. Furthermore, soaking the
individuals in a thymidine analog-containing medium is sufficient for successful and
uniform labelling of the whole animal, thereby allowing meticulous timing of pulse-chase
experiments (Ladurner et al., 2000). Invasive techniques that have been demonstrated to
directly affect the cell cycle (e.g. feeding or injection of the analog), can be avoided. In the
past, a wide range of diverse pulse-chase and continuous pulse experiments have been
conducted on this species, demonstrating kinetic heterogeneity amongst the ASC

population. For instance, extended chase time durations (up to six months) have proven
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the existence of a subpopulation of quiescent, label-retaining stem cells (Verdoodt et al.,
2012b). Besides this stem cell subpopulation with limited cell cycle activity, the majority of
ASCs are demonstrated to be actively cycling (Ladurner et al., 2000; Nimeth et al., 2004;
Nimeth et al., 2007).

In this study, three in vivo approaches were performed using flow cytometry. First, the cell
cycle distribution of ASCs was analyzed during homeostasis and regeneration, performing
uniparametric analysis of DNA content (DAPI). Second, the cell cycle duration of the
actively cycling population of ASCs was determined, conducting a biparametric flow
cytometry method with the thymidine analog EdU (5-ethynyl-2’-deoxyuridine). Third, the
cycling activity of quiescent ASCs was determined during homeostasis and regeneration by

combining label-retention analysis with DNA content analysis.

5.3. Materials & Methods

5.3.1. Animal culture and amputation of the rostrum

Cultures of M. lignano were reared in artificial seawater medium (f/2) (Egger and Ishida,
2005) and fed ad libitum with the diatom Nitzschia curvilineata, as described previously
(Schérer et al., 2007; Ladurner et al., 2008). To obtain animals of a standardized age, adult
worms were put together for 24 hours, after which the eggs were collected. At the start of
each experiment, animals were between one and three months old. Animals that were
pulsed with a thymidine analog were protected from light.

Amputations of the rostrum were performed with a fine steel surgical blade (SM62;
Swann-Morton) under a stereo microscope at a cutting level anterior to the brain. During
this procedure, individuals were relaxed in a small droplet of 1:1 MgCl,.6H,0 (7.14%) and
ASW (artificial sea water). Immediately thereafter, regenerates were washed in f/2
medium and transferred to culture dishes filled with f/2 medium and diatoms for three

days, after which they processed for flow cytometric analysis.
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5.3.2. Preparation of samples for uniparametric flow cytometry

Ten individuals were pooled in a small eppendorf tube, f/2-medium was removed, and
75ul of buffer A (0.1 M citric acid, 0.5% Tween 20) was added. After 10 min incubation in
buffer A, mechanical dissociation of animals into single cells was performed by careful
pipetting (50x). Finally 150ul of buffer B (0.4 M NaH,PO,, 2 ug/ml DAPI; Sigma-Aldrich) was
added to the cell suspension, which was then filtered through a nylon filter (pore size:

37um; Sefar) and finally analyzed using flow cytometry.

5.3.3. EdU-labelling and preparation of samples for
biparametric flow cytometry

Animals were pulsed with EAU (1mM in f/2, 30 min; Invitrogen). For the LRC-experiment,
animals were pulsed with EAU (20uM in f/2, 7 d, changing the medium daily). Immediately
after pulsing, animals were washed with f/2 (3x), and transferred to culture dishes filled
with f/2 and diatoms for the appropriate chase time. Thirty specimens were pooled to
form one replica, and for each condition, at least 5 replicas were measured. For
visualization of EdU, individuals were relaxed in MgCl, (1:1 MgCl,.6H,0 (7.14%):f/2, 5 min —
MgCl,.6H,0 (7.14%), 5 min), fixed in 4% PFA (paraformaldehyde, 30 min; Scharlau), and
rinsed in PBS-T (phosphate-buffered saline + 0.1% Triton X-100, 3 x 10 min). Blocking was
then performed with BSA-T (1% bovine serum albumine in PBS-T, overnight, 4 °C), followed
by incubation in Click-iT EdU reaction cocktail (concentrations according to manufacturer’s
instructions, 2 h, 4 °C; Invitrogen). Animals were then washed thoroughly with PBS (5 x 5
min), transferred into a small eppendorf tube, and washed with CMF-SW (calcium- and
magnesium-free artificial sea water; 3.1% NaCl, 0.08% KCl, 0.16% Na,S0,, 0.02% NaHCO; in
dH,0; 2 x 0.5 min) (Mitsuhashi, 2002). Subsequently, animals were treated with trypsine
(1.5% trypsine in CMF-SW, 50 pl, 90 min, 37°C) while every 15 min mechanical dissociation
was performed by careful pipetting (50 x). Cell suspensions were then diluted with 200 pl
of measuring buffer (1 unit of buffer A, 2 units of buffer B), filtered through a nylon filter

(pore size: 37um; Sefar), and analyzed using flow cytometry.
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5.3.4. Flow cytometry

Samples were analyzed with a 3-laser LSR-1l flow cytometer (BD Biosciences, San Jose, CA),
using a 405 nm and a 488 nm laser for the excitation of DAPI and Alexa Fluor 488,
respectively. Emission of DAPI and Alexa Fluor 488 was detected at 450/50 nm , and
525/50 nm respectively. To discriminate for autofluorescence, control samples were
treated equally as experimental samples, except the use of Alexa Fluor 488 was omitted.
Autofluorescent particles could be gated from EdU" particles based on their lower signal
intensity, and this border was used to set the EdU-threshold value. To discriminate for non-
specific binding of Alexa Fluor 488 azide, control samples were similarly processed as EdU-
treated samples, except the EdU-pulse was omitted. Non-specific staining was observed in
a small population of particles that were characteristic in their large size (forward scatter -
FSC) and complex internal structure (side scatter - SSC). Based on these characteristics,
non-specifically stained particles were gated on FSC-SSC dot plots and thus excluded from
analysis. To discriminate against cell debris and aggregates of two nuclei (doublets) or
more, acquired data were gated, based on dot plots of ‘total DAPI-fluorescence of a

particle’ (DAPI-area) vs. ‘transit time of a particle’ (DAPI-width) (Nunez, 2001).

5.3.5. Data analysis and Statistics

Uniparametric analysis of the distribution of cells within the cell cycle was performed on
DAPI-histograms, using FACSdiva (BD Bioscience) and Flow Jo (Treestar, San Carlos, CA).
Biparametric cell cycle analysis was performed using FACSdiva (BD Bioscience). Spectral
overlap, for combined use of DAPI and EdU (Alexa Fluor 488), was corrected based on
single stained samples. The horizontal separating line, distinguishing between EdU" and
EdU cells, was based on the EdU-threshold value (as described earlier). The vertical line,
separating the area of 2n and 4n DNA, was determined based on the DAPI histogram of all
particles. On this histogram, the right border of the GO/G1-peak was used as a landmark.
Mean proportions (+ SEM) are shown of a minimum of 6 replicates for each condition (n=6-

11). The statistical analysis was done using Statistica 7 (StatSoft Europe GmbH, Hamburg,
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Germany). Given that the data of the EdU pulse-chase experiment as well as the LRC-
experiment failed to meet the assumption for homogeneity of variances (Levene’s test and
Brown & Forsythe test), non-parametric tests were performed. EdU pulse-chase data were
analysed using Kruskal-Wallis non-parametric ANOVA and the Dunn multiple comparison
test. Uniparametric data, and biparametric LRC-data were analyzed by means of Mann-

Whitney U tests, comparing homeostasis and regeneration.

5.4. Results

5.4.1. Cell cycle distribution of ASCs during homeostasis, and
regeneration

To evaluate the cell cycle distribution of cells in M. lignano during homeostasis and
regeneration, a uniparametric flow cytometry method was established to analyze DNA
content. For the preparation of cell suspensions of M. lignano, a method was used based
on the procedure originally described for plant cells by Otto et al. (1990), and later
modified for triclad flatworms (planarians) by Ermakov et al. (2011). Compared to the
maceration protocol that has been published for M. lignano (Ladurner et al., 2000), this
new technique was evaluated to be better adapted for flow cytometry, as it resulted in
better disintegration of the animals into single cells and led to DNA histograms with lower
coefficients of variation. DAPI was used to quantitatively evaluate the amount of DNA,
present in the cells: based on the intensity of the fluorescent signal of individual cells, DNA
content histograms were constituted. During analysis, discrimination for cell doublets was
performed to avoid an overestimation of the proportion of cells in G2/M-phase (see
materials and methods). Finally, automatic cell cycle analysis was performed using
specialized software (Flow Jo).

In intact individuals, a predominant GO/G1 peak was observed, consisting of a mixture of
non-cycling (terminally differentiated cells, and quiescent GO stem cells) and cycling cells

(G1 cells) with DNA content corresponding to 2n (Figure 5.1A). A considerably smaller
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amount of cells was observed to have twice as much DNA (4n), which represents actively
cycling cells that have passed the DNA synthesis phase and therefore are in G2/M-phase.
The intermediate region included actively cycling cells possessing various amounts of DNA,
and which are at different stages of the S-phase. This confirms that proliferation in M.
lignano is not synchronized in vivo (see also Ladurner et al.,, 2000). Automatic cell cycle
analysis of intact individuals demonstrated that 96% (+3, n=9), 1.5% (+2.5, n=9), and 4.3%
(x0.2, n=9) of the cells, respectively, had DNA content corresponding to the GO/G1-, S-, and
G2/M-phase (Figures 5.1B, C). Based on the proportions of cells in the S-, and G2/M-
phases, cycling cells were observed to comprise at least 5.8% (+2.5, n=9) of the total cell
number in M. lignano. The proportion of S-phase cells observed here (1.2%) is in line with a
previous estimation of 2% S-phase cells, demonstrated after a 30-minute BrdU pulse and
whole-mount labelling (Ladurner et al., 2000).

In regenerating animals, cell cycle distribution was analyzed three days after amputation.
Previously it has been shown that, at this time step during the regeneration process, S-
phase activity peaked. Although the effect was spatially limited, the impact on cell cycle
dynamics exceeded that of the preceding systemic phase (Verdoodt et al.,, 2012a). DNA
content histograms demonstrated a considerably reduced GO/G1 peak and an increased
amount of cycling cells (S, G2/M). Performing automatic cell cycle analysis confirmed a
significantly decreased proportion of cell in GO/G1 (87.5%z 2.3, n=9, p=0.03), along with a
significantly increased amount of cells in S-phase (8.4% + 2.1, n=9, p=0.04) (Figures 5.1B,
D). G2/M was observed to comprise 4.8 % (0.2, n=9, p=0.07) of the cell suspension.
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Figure 5.1

Cell cycle distribution of cells in M. lignano, performing uniparametric flow cytometric analysis of DNA content
(DAPI). Individuals were dissociated into single cells during homeostasis and regeneration, and then stained
with DAPI. Subsequently DNA content histograms were generated using flow cytometry, and automatic cell
cycle analysis was performed using Flow Jo. (A) Representative DNA content histogram of M. lignano
(homeostasis), based on the intensity of the DAPI-signal. Note the predominant GO/G1-peak, for the largest
part consisting of non-cycling, differentiated cells. (B, C) Automatic analysis of cell cycle distribution in M.
lignano. (B) Graph representing the proportion of cells in GO/G1-, S-, and G2/M-phase of the cell cycle (mean +
SEM, n=9-11) during homeostasis (black), and regeneration (grey). Significant differences to the corresponding
proportion during homeostasis are indicated (asterisks). Note the decreased and increased proportions of cells
in GO/G1, and S, respectively, during regeneration. (C-D) Representative cell cycle profiles of M. lignano. The
proportion of cells in GO/G1- (green curve), S- (yellow curve), and G2/M-phase (blue curve) of the cell cycle are
demonstrated (upper pannels). Enlargement of the base of the histogram (lower panels). (C) Homeostasis. (D)

Regeneration. A smaller GO/G1 peak was observed, while the S-region was enlarged.
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5.4.2. Progression of EdU-labelled cells through the cell cycle

Although uniparametric flow cytometric analysis of DNA content is a valuable method for
studying the global effect of environmental changes on cycling cells, it does not provide
information on cycle traverse rates or phase transit times. To improve the resolution of the
analysis of cell kinetic parameters in M. lignano’s asynchronous cell population, a
biparametric flow cytometry method was applied to discriminate active from non-active
cells. Using EdU, a thymidine analog that is incorporated into newly synthesized DNA
during S-phase, the progress of a cohort of EdU" cells through the cell cycle was analyzed.
In this study, EdU was preferred over other, more frequently used analogs such as BrdU,
IdU, or CldU, due to the considerably shorter visualization technique, but mostly due to the
highly improved signal to noise ratio (data not shown). However, fixation of the animals
with PFA, a necessary step in the visualization of EdU, was observed to hamper dissociation
of the animals into single cells. Therefore, the dissociation technique that was proved
efficient for unfixed animals in the uniparametric flow cytometric analysis, needed to be
adjusted for this experiment. Enzymatic dissociation using trypsine was observed to give
the best balance between yield of single cells and quality of the DNA content histogram.

For cell cycle analysis, animals were pulsed for 30 minutes with EdU. After various chase
times, EdU was visualized and individuals were dissociated into single cells and stained

with DAPI (Figure 5.2A).
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Scheme of experimental set-up. Adult individuals were pulsed with EdU (30 min), chased for various durations,
and stained for EdU. Subsequently, they were dissociated into single cells, stained with DAPI, and finally

processed for biparametric analysis of DNA content (DAPI) and EdU-signal, using a flow cytometer.

For each chase time, biparametric DNA-EdU distributions were measured using flow
cytometry, and the proportion of EdU" cells in the 2n-region and in the 4n-region of the
histogram was determined (see Materials & Methods). The proportion of labelled cells in S-
phase could not be determined separately, since overlap with the GO/G1- and the G2/M-
region was observed because of the breadth of the DNA-histogram peaks of fixed cell
suspensions (see Hamelik and Krishan, 2009). Therefore, cells in the 2n region of the
histogram correspond to cells in the GO/G1 + early S-, and the 4n region holds cells in late S
+ G2/M. The proportions of 2n and 4n cells for diverse chase times are shown in Figure
5.2B. After a chase time of 0 h, 52.0% (+4.3, n=11) and 45.6% (+4.0, n=11) of the EdU" cells
had DNA content corresponding to 2n and 4n, respectively. Cells were distributed around
the division line between the 2n and 4n region of the histogram (Figure 5.2C, top/right
panel), indicating that proliferation is not synchronized and that these labelled cells were
at different stages of the S-phase at the time of EdU delivery. After 12 h chase, 47.6%
(¥1.3, n=11) and 50.8% (*1.4, n=11) of EdU" cells had a DNA content of 2n and 4n,
respectively (Figure 5.2C, bottom/left panel). After 24 h chase, a marked accumulation of

EdU" cells was observed in GO/G1 + early S, due to the generation of labelled progeny
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during the preceding M-phase (Figure 5.2C, bottom/right panel). Respectively, 85.1% (+4.3,
n=8, p=0.008) and 14.2% (+4.2, n=8, p=0.008) of labelled cells had a DNA content of
approximately 2n and 4n. Based on this observation, the cell cycle duration was observed
to be at least 24 h (see discussion section). After 48 h chase, a proportion of EdU" cells was
observed to have shifted to the 4n region again, entering late S + G2/M of the second cell
cycle after pulsing. The proportion of labelled cells in the 2n region decreased from 85.1%
to 57.4% (+1.1, n=6) and rose in the 4n region to 41.4% (+1.0, n=6). Still, the fraction of
labelled cells in GO/G1 + early S remained higher when compared to corresponding times
during the first cycle, indicating that not all cells cycled further through the cell cycle, at
least not immediately (Figure 5.2B). After 72h chase, again a peak of cells with 2n DNA
(89%+3.6, n=7, p=0.003) was seen, together with a decrease in the proportion of cells with

4n DNA (10.5%+0.4, n=7, p=0.004).

Figure 5.2B,C

Monitoring the progression of a cohort of EdU-labelled cells through the cell cycle in M. lignano. (B) Graph
representing the proportion of EdU" cells (mean + SEM) in the 2n-region of the DNA content histogram (black
curve) and the 4n-region (grey curve) at various chase times after pulsing (n=6-11) . Cells in the 2n-region of the
histogram correspond to cells in GO/G1 + early S and , and the 4n-region holds cells in late S + G2/M. (C)
Representatives of contour plots of green fluorescence (EdU, Y-axis) and DNA content (DAPI, X-axis) after
various chase times. Based on EdU-unlabelled samples the horizontal separation line between EdU" and EdU
cells was set. In the upper part of each plot (green rectangle), cells are present in which robust EdU-signal can
be detected. The line perpendicular to the X-axis separates cells in GO/G1 + early S (2n, left), and cellsin late S +
G2/M (4n, right). The location of this separation line, was determined using the right border of the GO/G1-peak
in the DAPI histogram as a landmark. Percentages represent the proportion of 2n, or 4n cells, relative to the

total amount of EdU" cells.
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5.4.3. Cycling activity of label-retaining cells during
homeostasis and regeneration

In M. lignano, pulsing with thymidine analogs during development and homeostasis has
been demonstrated to result in cells that retained label for extended chase time durations
of up to six months (Verdoodt et al., 2012b). Among these LRCs, post-mitotic differentiated
cells were identified, as well as neoblasts in which label-retention was argued to be caused
by cellular quiescence that prevented dilution of label (Verdoodt et al., 2012b). In this
study, a population of LRCs was established by performing an EdU pulse (7 d continuously)
in adult individuals. After a chase time of three months, animals were stained for EdU,
dissociated into single cells, and stained with DAPI. Cell suspensions were subjected to flow
cytometry, determining the DNA content and EdU signal of individual cells (Figure 5.3A).
Within the population of LRCs, on average 96.7% (+0.4, n=7) of the cells had a DNA content
of 2n. Merely 3.1% (+0.4, n=7) of the cells was observed to have a DNA content of 4n,
demonstrating little cell cycle activity among LRCs (Figure 5.3B).

To test whether regeneration induces increased cycling activity within the population of
LRCs, amputation of the rostrum was performed in individuals that had been pulsed with
EdU (7 d continuously, 20 uM) and then chased for 3 months (Figure 5.3A). Three days
after amputation, biparametric flow cytometry demonstrated that 92.3% (+0.8, n=6,
p=0.0008) and 7.0% (+0.7, n=6, p=0.0006) of the LRCs had a DNA content corresponding to
2n and 4n, respectively (Figures 5.3C, D). In conclusion, the proportion of EdU" cells with a
DNA content of 4n had increased significantly (7.0% vs. 3.1%) compared to uncut animals,
demonstrating that amputation did induce increased cycling activity among the population

of LRCs.
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Analysis of cell cycle activity in a population of LRCs during homeostasis and regeneration. (A) Scheme of
experimental set-up. Adult individuals were pulsed with EdU for 7 d continuously, after which they were
chased for 3 months. To test cell cycle activity during homeostasis, individuals were then stained for EdU,
dissociated into single cells, stained with DAPI, and subjected to biparametric flow cytometry. For our
regeneration experiment, individuals were amputated at the rostrum (red dotted line) and left to regenerate

for 3 d, prior to EdU staining. (B,C) Contour plots, showing green fluorescence (EdU) against DNA content
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(DAPI). The green rectangle represents the region of the plot in which robust EdU-signal can be detected. Left
of the vertical separation line are cells in GO/G1 + early S (2n), right are cells in late S + G2/M (4n). (B)
Homeostasis. A population of cells (100%) have retained EdU-label for 3 months, and are for the largest part
concentrated in the 2n region of the plot (96.7%). Merely a small proportion of cells is observed in the 4n-
regions, which holds cycling cells (3.1%). (C) Regeneration. The proportion of LRCs in the 4n-region right is
increased (7% vs. 3.1%), indicating increased cell cycle activity among the LRCs during regeneration. (D) Graph
representing the proportion of LRCs in the 2n-region and 4n-region of the DNA content histogram during
homeostasis (black bars) and regeneration (grey bars). During regeneration, the proportion of LRCs in 4n-region
which contains cycling cells has increased, compared to homeostasis. Significant differences to the

corresponding proportion during homeostasis are indicated (asterisks).
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5.5. Discussion

5.5.1. Uniparametric flow cytometry to study cell cycle
distribution of ASCs in M. lignano

A univariate flow cytometry technique was established to determine the DNA content of
individual cells in suspension. This allowed us to rapidly measure the distribution of cells
within the cell cycle during homeostasis and regeneration in M. lignano. The fluorochrome
DAPI was used to bind quantitatively to DNA, as it was observed to have several
advantages over the use of PIl. (1) DAPI resulted in higher yields of labelled cells when
compared to Pl, most likely due to better permeability of the cells. (2) Reduced clumping
was observed as additional washing and centrifugation steps, which are inevitably linked to
the use of Pl, are made unnecessary using DAPI due to the low autofluorescence of
unbound DAPI. Finally (3), in contrast to PI, DAPI does not intercalate with double-
stranded RNA, which rendered pre-treatment with RNase unnecessary (Yanpaisan et al.,
1999). These advantages account for the fact that DAPI resulted in DNA content
histograms with lower coefficients of variation, enabling more accurate analysis of cell
cycle distribution.

Although no specific cell cycle parameters can be deduced, this method is promising as it
allows rapid measurement of large numbers of samples, as opposed to highly time-
consuming microscopic analysis of whole-mount individuals. It can be further deployed to
quickly monitor the effect of various environmental changes on the proliferative dynamics
of stem cells in M. lignano. Furthermore, in combination with RNA interference (see Pfister
et al., 2008; De Mulder et al., 2009) and the use of specific antibodies, it has the potential
to contribute to the characterization of cell cycle phenotypes. Therefore, this method
serves as a valuable expansion of the growing toolkit being developed to study stem cell
biology in this flatworm (Ladurner et al., 2008 and references therein; Pfister et al., 2008;

Willems et al., 2009; De Mulder et al., 2010).
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5.5.2. Progression of EdU-labelled cells through the cell cycle

Using DNA content as a single parameter in the analysis of the cell cycle, no specific cell
cycle parameters can be deduced because cycling cells cannot be distinguished from
differentiated cells. To improve the resolution of cell cycle measurement, the thymidine
analog EdU, which labels actively cycling cells, was introduced as a second parameter. In
this way, a cohort of EdU-labelled ASCs could be followed as they progress through the cell
cycle. This recently developed EdU-based method can be a superior alternative to BrdU-
based flow cytometry (Kotogany et al.,, 2010; Darzynkiewicz et al., 2011). Firstly, when
using EdU, denaturation of the DNA, a step which is observed to compromise the quality of
the nuclei, is rendered unnecessary (Sasaki et al., 1988; Lucretti et al., 1999). Moreover,
due to increased fluorescent intensity, EdJU does not require the use of complex signal-
amplification methods, in contrast to flow cytometric analysis of BrdU-signal in triclad
flatworms (Kang and Sanchez Alvarado, 2009).

After 24 h chase, EdU" cells were observed to have accumulated in the 2n region,
indicating that these cells were in G1- or early S-phase of the second cell cycle after
pulsing. At this time, the cohort of EdU-labelled cells started to enter the 4n-region, and
thus the cells that were most advanced in their cell cycle started to shift to late S-phase.
Based on this observation, one could conclude that in 24 h, cells have traversed a complete
cell cycle (from the S-phase during which they were pulsed, to the next S-phase). However,
the cells that are farthest along their cell cycle and are now entering late S-phase, were
most likely pulsed at the utter end stage of the previous S-phase. Hence, these cells still
need to traverse a part of S-phase to have completed a full cell cycle (Figure 5.4).
Therefore, we conclude that the cell cycle duration of neoblasts in M. lignano is more than
24 h. To estimate the exact duration, the time needed for neoblasts to traverse the part of
the S-phase that is spent in the 4n-region, should be measured. In this study, our 0 h chase
experiment demonstrated that approximately half (52%) of the S-phase cells were in the

2n region, and the other half (45%) in the 4n region. Based on this observation and the fact
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that neoblast proliferation is asynchronized, we can assume that cells spend roughly half of
the S-phase in the 2n region of the histogram, and the other half in the 4n region. Hence,
cells entering the 4n region after 24h, still need to traverse approximately half of the total
S-phase duration to reach the stage in which they were pulsed during the preceding cell
cycle. We previously have estimated the duration of S-phase to be 13 h in M. lignano
(Chapter 4). Therefore, the cell cycle duration of neoblasts in M. lignano is approximately

30h (24h + 13h/2).
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Figure 5.4

Scheme, explaining the course of EdU-labeled cells through the cell cycle. Small, colored circles represent an
asynchronous population of cells, distributed within the distinct phases of the cell cycle: G1-, S-, G2-, and M-
phase. For clarity, in this scheme, each phase occupies exactly one quarter of the circle. This does not relate to
their exact duration within the cell cycle. Cells with a DNA content corresponding to 2n are separated from cells
with a DNA content of 4n by the vertical line (dotted, gray line). An EdU pulse is performed, which labels cells in
S-phase of the cell cycle (green circles), while other cells remain unlabelled (gray circles). (A) After 0 h chase,
EdU-labelled cells are distributed equally around the 2n-4n division line. (B) After 24 h chase, EdU-labeled cells,
which had accumulated in the 2n-region, are now entering the 4n-region. This indicates that, in 24 h, they have
traversed a complete cell cycle minus a part of the S-phase (red arrow). Therefore, cell cycle duration of

neoblasts was concluded to be little over 24 h.
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The estimated cell cycle duration of 30 h, however, reflects on a population of the main
population of neoblasts. In the past, the presence of a subpopulation of fast-cycling
neoblasts has been described in M. lignano (Ladurner et al.,, 2000; Nimeth et al., 2004
Nimeth et al., 2007). These cells were observed to pass the complete duration of S-, G2-
phase in 2 h (Nimeth et al., 2007), and therefore, potentially, have a cell cycle duration of
merely a few hours. We hypothesize that the presence of such cells, which quickly switch
from the 2n- to the 4n region, explains the relatively equal distribution of labelled cells
around the 2n-4n division, line for chase times up to 12 h. Merely, when the main
population of cycling neoblasts traversed M-phase and subsequently accumulated in G1, a
significantly changed distribution was observed, suggesting that this population
considerably outnumbers the fast-cycling population. Based on these results, however, the
cell cycle duration of fast cycling neoblasts could not be determined. In the future, further
molecular and structural characterization of neoblasts, aimed at distinguishing among
different subpopulations, should reveal more details of the cell cycle of the population of
fast-cycling cells.

All through the second cycle, the proportion of labelled cells in GO/G1 remained higher
compared to the first cycle. This observation indicates that a proportion of the daughter
cells exits the cell cycle to eventually differentiate and execute a specific function, or
remains longer in Gl-phase and does not immediately enter a new round of DNA

synthesis.

5.5.3. Cell cycle distribution of ASCs during regeneration

In this study, the cell cycle distribution of ASCs was analyzed in 3d-regenerates using uni-
parametric flow cytometry. A significant increase in the proportion of cells in S-phase was
observed, together with a decrease of cells in GO/G1 and a relatively constant proportion
of cells in G2/M. We argue that this is the result of an increased proportion of cycling cells
in the cell population. This is confirmed by our LRC experiment, which demonstrated the

re-entrance of long-term quiescent cells into the cell cycle upon amputation (see below).
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However, assuming that an increased participation of cells in the cell cycle is solely
responsible for the altered cell cycle distribution in regenerates, one would expect an
increase in G2/M numbers as well. Therefore, an additional explanation for the observed
changes in the DNA content histogram should be taken into account, such as alterations in
the duration of one or more cell cycle phases. In an asynchronous population, the
shortening of a particular phase lowers the chance of a cell to be in that particular phase
resulting in an altered cell cycle distribution. In the past, an acceleration of the cell cycle at
the level of G1 and G2 has been demonstrated in diverse regeneration models (Ford and
Young, 1963; Clausen et al., 1986a; Wenemoser and Reddien, 2010). In our study, the
significant decrease (8.5%) in the proportion of cells in the GO/G1-peak indicates that a
reduction of the duration of G1, together with an increased participation of GO cells in the
cell cycle, is likely to account for the changed DNA content histogram. However, a
reduction of the duration of G2 is a valid hypothesis as well. It would furthermore explain
why the proportion of cells in G2/M does not increase, as opposed to the amount of S-
phase cells, given that the decreased amount of cells in G2 is counterbalanced by an
increased amount of cells in M-phase. This is confirmed by a previous study in which a
doubling of mitotic numbers was demonstrated in 2d-regenerates of M. lignano (Nimeth et
al., 2007). Still, it should be noted that no acceleration at the level of G2 was observed
during the first four hours of regeneration in M. lignano (Nimeth et al., 2007). In this study,
a G2 shortening remains possible given that 3 d-regenerates were used, although the
reason for a postponed effect is not clear. A subsequent step to confirm this hypothesis,
would be to combine our flow cytometry method with a mitosis marker (e.g. anti-
phosphorylated histone H3). Still, we can conclude that during regeneration in M. lignano,
the additional need for cell proliferation is met by an increased amount of cycling cells,

combined with an acceleration of the cell cycle.
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5.5.4. Quiescent neoblasts participate in the regeneration
process

Previously, the establishment of LRCs has been described in M. lignano. Among these
labelled cells, neoblasts were identified that were shown to retain label due to their long-
term quiescence (Verdoodt et al., 2012b). In the current study, a population of LRCs was
established after performing a pulse in adult individuals. DNA content analysis
demonstrated that these EdU" cells were, for the most part (97%), located in the GO/G1-
region (2n) of the histogram. Based on their DNA content, the labelled cells in this region
are either the differentiated progeny of labelled neoblasts, quiescent neoblasts in GO-
phase, or cycling neoblasts in G1- or early S-phase. A relatively small proportion (3%) of the
LRCs were observed to have a DNA content of 4n, which indicates cell cycle activity among
LRCs during homeostasis. These observations point out that the population of cells that
retain label is a mixture of differentiated cells and neoblasts that retain long periods of
qguiescence and occasionally participate in the cell cycle. Our regeneration experiment
demonstrates that after amputation, the number of cycling LRCs had increased. This
proves that a fraction of the LRC population are neoblasts, which can be activated to re-
enter the cell cycle upon amputation. Given that no conclusive evidence for
dedifferentiation of terminally post-mitotic cells in flatworm regeneration exists, this
process is unlikely to account for the increased number of cycling cells (for references see:
Reddien and Sanchez Alvarado, 2004; Egger et al., 2009). Hence, a population of quiescent
cells in M. lignano appears to form a relatively silent reservoir that is activated after
wounding. Similar examples of the activation of a quiescent stem cell population upon
injury have been amply observed in mice (Tumbar et al., 2004; Wilson et al., 2008; Li et al.,
2010). Furthermore, our observation of the activation of quiescent cells is in line with a
previous study on M. lignano, demonstrating repopulation of the neoblasts pool after
sublethal irradiation (De Mulder et al.,, 2010). The authors suggested that a small
proportion of neoblasts with a higher irradiation resistance, possibly GO-arrested

neoblasts, were responsible for the recovery of the proliferative compartment of the
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individual. How the quiescent state is maintained and what the molecular mechanisms are
that regulate transitions into and out of that state remain important considerations for the

future.

5.5.6. Conclusions

In this study, three in vivo methods were established using flow cytometry as a means to
study cell cycle parameters of quiescent and actively cycling ASCs in M. lignano. Using
these techniques, an approximation of the cell cycle duration within the main population
of neoblasts in M. lignano was measured and, for the first time, the participation of
quiescent cells in the regeneration process was demonstrated. Being rapid, reproducible,
and highly informative, these methods promise to further generate knowledge on stem
cell heterogeneity and cycling dynamics in M. lignano. Furthermore, combined with the
intriguing population of abundant and experimentally accessible ASCs in this flatworm,
they provide an interesting opportunity to test stem cell behavior upon diverse

environmental cues.
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6.1. Adult stem cells in M. lignano

The research that has been done to extend the knowledge on neoblasts in M. lignano has
demonstrated a remarkable and intriguing population of adult stem cells. Although we are
far from understanding neoblasts to their full extent, important steps have already been
made (see Chapter 1-5).

During this PhD, several approaches have been undertaken with the intention to further
unravel the organization of the neoblast system and its dynamics. We have demonstrated
kinetic heterogeneity within the neoblast population by providing evidence for the
presence of a subpopulation of long-term quiescent neoblasts (Chapter 2). These quiescent
neoblasts were found to be activated during the regeneration process (Chapter 5). The
proliferative response of the neoblast population upon amputation of the rostrum was
evaluated and revealed interesting differences to the situation described for tail plate
regeneration (Chapter 3). Furthermore, this thesis has extended the information on the
cell cycle in flatworms, by providing specific data on cell cycle distribution, and S-phase and
total cell cycle duration (Chapter 4, 5). In Box 6.1 the main conclusions of Chapter 2 to 5
are assembled. These results will contribute to a better understanding of the biology of

neoblasts, specifically, and adult stem cells, in general (see Chapter 6.2.).
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Box 6.1

6.1.1. Studying stem cell dynamics in M. lignano: an expanding
toolbox

In this study, a range of techniques and quantification methods have been used and/or
established to study the dynamics of stem cells, all having their specific merits and
drawbacks. First, single labelling of S-phase cells (anti-BrdU) or mitotic cells (anti-phos-H3)
was performed, conducting manual quantification of labelled cells (Chapter 3). These
techniques have led to important information on stem cell proliferation during
homeostasis and regeneration (Ladurner et al., 2000; Nimeth et al., 2004; Nimeth et al.,
2007; Egger et al.,, 2009; Verdoodt et al., 2012). Subsequently, the resolution of the
analysis of cell cycle kinetics considerably improved, by being able to perform double

labelling with two different thymidine analogs (CldU, and IdU) (Chapter 2, 4). However,
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visual evaluation of overlapping labels is difficult, and this required the establishment of a
standardized method for automatic analysis of colocalization and quantification. The plug-
in created for the freeware program Image J is a valuable addition to the toolbox for
studying stem cells in M. lignano, especially for diverse future whole-mount double
labelling techniques. Further methodological advances were made by introducing flow
cytometry to study stem cell dynamics in M. lignano (Chapter 5). Using this instrument,
single cells could be assigned to distinct cell cycle phases, based on their DNA content.
Furthermore, flow cytometry offers the capability of rapid and accurate measurement of
cell characteristics, and allows quantitative analysis of a combination of multiple
characteristics (Shapiro, 1983; Darzynkiewicz et al.,, 2011), including a high number of
replicates. In comparison, whole mount immunohistochemical labelling requires confocal
imaging and quantification of individuals, one by one. On the other hand, whole-mount
immunohistochemical labelling cannot be renounced completely, given its value for spatial
information. For instance, whole mount labelling in Chapter 3 has demonstrated for the
first time that neoblasts appear to be able to divide within in the rostrum upon
amputation, as opposed to previous data on homeostasis, starvation and regeneration of

the tail plate.

In the course of this study, diverse thymidine analogs (e.g. BrdU, I1dU, CldU, and EdU) have
been used to label cells in S-phase. The most commonly used analog, BrdU, was employed
for most single labellings (chapter 2, 3). Double labelling was performed by means of IdU
and CldU, because of the ability to separately visualize them, using commercially available
antibodies (chapter 2, 4). Finally, the newly available analog EdU was used in several
occasions due to its simplified visualization technique (chapter 2, 5). The gentle
preparation conditions of EdU facilitate the preservation of both protein epitopes and the
cells’ integrity, which allowed combined use with the antibody for Macvasa protein. The
concentrations that were used for a 30-minute pulse of each of the analogs, were based on

previously published protocols. For extended pulse durations (e.g. LRC experiments) the
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concentration was diluted with a factor 10 to 50, depending on the exact duration of the
pulse and the following chase time.

Using diverse thymidine analogs, it is a critical requirement for qualitative, and even more
for quantitative studies of cell proliferation, that at the used concentration, DNA synthesis
is detected with the same efficiency. The data obtained during this study did not
demonstrate dramatic differences in labelling efficiency. For instance, a comparison
between BrdU and EdU was made in chapter 2, performing double labelling with both
analogs (supplementary Figure 2.51). Inidividuals were sequentially pulsed with EdU and
BrdU, which resulted in complete overlap of both labels in the majority of labelled cells,
and an expected amount of single labelled cells (as pulses could not be performed
separately). Previous studies in mice have demonstrated similar results (Lentz et al., 2010;
Zeng et al.,, 2010). In the same way, sequential pulses of CldU and IdU in chapter 4
demonstrate almost complete colocalization of CldU and IdU-labelled cells (94% CldU*
/IdU" cells after O h chease). These data suggest that (1) BrdU and EdU, and (2) CldU and

IdU staining methods detected DNA synthesis with the same efficiency.

6.1.2. Stem cell protection in M. lignano

Neoblasts have an extreme potential and plasticity in M. lignano, as shown by
differentiation into diverse somatic and germ line cell types (Ladurner et al., 2000; Bode et
al., 2006), their contribution to a remarkable regeneration capacity (Egger et al., 2006;
Nimeth et al., 2007; Egger et al., 2009; Verdoodt et al., 2012), and recovery after chemical
(Nimeth et al.,, 2004) and irradiation treatments (Pfister et al.,, 2007; De Mulder et al.,
2010). Together with the high cell turnover during homeostasis, and the low incidence of
problematic outcome, it is intriguingly clear that neoblasts must be subject to a rigorous
control mechanism, or several thereof.

In Chapter 2, the highly debated immortal strand hypothesis was tested in M. lignano. This
hypothesis states that stem cells, as a means to protect genome integrity, segregate their
DNA strands in a non-random fashion (Cairns, 1975). The diverse in vivo approaches that

were undertaken in Chapter 2, did not support non-random segregation of DNA strands.
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Hence, it was concluded that the vast majority of neoblasts is not protected by ‘immortal
strands’. However, our label-retention analysis produced evidence for long-term cellular
quiescence within a portion of the neoblast population. The long-term pulse chase
experiments that were performed in this study (Chapter 2, 5) have demonstrated, for the
first time, the large extent to which cellular quiescence is characteristic to a subset of
neoblasts. Firstly, the foundation of a pool of quiescent neoblasts was shown to be formed,
already during the earliest stages of development. And, secondly, these GO-arrested cells
were shown to be long-lived since they were still present in animals that were chased for
as long as six months, which is the median lifespan of M. lignano (Mouton et al., 2009).
Consequently, it was concluded that cellular quiescence is an important aspect of the
protection of the neoblast pool. Given the error prone nature of DNA replication, limiting
the number of DNA synthesis rounds seems a logical solution (Cairns, 2002; Cairns, 2006).
Using a hypothetical example, Cairns has elegantly measured that the presence of slow-
cycling cells which replenish a population of faster cycling cells, significantly decreases the
overall number of cell divisions in the population (Cairns, 2006). Nonetheless, it is clear
that, despite these dormant cells, a large number of cell divisions do occur in M. lignano
during homeostasis (Chapter 5), and even more during regeneration (Chapter 3). Next to
this population of quiescent cells, M. lignano is known to possess a population of highly
active neoblasts that account for the high cell turnover during homeostasis in this flatworm
(for references see Ladurner et al., 2008). Hence, besides cellular quiescence, most likely
complementary mechanisms exist to protect neoblasts, or a subset thereof. A wide range
of diverse DNA repair mechanisms have been described in various model organisms
(plants: Kimura and Sakaguchi, 2006; yeast: Lee et al., 2002; insects: Sekelsky et al., 2000;
mammalia: Sancar et al., 2004; Lombard et al., 2005; Milyavsky et al., 2010), and defects in
these mechanisms have been associated with stem cell abnormalities (Hanahan and
Weinberg, 2000; Park and Gerson, 2005). In flatworms, DNA-repair mechanisms have been
described, although information is limited (Boorstein et al., 1989; Hollenbach et al., 2011).

For instance, in S. meditterranea, a homolog of a human DNA mismatch repair gene (Smed-
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msh2) is expressed in neoblasts and some progeny (Hollenbach et al., 2011). The relevance
of such mechanisms remains to be tested in M. lignano.

In conclusion, by demonstrating the significance of cellular quiescence in M. lignano, a
considerable contribution is made to the study of mechanisms that guard the functionality

of the neoblasts in flatworms.

6.1.3. Neoblasts, a heterogeneous population of adult stem cells

6.1.3.1. Subpopulations of stem cells with different cell cycle kinetics

Our results demonstrate that the adult neoblast pool exists of at least two subpopulations
with different cell cycle kinetics: (1) a population of long-term quiescent neoblasts
(Chapter 2) that can be induced to proliferate upon amputation (Chapter 5), and (2)
actively cycling neoblasts with an S-phase duration of 13h and a total cell cycle duration of
approximately 31h (Chapter 4,5). Furthermore, the presence of an additional
subpopulation of fast-cycling cells was indicated in a previous study, in which a limited
number of cells was suggested to cycle through the whole S- and G2-phase in merely two
hours (Nimeth et al., 2007). Additionally, the presence of cells with a significant longer G2-
phase compared to the main cycling population has been suggested as well (Nimeth et al.,
2004). However, in a later publication this observation was attributed to the fact that
animals were intentionally starved when the experiments were performed (Nimeth et al.,
2007). Therefore, the presence of a subpopulation with a longer G2 is most likely an
environmental effect, rather than that these cells make up a distinct subpopulation with
different cell cycle kinetics. The fast entrance into M-phase, caused by feeding after a
prolonged starvation period, is a confirmation thereof (Nimeth et al., 2004). Moreover, in
other model systems, cell cycle arrest in G2 has often been linked to feeding status as well

(Cameron and Cleffmann, 1964; Bagufia, 1976).
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Taken together, it can be concluded that the neoblasts system in M. lignano is subdivided
in three populations with distinct cell cycle kinetics: quiescent, main cycling, and fast
cycling cells.

In contrast, neoblasts of the planarian flatworm Schmidtea mediterranea have long been
considered to cycle regularly, without indications for a significant subset of slow cycling or
arrested neoblasts. This conclusion was based on the fact that after three days of
continuous pulsing with BrdU, ~99% of all neoblasts were labelled (Newmark and Sanchez
Alvarado, 2000). However, it should be noted that neoblasts were identified based on their
morphology in cell suspensions, and a more accurate way to distinguish neoblasts from
differentiated cells might lead to re-interpretation of these results. More recently, the
presence of a distinct population of GO-arrested cells was suggested in a related planarian
flatworm, Dugesia japonica. This was demonstrated in several studies, based on a
combination of gene expression data of stem cell related genes (djpiwi and djpcna), the
inability to incorporate BrdU during continuous pulsing, and a higher radiation tolerance of
these cells (Orii et al., 2005; Sato et al., 2006; Rossi et al., 2006; Higuchi et al., 2007;
Salvetti et al., 2009). Interestingly, quiescent neoblasts seemed to be clustered and
localized only at the pre-pharyngeal dorsal midline, while active neoblasts are dispersed
throughout the body (with the exception of the pharynx region, and the region anterior to
the eyes) (Orii et al., 2005; Rossi et al., 2006; Salvetti et al., 2009). However, in our study
quiescent cells in M. lignano could not be distinguished from actively cycling neoblasts
based on their distribution. Instead, our Macvasa-LRC experiment (Chapter 2), indicated
that quiescent stem cells are dispersed among active neoblasts, this within the bilateral
pattern that holds all cycling cells. Thus, based on this discrepancy, species-specific
differences in the organization of the neoblast system in flatworms should be taken into
account. This demonstrates the added knowledge that might come from studying stem

cells in different flatworm models.
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6.1.3.2. Subpopulations of stem cells with a different functionality?

It is not known if the kinetic heterogeneity of neoblasts reflects functional heterogeneity as
well. Although this largely remains to be elucidated for M. lignano, different
subpopulations reflecting diverse functionality and potentiality is a common aspect of stem
cell populations.

Classically, stem cell pools have been believed to be organized in a hierarchical structure,
although this hypothesis is not generally accepted (Quesenberry, 2006). Nevertheless, an
interesting example of such an organization is delivered by —probably the best studied
stem cell system— the hematopoietic system in mammals (reviewed in Trumpp et al.,
2010). In this well documented stem cell system, a limited number of stem cells that are
mostly dormant and have high repopulation potential upon transplantation in vivo are
observed to fill up the top layer of the hierarchy (Cheshier et al., 1999). These cells
replenish a series of progenitor cells that are shorter-lived, have a more limited potential,
and are often rapidly-dividing (Passegué et al., 2005). Other examples of mammalian stem
cell systems with a similar organization are the hair follicle and the gut epithelium
(reviewed in Fuchs, 2009). When applying such an organization to the stem cell population
in M. lignano, the quiescent stem cells, which are demonstrated in our study, are the most
appropriate candidates to fill the highest spots in the hierarchy. The kinetic properties of
these cells demonstrate striking similarities with occupants of these regions in other stem
cell systems (Mohrin et al., 2010): (1) their largely inactive state during homeostasis, which
can be lifted during regeneration (Chapter 2, 5), and (2) their long-term survival, as shown
by the long chase times performed in Chapter 2. Following this logic, these quiescent
neoblasts likely represent ‘true’ stem cells, while actively dividing neoblasts are the transit
amplifying cells (TACs), filling the lower spots on the ladder of the hierarchy. Based on
numerous examples of stem cell systems in other organisms, these TACs likely have a more
limited potential and responsible for the high rate of cell renewal in M. lignano.

Assuming that quiescent neoblasts have the broadest potential within M. lignano, they are

primary candidates to test pluripotency of individual cells in M. lignano. In the planarian

188



GENERAL DISCUSSION

flatworm S. mediterranea, tangible evidence for pluripotency of individual neoblasts, so-
called clonogenic neoblasts or cNeoblasts, was demonstrated only very recently by Wagner
et all (2011). These cNeoblasts had a body wide distribution. Unfortunately, the cell cycle
dynamics of cNeoblasts in normal conditions are so far not known. Hence, precise data are
absent to evaluate how these pluripotent neoblasts in S. mediterranea relate to the
quiescent neoblasts in M. lignano. However, worth mentioning is that these cNeoblasts
were selected based on their higher irradiation tolerance compared to other neoblasts,
which might be linked to cell cycle inactivity (and thus possibly cellular quiescence).

Nevertheless, although the cell cycle dynamics of quiescent and active neoblast
subpopulations fit the hierarchy-hypothesis, it is too early to jump to conclusions, given
that the relation between both subpopulations, and the potential of the cells within, is still
obscure. Admittedly, we are still in the starting blocks when it comes to fully
understanding how stem cells are regulated to generate distinct lineages in M. lignano.
However, the clear subdivision in the neoblast pool on the level of cell cycle kinetics, is an

intriguing aspect to be reckoned with in future studies.

6.1.4. The cell cycle in M. lignano: advances and future
prospects

In this study, we were able to determine specific parameters of the cell cycle of the main
cycling population. In Chapter 4, the S-phase duration was measured to be approximately
13h. In Chapter 5, based on the progression of an EdU-labelled cohort of cells through the
cell cycle, the total cell cycle duration was estimated to be approximately 31h. The G2-
phase duration was evaluated in previous studies (Nimeth et al., 2004; Nimeth et al.,
2007). It was concluded that the minimal duration of G2 is 2h, but the majority of cells
need 4h to traverse the G2-phase and pass from S- to M-phase.

What is the added value of knowing specific phase durations for the study of the neoblast
pool in M. lignano? Firstly, these parameters serve as a guideline to define experimental

designs of future studies that include cell proliferation and cell turnover. Secondly,
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knowing the parameters of the cell cycle during normal conditions (homeostasis, and fed
ad libitum), is pivotal to evaluate changes in the dynamics of cycling cells. This is relevant
both from a biological as well as a biomedical point of view. The biological relevance
includes (1) the possibility to test the effect of environmental changes, such as
regeneration or starvation, and (2) contributing to the study of cell cycle control. For
instance, the effect of regeneration (1) on cell cycle dynamics was part of this thesis. In
Chapter 3, analysis of S-phase numbers demonstrated an increase, which was highest at 3-
5 days after amputation, indicating changes in the dynamics of the neoblast pool.
Subsequently, the exact nature of these changes was studied by comparing with the
situation during homeostasis. Amputation did not affect the duration of the S-phase
(Chapter 4), yet it caused an increased cell cycle activity in the population of quiescent
neoblasts and affected the duration of one or both gap phases of the cell cycle (Chapter 5).
For cell cycle control (2), the relevance of information on cell cycle parameters was
demonstrated by an interesting study in Drosophila (Bettencourt-Dias et al., 2004). In this
study, the cell cycle function of diverse protein kinases* was evaluated by performing
RNAi*-knockdown of these genes, followed by evaluation of the cell cycle phenotype (e.g.
delays in the progression through specific cell cycle phases). This example illustrates that
knowledge on cell cycle parameters (Chapter 4, 5) will contribute to future studies on the
regulation of stem cell proliferation in this flatworm.

From a biomedical point of view, M. lignano is a powerful model to test the effect of
environmental cues on stem cell proliferation, because its high abundance of cycling adult
stem cells and the fact that they can be studied in vivo. To this end, the acquired
knowledge on cell cycle parameters greatly increases the resolution of such studies since it
is possible to pinpoint the disturbance of cell cycle progression.

Although important advances have already been made in the characterization of cell cycle
parameters in M. lignano, some questions remain unanswered. For example, the M-phase
and G1l-phase duration could not be determined in our bi-parametric EdU/DAPI
experiment in Chapter 5. This, because of the inability to separately distinguish cells in S-

phase, a drawback of fixed cell suspensions that are necessary for visualization of the EdU-
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label. Hence, future approaches should include one or more antibodies —additional to
EdU-to distinguish cells in a particular phase (e.g. mitotic cells, using anti-phos-H3).

Another interesting approach would be to determine the cell cycle duration of quiescent
cells that are induced to cycle. So far, this was not possible due to the fact that our label-
retention approach does not only result in labelled quiescent neoblasts, but also labelled
progeny of these quiescent cells. Therefore, future endeavors should include the use of a

marker that allows resolving quiescent neoblasts from their progeny.

6.1.5. Quiescent neoblasts in M. lignano: advances and future
prospects

The advances on the knowledge of quiescent neoblasts in the current study have already
been described in previous paragraphs and will not be repeated here. However, our results
suggest a highly important role of these cells as potential ‘true stem cells’ in M. lignano
(see 1.1. and 1.2. in this chapter), hence, these cells deserve intensive attention in future
M. lignano studies. Consideration of other stem cell systems suggests that future progress
will require more molecular markers to identify and fractionate subsets of neoblasts (Slack,
2011). Methods based on flow cytometry and FACS have been shown to result in a major
breakthrough in a variety of vertebrate and invertebrate stem cell systems (Orford and
Scadden, 2008 and references therein; Slack, 2011 and references therein). However,
notwithstanding the current absence of appropriate markers, some problems can already
be tackled, as described below.

Despite the elaborate pulse scheme that was conducted in Chapter 2, the onset of cellular
quiescence could not be pinpointed to one specific developmental window. Instead, all 24-
hour pulse-periods that were performed during development resulted in label-retaining
neoblasts. It should be mentioned that a pulse-period that results in LRCs does not
necessarily overlap with the nascence of quiescence. It merely indicates that at the time of
pulsing, these cells were in a proliferative state, possibly after a preceding period of

cellular quiescence. Still, our observations in chapter 2 strongly suggest that neoblasts are
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set aside in a dormant state, not at one particular moment but at regular time points
during development. However, to confirm this hypothesis, information on the kinetics of
label-decay is needed. A second consequence of all pulses resulting in label-retaining
neoblasts was the impossibility to determine the average size of the quiescent neoblast
population. Knowledge on the onset of cellular quiescence as well as the size of the
population could easily be answered given the availability of a specific marker for this
distinct subpopulation of neoblasts. However, other approaches to distinguish quiescent
neoblasts from active neoblasts remain to be tested. For instance, in the planarian
flatworm Dugesia japonica a subpopulation of neoblasts (so-called type B) was
demonstrated based on distinct ultrastructural and morphometrical characteristics
(Higuchi et al., 2007). Compared to the majority of neoblasts (so-called type A), type B
neoblasts demonstrated a smaller size, fewer chromatoid bodies*, and a
heterochromatin* rich nucleus. Higuchi et all (2007) hypothesized that these cells might be
a distinct population of cells in GO. This hypothesis could be tested in M. lignano, by
combining our label-retention assay with electron microscopy. From our Macvasa-LRC
experiment in Chapter 2, we have indications that label-retaining Macvasa® cells had,
indeed, a lower number of chromatoid bodies, compared to other Macvasa® cells (See
Figure 2.4). However, this should be tested in more detail. In a previous study in M.
lignano, slow cycling or cell cycle arrested neoblasts have been identified using electron
microscopy (Bode et al., 2006). But, in the latter, a study of the number of chromatoid
bodies was not included. In conclusion, if quiescent neoblasts really differ on
ultrastructural level and/or morphometrically from active neoblasts, these characteristics
can be used in flow cytometric analysis to distinguish between both types of neoblasts.

Another interesting venue for future research would be to test whether quiescent
neoblasts that were induced to divide during regeneration, return to a dormant state
afterwards. The fact that these cells are protected by cellular inactivity suggests that they
are of special importance to the organism. Therefore, it seems likely that they do resume
cellular inactivity in order to provide long-term self-renewal. Our pulse-chase experiments

in chapter 2, combined with information on other stem cell systems (Nowak et al., 2008),
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strongly suggest that this subset of neoblasts is founded during development. During
adulthood, this set-aside population occasionally proliferates to contribute to the cycling
neoblast population (chapter 2, 5). Assuming that none of the daughter cells re-enters
guiescence seems counterintuitive as it would indicate that self-renewal is not sustained,
and these cells become susceptible to stem cell exhaustion (Orford and Scadden, 2008). On
the other hand, depletion of the quiescent stem cell pool might be linked to ageing in M.
lignano. The validity of these hypotheses is definitely an important consideration for future
research. One way to tackle this problem could be to ‘challenge’ the population of LRCs by

repeated amputation and regeneration.

6.2. Universal relevance of stem cell

research in fatworms

The ability of stem cells to self-renew and to divide, proliferate and differentiate is the key
to their therapeutic efficacy (Ho 2005). However, strategies to manipulate stem cell
division and differentiation require a clearer understanding of these processes in vivo
(Cheng, 2004), which can be best obtained through experimentation. Laboratory studies of
stem cells enable scientists to learn about the essential properties of these cells and their
differences from specialized cell types. Therefore, model organisms are essential for such
in vivo interrogations, and stand to provide us with better insight to answer fundamental
questions (Spradling et al., 2006; Sanchez Alvarado and Tsonis, 2006; Bosch, 2009).

With this in mind, flatworms have gained attention as a powerful and also an intellectually
attractive system to study stem cells and their proliferation. The ultimate argument to
explain their potential as model organisms is, simply, the significant presence of adult stem
cells that seem to be champions at fulfilling their ‘job’. Therefore, flatworms provide a
unique way to study mechanisms that enable stem cells to generate appropriate numbers
and types of differentiated cells during steady state and repair. In combination with the
accessibility of these cells for in vivo studies, these organisms have shown to be highly
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informative in the field of stem cell biology (Gentile et al., 2011). In particular, flatworms
have the potential to increase information on human stem cells. For example, analysis of
MRNA microarray profiles of planarian neoblasts showed that >75% of their enriched
mMRNAs (with known mammalian homologs) could be classified into categories of protein
biosynthesis, RNA binding, transcription, and DNA binding (Eisenhoffer et al., 2008). All
four of these categories represent intracellular processes that have been shown to be
enriched in a variety of stem cells isolated from both mouse and human organs and
embryos (Doherty et al., 2008). Furthermore, as observed in flatworms, Wnt signaling is
required for the patterning of regeneration in the limited regeneration capacity
demonstrated in some mammalian organs (e.g. hair follicle regeneration in response to
punch biopsy wounds in skin) (Stappenbeck and Miyoshi, 2009). Additional to being
informative on human biology, flatworm stem cell research can contribute to improving
human health (Sdnchez Alvarado et al., 2003; Reddien et al., 2005; Sanchez Alvarado, 2007;
Pellettieri and Sanchez Alvarado, 2007; Pearson and Sanchez Alvarado, 2009; Gentile et al.,
2011). This promise has been exemplified by the range of planarian genes that are related
to human disease (Reddien et al.,, 2005; Gentile et al., 2011) and tumor suppression
(Pearson and Sanchez Alvarado, 2010). For example several of the stem cell genes that
have been identified in flatworms (e.g. piwi, nucleostemin, mi-2) were found to be
ectopically upregulated in human cancers (Grochola et al., 2008; Li et al., 2010; Ye et al.,
2008; Fu et al., 2011). However, when comparing stem cell systems between different
organisms, and even within organisms, caution is strongly advised. Besides fundamental
similarities between flatworm and mammalian stem cells, of which some have been

described here, some diverging characteristics have been observed as well (Table 6.1).
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Flatworm stem Cells:

Mammalian stem cells:

- Pluripotency in adult

- One stem cell compartment as a source
for somatic and germ line cells.

- Quiescent stem cells, which are set aside

- Pluripotency in embryo, multipotency in
adult

- Several stem cell systems in one
organism.

- Cellular quiescence in adult stem cells. No

during early stages of development and evidence available on entrance into

are long lived (up to the median life span) cellular quiescence during such early
in the adult worm. developmental stages.
- Extreme regeneration capacity, based - Non-existent to limited (e.g. liver, hair
upon the stem cell system. follicles, intestinal crypts) regeneration
capacity in some organs.

- Blastema formation (build-up of - No blastema formation.

undifferentiated cells)

Table 6.1

Thus, although a conclusion based on one stem cell system cannot immediately be
extrapolated to another one without further research, current knowledge on stem cell
biology has been pushed forward by complementary analysis in diverse model systems.
Organisms become models when they support sustainable opportunities with
uncompromising experimental rigor and ease of use (Bosch, 2009). With this in mind,
flatworms can provide a valuable contribution to the field of stem cell biology.

Significant progress has already been made within flatworm stem cell research, spurred on
by the genome sequencing of Schmidtea mediterranea (Sanchez Alvarado et al., 2003) and
M. lignano (annotation in progress), and the availability of experimental tools, including
immunohistochemical* staining techniques (Newmark and Sanchez Alvarado, 2000;
Ladurner et al., 2000; Ladurner et al., 2005) (Chapter 2 and 5), flow cytometry (Chapter 5)
(Ermakov et al., 2011), FACS* (Eisenhoffer et al., 2008), irradiation (Salvetti et al., 2009; De
Mulder et al., 2010), gPCR* (Plusquin et al.,, 2011), and RNAi* (Sanchez Alvarado and
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Newmark, 1999; Newmark, 2005; Reddien et al., 2005; Pfister et al., 2008; De Mulder et
al., 2009). The advances that were made in this study, both on a technical and informative
level, add up to the already fascinating field of stem cell research. Undoubtedly, new

discoveries await us.
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7.1. Glossary

- Cell turnover: a cycle of cell death and cell renewal that contributes to an organ’s normal

tissue homeostasis (Pellettieri and Sanchez Alvarado, 2007).

- Chromatoid body: a structure similar to nuage, which is found in the stem cells (somatic +
germ line) of flatworms. Nuage is described in a broad variety of species as an evolutionary
conserved, germ line specific, perinuclear organelle. During the process of cell
differentiation, the number of chromatoid bodies is progressively reduced. Molecular
biological studies have shown that chromatoid bodies contain RNA. Their function is

unclear. (Pfister et al., 2008)

- FACS: fluorescence activated cell sorting. A method designed to analyze cell suspensions,
allowing the physical separation of subpopulations of cells (on single cell level) based on

structural or fluorescent characteristics of cells.

- Heterochromatin: condensed form of DNA (as opposed to euchromatin, which is less

tightly packed).

- Immunohistochemistry: a laboratory technique, mostly performed on tissue sections,
that uses antibodies that target specific antigens in cells/tissues via specific epitopes. These
bound antibodies can then be detected using different methods (e.g., enzyme-, or

fluorochrome mediated detection).

- Parenchym: other name for ‘mesenchym’ in flatworms.
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- PCNA: proliferating cell nuclear antigen. PCNA, or cyclins are a group of proteins, which
accumulate progressively through interphase (G1, S, and G2) and disappear at the end of
mitosis. These proteins are now known to be components of DNA replication machinery,

and are essential for completion of the cell cycle.

- Planarian: freshwater triclad flatworm.

- Protein kinases: a well defined family of proteins, characterized by the presence of a
common kinase catalytic domain and playing a significant role in many important cellular

processes, such as proliferation, maintenance of cell shape, apoptosis.

- gPCR: quantitative real time PCR (Polymerase Chain Reaction). A laboratory technique,
based on polymerase chain reaction (PCR), which is used to amplify and simultaneously

quantify a targeted DNA molecule.
- RNAi: RNA interference. A laboratory technique, based on the biological mechanism by
which double stranded RNA (dsRNA) induces gene silencing by targeting complementary

mRNA for degradation.

- Simultaneous hermaphrodite: an adult organism that has both male and female

reproductive organs at the same time (as opposed to sequential hermaphrodites).

- Stem cell exhaustion: a decline in the production of new cells.

- Stem cell niche: a concept that is used to describe the microenvironment in which stem

cells reside. Stem cell niches are composed of microenvironmental cells that nurture stem

cells and enable them to maintain tissue homeostasis.
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- Tissue homeostasis: the maintenance of normal tissue morphology and function.

7.2. List of abbreviations

Anti-phos-H3 Anti phosphorylated histone H3
ASC Adult stem cell

ASW Artificial Sea Water

BrdU Bromodeoxyuridine

BSA Bovine Serum Albumin

Cldu Chlorodeoxyuridine

CMF-SW Calcium- and magnesium-free artificial sea water
EdU Ethynyldeoxyuridine

FACS Fluorescence activated cell sorting
IdU lododeoxyuridine

LRC Label-retaining cell

p-a Post-amputation

PBS Phosphate Buffered Saline

PFA Paraformaldehyde

RNAI RNA interference

TAC Transit amplifying cell

Tc Cell cycle duration

Ts S-phase duration
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8.1. Summary

The potential of stem cells in regenerative medicine relies upon removing them from their
natural habitat, propagating them in culture, and placing them into foreign tissue
environment. Prior to effectively and safely using stem cells for therapeutic applications, it
is essential to fully understand the mechanisms that regulate when and how to proliferate
and, particularly, when to stop proliferating. Given that the microenvironment of stem
cells is a controlling factor in this process, the need for in vivo research is clear.
Nevertheless, relatively little is known about population dynamics of stem cells in steady-
state, during growth, or during regeneration. Studying stem cells in vivo is impeded by the
relative experimental inaccessibility of these cells in most models, and technical
constraints imposed by in vivo cell imaging. Therefore, flatworms have been described as
promising models for stem cell research, given that many of the limitations linked to in vivo
research, are overcome in these organisms. Most importantly, they possess a large
population of adult stem cells (ASCs), so-called neoblasts, which are accessible for
experimental manipulation. Neoblasts are the only cells in the organism that have the
capacity to divide, and are responsible for the remarkable plasticity of flatworms upon, for
instance, regeneration and starvation. Vast advances have been made in the molecular
characterization of neoblasts. However, this information will be truly useful if more
information on the behavior of neoblast populations under a variety of conditions were to
be acquired. However, currently, cellular dynamics in flatworms are relatively
understudied, and, therefore, this study focuses on the in vivo dynamics of stem cells in
the flatworm Macrostomum lignano (Macrostomorpha, Rhabditophora), during

homeostasis and regeneration.

In Chapter 1, a general introduction is given, focused on the dynamics of stem cells in

general, and more specifically in flatworms. Two topics are evaluated: (1) protection
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mechanisms in stem cells, and (2) the organization of the stem cell pool in subpopulations

and the distinct cell cycle dynamics during homeostasis, as well as regeneration.

In Chapter 2, label-retaining cells (LRCs) were established in M. lignano. We sought to
address by which means M. lignano neoblasts protect themselves against the
accumulation of genomic errors, by studying the exact mode of DNA-segregation during
their division. Non-random segregation of DNA-strands has been hypothesized as a
protective mechanism to protect genomic integrity in stem cells. To date, this remains a
controversial theory. In this study, four lines of in vivo evidence have failed to prove non-
random segregation in M. lignano. Instead, clear evidence was conducted in favor of
profound cellular quiescence within the neoblast population. Firstly, performing BrdU
pulse-chase experiments, we localized ‘Label-Retaining Cells’ (LRCs). Secondly, EDU pulse-
chase combined with Vasa labeling demonstrated the presence of neoblasts among the
LRCs, while the majority of LRCs were differentiated cells. We showed that stem cells lose
their label at a slow rate, indicating cellular quiescence. Thirdly, CldU/IdU double labeling
studies confirmed that label-retaining stem cells showed low proliferative activity. Finally,
the use of the actin inhibitor, cytochalasin D, unequivocally demonstrated random
segregation of DNA-strands in LRCs. Altogether, our data unambiguously demonstrated
that the majority of neoblasts in M. lignano distribute their DNA randomly during cell
division, and that label-retention is a direct result of cellular quiescence, rather than a sign

of co-segregation of labeled strands.

In Chapter 3, the proliferative response of the stem cell pool was studied upon
regeneration of the rostrum (the region anterior to the eyes) in M. lignano. Firstly, a
morphological study is performed to evaluate wound closure and the duration of the
regeneration process. Subsequently, the proliferative response of the neoblast population
is evaluated. During the regeneration process, both S- and M-phase cells were present
anterior to the eyes, a region which is devoid of proliferating cells during homeostasis.

Furthermore, BrdU-pulse experiments revealed a biphasic S-phase pattern. During a first
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systemic phase, S-phase numbers significantly increased, both in the region adjacent to the
wound (the anterior segment) and the region far from the wound (the posterior segment).
During the second, spatially restricted phase, S-phase numbers in the anterior segment
rose to a peak at three to five days post-amputation (p-a). A blastema, characterized as a
build-up of S- and M-phase cells, was formed one day p-a. Altogether, our data present
new insights into the cellular response of the neoblast system upon amputation, clearly
demonstrating important differences from the situation known to occur during

regeneration of the tail plate.

In Chapter 4, the S-phase duration during homeostasis and regeneration was determined
in M. lignano. A double immunohistochemical technique was performed using the
thymidine analogs chlorodeoxyuridine (CldU) and iododeoxyuridine (IdU), which label cells
in S-phase. By gradually increasing the chase time between the first (CldU) and the second
(IdU) pulse, the rate by which CldU-labelled cells lose the IdU-label is an indication for the
maximal S-phase duration. To avoid misinterpretation by cells entering an new S-phase,
colchicine was used to block cells in metaphase of the cell cycle. For image analysis, a
standardized method was established to evaluate colocalization of both labels. Using this
approach we found that the maximal duration of S-phase in the majority of neoblasts was
approximately 13 hours. No significant change in the S-phase duration was observed

during regeneration.

In Chapter 5, cell cycle parameters of neoblasts were studied in vivo during homeostasis
and regeneration in the flatworm Macrostomum lignano. To this end, three flow cytometry
methods were established. First, the distribution of ASCs within the cell cycle was tested,
performing DNA-content analysis (DAPI), both during homeostasis and regeneration.
Changes in cell cycle distribution upon amputation, were attributed to an increased
number of cycling cells, combined with an adjustment of one or both of the gap phases.
Second, the total duration of the cell cycle is determined, by monitoring the progress of

EdU-labeled cells through the cell cycle. Using this method, the total cell cycle duration was
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estimated to be 30 hours. Third, the cycling activity of a special subset of quiescent ASCs is
evaluated, demonstrating activation of these cells during regeneration. Taken together,
being rapid, reproducible, and highly informative, the methods that were established in
this study are promising to generate further knowledge on stem cell heterogeneity and

cycling dynamics in M. lignano.

In Chapter 6, the results of previous chapters were bundled, discussed, and a general
picture of the cellular dynamics in the stem cell pool of M. lignano was proposed. Based on
the existing knowledge, and on the studies presented here, the neoblast population was
concluded to consist of (at least) three subpopulations with diverse cellular dynamics: (1)
quiescent cells, (2) a main population of actively cycling cells (with an S-phase and total cell
cycle duration of 13 h and 30 h, respectively) and (3) fast-cycling cells. Furthermore, a
hypothesis was formulated on the organization of the neoblast pool in a hierarchical
structure, with the quiescent cells occupying the highest spots, and the actively cycling
cells, the lower spots in the hierarchy. Finally, potential future venues were discussed to

further unravel the neoblast population in M. lignano and potentially other organisms.
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8.2. Samenvatting

De rol van stamcellen binnen de regeneratieve geneeskunde situeert zich in het
verwijderen van deze cellen uit hun natuurlijke habitat om ze vervolgens in een vreemde
omgeving te plaatsen. Echter, vooraleer deze cellen op een efficiénte en veilige manier een
therapeutische toepassing kunnen vinden, is het noodzakelijk om de mechanismen die
stamcelproliferatie reguleren, volledig te begrijpen. Aangezien de micro-omgeving van
stamcellen hierbij een bepalende rol speelt, is de noodzaak voor in vivo onderzoek
duidelijk. Toch is er tot op heden onvoldoende kennis over de in vivo populatiedynamiek
van stamcellen tijdens homeostase, groei of regeneratie. Dergerlijk stamcelonderzoek is
voornamelijk gehinderd door de lage experimentele toegankelijkheid van stamcellen in
vele modelorganismen en technische beperkingen van stamcelvisualisatie in veel
modelorganismen. In platwormen, echter, kunnen deze beperkingen vermeden worden,
waardoor hun enorme potentieel voor stamcelonderzoek duidelijk wordt. Het belangrijkste
voordeel van platwormen (phylum Platyhelminthes) is ongetwijfeld de aanwezigheid van
een grote populatie van adulte (pluripotente) stamcellen die daarenboven toegankelijk zijn
voor experimentele manipulatie. Die stamcellen, of ook wel neoblasten genoemd, zijn
uitsluitend verantwoordelijk voor de vervanging van alle cellen in het lichaam, inclusief die
van de germinale lijn. Bovendien staan de neoblasten in voor de opmerkelijke ‘plasticiteit’
die platwormen vertonen als reactie op bijvoorbeeld amputatie of uithongering. Met de
opkomst van functionele genomica, heeft stamcelonderzoek in platwormen een enorme
vooruitgang gekend. Deze informatie zal echter pas ten volle benut kunnen worden indien
kennis over de dynamiek van stamcellen tijdens homeostase en andere condities hieraan
toegevoegd kan worden. Toch is dit tot op heden een onderzoeksgebied dat
ondervertegenwoordigd is binnen het stamcelonderzoek in platwormen. Tijdens dit project
werd de dynamiek van stamcellen bestudeerd tijdens homeostase en regeneratie in de

platworm Macrostomum lignano (Macrostomida, Rhabditophora).
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In hoofdstuk 1 een werd een algemene introductie weergegeven over de stand van zaken
binnen het stamcelonderzoek, eerst algemeen, later toegespitst op platwormen. Hierbij
werd de nadruk gelegd op celdeling binnen stamcelpopulaties, met 2 focuspunten: (1)
mechanismen die stamcellen beschermen tegen de schade die kan optreden bij celdeling,
en (2) de dynamiek van stamcellen en specifieke parameters van de celcyclus tijdens

homeostase en regeneratie.

In hoofdstuk 2 werd het behoud van label, na pulsen met een thymidine-analoog
geévalueerd in M. lignano. Er werd getest op welke manier stamcellen zichzelf beschermen
tegen de accumulatie van fouten in hun genoom, door de exacte manier waarop
stamcellun hun DNA-strengen verdelen bij celdeling. Er is namelijk een hypothese die stelt
dat stamcellen hun DNA-strengen niet willekeurig, maar gericht verdelen over de
dochtercellen. Dit zou een manier zijn om de kwaliteit van het DNA in de stamcellen te
bewaren. Tot op heden echter is deze hypothese controversieel. In dit onderzoek konden
verschillende onafhankelijk experimenten deze hypothese niet bevestigen in neoblasten in
M. lignano. De uitgevoerde testen toonden echter wel aan dat een subpopulatie van
neoblasten zich in een vergevorderde staat van celcyclus-inactiviteit (quiescentie)
bevinden. Het uitstellen van celdeling wordt algemeen beschouwd als een manier om de
integriteit van het genoom te vrijwaren.

Eerst werd met behulp van BrdU pulse-chase experimenten een populatie van ‘Label-
Retaining Cells’ (LRCs), ofwel label-behoudende cellen, aangetoond. Vervolgens,
bevestigden EdU pulse-chase experimenten gecombineerd met Vasa labeling, de
aanwezigheid van gelabelde neoblasten binnen de populatie van LRCs. De meerderheid
bleken echter gelabelde gedifferentieerde cellen. Er werd aangetoond dat binnen de LRC-
populatie, het label verdwijnd aan ee trage snelheid, een observastie die wijst op
quiescentie. Een derde reeks van experimenten, bevestigde een lage proliferatie-activiteit
met behulp van een CldU/Idu dubbele labelingtechniek. Uiteindelijk werd met behulp van
cytochalasin D, de random verdeling van DNA-strengen bevestigd. Samengevoegd toonden

de uitgevoerde testen aan dat de meerderheid van neoblasten hun DNA random verdelen
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tijdens celdeling en dat behoud van label het gevolg is van quiescentie in plaats van non-

random verdeling van DNA-strengen.

In hoofdstuk 3 werd het regeneratieproces na amputatie van het rostrum (de regio
anterieur van de ogen) in M. lignano, beschreven. Vooreerst werd dit proces morfologische
bestudeerd en werd wondheling en de duur van regeneratie beschreven. Vervolgens werd
de proliferatieve respons van het stamcelsysteem geévalueerd, met behulp van een
thymidine-analoog (BrdU) en een merker voor mitotische cellen (anti-phos-H3). Tijdens
regeneratie werden zowel S- als M-fase cellen opgemerkt in het rostrum, een regio waarin
tijdens homeostase geen celproliferatie optreedt. Verder kon, met behulp van BrdU-
experimenten, een snelle respons van de neoblastpopulatie worden aangetoond die
opgebouwd was uit 2 fasen. Tijdens de eerste systemische fase, steeg het aantal cellen in
S-fase significant in de anterieure regio (dicht bij de wonde) alsook in de posterieure regio
(ver van de wonde). Tijdens de tweede gelokaliseerde fase, steeg het aantal S-fase cellen in
de anterieure regio tot een maximum, op dag 3 tot dag 5 na amputatie. Een
regeneratieblastema, beschreven als een accumulatie van S- en M-fase cellen, was
zichtbaar 24 uur na amputatie.

De data die in dit hoofdstuk werden weergegeven creéren nieuwe inzichten in de cellulaire
respons van het neoblastsysteem na amputatie en tonen opmerkelijke verschillen aan ten

opzichte van de beschreven situatie tijdens regeneratie van the staartregio in M. lignano.

In hoofdstuk 4 werd de duur van de S-fase van neoblasten bepaald in M. lignano. Dit werd
bewerkstelligd aan de hand van een dubbele kleuringstechniek met chlorodeoxyuridine
(CldU) en iododeoxyuridine (IdU), twee thymidine analogen die cellen in de S-fase labelen.
Door de chase-tijd tussen de eerste (CldU) en tweede (IdU) pulse gradueel te verlengen,
kon de snelheid waarmee CldU-gelabelde cellen hun IdU-label verliezen, gebruikt worden
als maat voor de maximale duur van de S-fase. Om foutieve interpretatie van de data,
veroorzaakt door cellen die een nieuwe S-fase starten, te vermijden, werd colchicine

gebruikt om de cellen te stoppen in de metafase van de celcyclus. Voor de analyse van de
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dubbele kleuring werd een methode ontwikkeld die de colocalisatie van beide labels
evalueert. Met behulp van deze techniek werd een maximale duur van 13 uur gemeten
voor de meerderheid van neoblasten in M. lignano tijdens homeostase. Tijdens

regeneratie, kon geen significante verandering van deze duur opgemerkt worden.

In hoofdstuk 5 werden parameters van de celcyclus van neoblasten in vivo in M. lignano
bestudeerd tijdens homeostase en regeneratie. Hiervoor werden verschillende technieken
ontwikkeld, die allen gebruik maken van flow-cytometrie. Eerst werd op basis van de
precieze hoeveelheid DNA in individuele cellen die gemeten kon worden na DAPI-kleuring,
de verdeling van de cellen binnen de celcyclus bepaald, zowel tijdens homeostase als
regeneratie. De veranderde verdeling tijdens regeneratie werd verklaard door een
verhoogde deelname van cellen in de celcyclus en een aangepaste duur van één of beide
intermediaire fasen (G1, G2) in de celcyclus. Als tweede stap werd deze bepaling van de
DNA-inhoud gecombineerd met het gebruik van een thymidine-analoog,
ethynyldeoxyuridine (EdU). Een populatie S-phase cellen die gelabeld werden met Edu, kon
op die manier gevolgd worden tijdens hun verloop doorheen de celcyclus. Op basis van dit
experiment werd een totale celcyclusduur van 30 uur gemeten. Ten derde werd de
celcyclusactiviteit geanalyseerd van de subpopulatie van neoblasten die een lange
celcyclus-inactiviteit vertonen. Deze cellen bleken door amputatie geactiveerd te worden.
Door hun snelheid, betrouwbaarheid en reproduceerbaarheid kunnen de technieken die
hier ontwikkeld werden, bijdragen aan de verdere studie van het stamcelsysteem in M.

lignano.

In hoofdstuk 6 worden de resultaten van de voorgaande hoofdstukken besproken. Deze
worden tot een geheel verwerkt om een zo volledig mogelijk beeld te scheppen van de
dynamiek van stamcellen in M. lignano. Op basis van vooraf bestaande kennis en de
resultaten die in voorgaande hoofstukken werden voorgesteld, werd geconcludeerd dat de
neoblastpopulatie uit ten minste drie subpopulaties bestaat met een verschillende

kinetiek: (1) quiescente neoblasten, (2) actief delende neoblasten (met een S-fase van 13
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uur en een totale celcyclusduur van 30 uur) en (3) snel-delende neoblasten. Verder werd
een hypothese geformuleerd over de organisatie van deze subpopulaties in een
hiérarchische structuur, waarbij hoogste en lagere regionen in de hiérarchie respectievelijk
opgevuld worden door de quiescente neoblasten en de actief delende neoblasten. Finaal
werden nog enkele mogelijke toekomstperspectieven besproken die kunnen bijdragen aan
een verdere uitbreiding van de kennis over het stamcelsysteem in M. lignano en mogelijks

ook andere organismen.
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