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Abstract Neoblasts in Platyhelminthes are the only cells
to proliferate and differentiate into all cell types. In
Macrostomum lignano, the incorporation of 5’-bromo-2'-
deoxyuridine (BrdU) in neoblasts confirmed the distribu-
tion of S-phase cells in two lateral bands. BrdU labeling for
light and for transmission electron microscopy (TEM)
identified three populations of proliferating cells: somatic
neoblasts located between the epidermis and gastrodermis
(mesodermal neoblasts), neoblasts located within the
gastrodermis (gastrodermal neoblasts), and gonadal S-
phase cells. In adults, three stages of mesodermal neoblasts
(2, 2-3, and 3) defined by their ultrastructure were found.
Stage 1 neoblasts where only seen in hatchlings. These
stages either were phases within the S-phase of one
neoblast pool or were subsequent stages of differentiating
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neoblasts, each with its own cell cycle. Regular TEM and
immunogold labeling provided the basis for calculating the
total number of neoblasts and the ratio of labeled to non-
labeled neoblasts. Somatic neoblasts represented 6.5% of
the total number of cells. Of these, 27% were labeled in S-
phase. Of this fraction, 33% were in stage 2, 46% in stage
2-3, and 21% in stage 3. Immunogold labeling substan-
tiated results concerning the differentiation of neoblasts
into somatic cells. Non-labeled stage 2 neoblasts were
present, even after a 2-week BrdU exposure. Double
labeling of mitoses and FMRF-amide revealed a close
spatial relationship of mesodermal neoblasts with the
nervous system. Immunogold-labeled sections showed that
nearly 70% of S-phase cells were in direct contact or within
5 um from nerve cords.

Keywords Stem cells - BrdU - Immunogold - Electron
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Introduction

Stem cells are defined by their capacity both for self-
renewal and for generating differentiated progeny
(Morrison et al. 1997). The stem cell system of the
Platyhelminthes is special within the Animal Kingdom
because its cells may be totipotent (Bagufia 1981;
Shibata et al. 1999; Ladurner et al. 2000; Gschwentner
et al. 2001; Salé and Bagufia 2002; Nimeth et al. 2004).
The “stem cells”, referred to as “neoblasts” (for general
references, see Brendsted 1969; Baguna 1998), probably
include successions of self-renewing “true” stem cells
and several generations of progenitor cells with progres-
sively restricted proliferation potential (for general
characteristics of stem cell strategies, see Peter et al.
2004). So far, neoblasts have been identified as the only
mitotically active cells in Platyhelminthes and are
therefore the only possible source for all differentiated
cells during growth, tissue maintenance (cell renewal),
and regeneration (e.g., Sauzin—-Monnot 1973; Hori 1997;



Ladurner et al. 2000; Newmark and Sanchez Alvarado
2000; Peter et al. 2001; Sal6 and Baguiia 2002; Sanchez
Alvarado et al. 2002; Reuter and Kreshchenko 2004).

At the light-microscopic level, somatic neoblasts of the
free—living Platyhelminthes (“Turbellaria”) appear as small
ovoid basophilic cells with a high nucleocytoplasmic ratio
(e.g., Brondsted 1969; Baguiia and Romero 1981). They
are mainly located in the tissues filling the space between
the epidermis and gastrodermis; a few occur in the
gastrodermis (Palmberg 1990; Rieger et al. 1991; Ehlers
1995; Hori 1997; Rieger et al. 1999; Ladurner et al. 2000;
Newmark and Sanchez Alvarado 2000). This characteriza-
tion also applies to the parasitic platyhelminths (e.g.,
Gustafsson 1976, 1990; Ehlers 1995). We refer to these two
populations of somatic neoblasts as “mesodermal” when
they are located between the epidermis and gastrodermis,
and “gastrodermal” when they lie within the gastrodermis.

It has been stressed (see Hay and Coward 1975; Rieger
et al. 1999) that electron microscopy should be used to
classify the different stages of neoblasts and to distinguish
them from early stages of differentiating cells. At the
ultrastructural level, somatic neoblasts contain a large
nucleus with a prominent nucleolus and a typical hetero-
chromatin pattern, scanty cytoplasm with free ribosomes,
mitochondria, and occasionally endoplasmic reticulum,
depending on the stage of cytoplasmic differentiation (see
also Pedersen 1959; Palmberg 1990; Morita 1995; Hori
1997; Hori et al. 1999; Gschwentner et al. 2001). The
similarity of the nuclear fine structure of oogonia,
spermatogonia, and somatic neoblasts has been empha-
sized earlier (Rieger et al. 1999).

In  Macrostomum hystricinum marinum, we have
distinguished three stages of neoblasts on the basis of
their cytoplasmic and nuclear organization (Rieger et al.
1999). Only free ribosomes and scattered mitochondria
occur in the cytoplasm of stage 1 and stage 2 neoblasts,
comparable to the “classical” planarian neoblast (except for
the lack of chromatoid bodies; e.g., Pedersen 1959; Sauzin-
Monnot 1973; Hay and Coward 1975; Hori 1997; Hori and
Kishida 1998). Heterochromatin is distributed in the
nucleus in isolated clumps (0.2 um in size) in a charac-
teristic speckled pattern; it is rarely seen at the nuclear
envelope. The heterochromatin clumps in stage 2 are more
often connected to each other. At stage 3, larger hetero-
chromatin strands appear in the nucleoplasm and adjacent
to the nuclear margins. In addition, cells in stage 3 have
been reported with rough endoplasmic reticulum and may
exhibit a dictyosome indicating the beginning of cytoplas-
mic differentiation. It is not clear whether these three stages
reflect different phases during the cell cycle of one neoblast
population, or whether they represent different sequential
subpopulations of neoblasts, each with its own cell cycle.

We have studied the neoblast system of some of the most
basal rhabditophoran platyhelminth taxa by using the
incorporation of the thymidine analogue 5-bromo-2'-

deoxyuridine (BrdU) into DNA during S-phase, by
dissolving BrdU in the sea-water cultivating medium (for
details, see Ladurner et al. 2000; Gschwentner et al. 2001).
Tritiated thymidine has been used for the same purpose in
fresh-water microturbellarians (Palmberg and Reuter 1983;
Palmberg 1986, 1990) and in parasitic flatworms (Neo-
dermata; see Gustafsson 1990; Smith and McKerr 2000;
Willms et al. 2001; Reuter and Kreshchenko 2004). In
planarians, attempts to incorporate BrdU have been
unsuccessful (Best et al. 1965) until recently, when
incorporation of BrdU into neoblasts has been achieved
by feeding and microinjection (Newmark and Sanchez
Alvarado 2000).

Quantification of neoblasts is still problematic (see
references in Ladurner et al. 2000; Newmark and Sanchez
Alvarado 2000; Peter et al. 2001; Gschwentner et al. 2001).
From maceration experiments in planarians, the percentage
reported varies from 20%-35% neoblasts of total cell
counts in Schmidtea mediterranea and in Dugesia tigrina
(Baguia and Romero 1981) up to 44% neoblasts in
Dugesia tahitiensis (Peter 1995, 2001). In the Acoela, the
same technique has so far revealed that about 15% of all
cells are S-phase neoblasts (Gschwentner et al. 2001).

In Macrostomum lignano, Ladurner et al. (2000) have
found approximately 2% of all cells to be in S-phase after a
30-min incubation with BrdU. Of course, this comprises
only a fraction of the total number of neoblasts, which is
still unknown. For an estimate of the total number of
neoblasts and the relative numbers of the three neoblast
stages in M. lignano, we have used, in this study, a 30-min
BrdU pulse, followed by immunogold labeling, to
demonstrate S-phase neoblasts and transmission electron
microscopy (TEM) to identify non-labeled neoblast stages.
In addition, continuous BrdU-labeling experiments have
been performed to trace the label during cell differentiation
and long-term continuous BrdU labeling to seek the
presence of unlabeled neoblasts with slow or resting cell
cycles. Furthermore, we show the close association of
proliferating neoblasts (mitoses) with the nervous system.

Materials and methods
Animals

Cultures of Macrostomum lignano (Ladurner et al. 2005), a
new species belonging to the Macrostomum tuba clade
(Platyhelminthes), were reared in Petri dishes on the
diatom Nitzschia curvilineata (Rieger et al. 1988; Schérer
and Ladurner 2003; for the identification of this species,
see Ladurner et al. 2000). Cultures were raised in a
chamber at 20°C with 50% humidity and a photoperiod of
14 h light and 10 h dark. Adult animals used for the
experiments were fed for 1 week continuously and then
starved for 2 days prior to the experiments in order to
remove diatoms.



Labeling of S-phase cells with BrdU
and determination of ultrastructural stages
and neoblast numbers

We performed different sets of experiments for light
microscopy and for electron microscopy: (1) pulses of
5 mM BrdU in artificial sea water (ASW) for 30 min, and
(2) continuous exposure to 50 uM BrdU for 1 and 2 weeks.
Specimens were kept in the dark, with feeding and a
change of medium after 1 week.

Four different body regions (Fig. 1), each with a width of
3040 wm in adult animals, were subjected for S-phase
nuclei measurement: the region close to the caudal end of
the gut (region 1), the region in the gut behind the gonads
(region 2), the region within the male and female gonads
(region 3), and the region anterior to the gonads caudal to
the mouth and pharynx (region 4). Neoblast numbers were
enumerated only in body regions 1 and 2 by using ultra-
thin immunogold sections (see below). To avoid counting
neoblast nuclei twice, we defined the distance between
ultra-thin sections as more than 8 wm, a distance just larger
than the maximum diameter of neoblast nuclei observed.
To count neoblasts and to determine the ratio between S-
phase and non-S-phase neoblasts after a 30-min BrdU
pulse, we investigated 22 grids, each with 2—4 sections
from both region 1 and region 2 of three different animals.
All sections were examined with a Zeiss 902 transmission
electron microscope. Sections were studied by using digital
images; for the resolution of small cytological details,
regular prints were employed.

Light microscopy

After BrdU exposure, animals were relaxed in 1:1 ASW-
MgCl,.6H,O (7.14 %) for 20 min, fixed either in 4%
paraformaldehyde (PFA) or glutaraldehyde in phosphate-
buffered saline (PBS, pH 7.4) containing 10% sucrose for
60 min at room temperature (RT), and washed in PBS
(3x10 min). Specimens were treated with 0.15 pg/ml
Protease XIV (Sigma) at 37°C for 30 min, followed by
incubation in 0.1 N HCI for 10 min, on ice. They were then
transferred to 2 N HCI for 60 min at 37°C to denature
DNA, washed in PBS (3x10 min), and incubated in
blocking solution “BSA-T” consisting of PBS with 0.1%
Triton X-100, 1% bovine serum albumin (BSA) for 1 h.
Primary antibody (mouse-anti-BrdU; Sigma; 1:1,000 in
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Fig. 1 Representation of Macrostomum lignano with the four
regions taken for the measurement of S-phase nuclei (region 1-4)
and for alternating semi-thin and ultra-thin sections (region 1, 2)

BSA-T)) was applied at 4°C overnight, followed by
blocking of endogenous peroxidase for later visualization
with horseradish peroxidase (HRP)/diaminobenzidine
(DAB) in freshly prepared 1% H,O,. After being washed
in PBS (3x10 min), specimens were incubated in second-
ary fluorescein isothiocyanate (FITC)-conjugated goat-
anti-mouse antibody (Dako; 1:400 in BSA-T), washed in
PBS (3x10 min), and incubated in HRP-conjugated rabbit-
anti-FITC antibody (Dako; 1:300 in BSA-T) for 1 h at RT.
Animals were stained with peroxidase reagent (Dako-
Liquid DAB) for few minutes at RT under visual control.
Specimens were mounted in Gel-Mount (Biomedia) and
examined with a Reichert POLY VAR microscope. Some
animals were dehydrated and embedded in Spurr’s low
viscosity resin for the production of semi-thin serial
sections.

Electron microscopy

To detect the incorporation of BrdU by TEM, we used a
standard immunogold-technique according to Hacker et
al. (1996). After BrdU treatment, animals were relaxed in
MgCl,.6H,O (7.14%), fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2) containing 10% sucrose
(1 h), postfixed with 1% osmium tetroxide in 0.1 M
cacodylate buffer (1 h), dehydrated in a standard acetone
series, and embedded in Spurr’s low viscosity resin (Spurr
1969). Ultra-thin sections were cut with a Reichert
Ultracut UCT, mounted on gold slotgrids, etched with
freshly prepared 3% H,O, (10 min), and incubated in 2 N
HCI (5 min) to denature DNA. Sections were treated with
1% BSA in 0.1 M PBS for 15 min, followed by
incubation in 0.1% cold-water-fish gelatine (FG/BSA in
0.1 M PBS and 1% BSA) for 5 min. Primary antibody
(mouse-anti-BrdU; Sigma; 1:6,000 in FG/BSA) was
applied at 4°C overnight. After washing steps, a second-
ary gold-conjugated goat-anti-mouse antibody (10 nm
gold, 1:40 or 1:60 in FG/BSA; British Bio Cell) was
applied for 1 h at RT. Sections were double stained with
uranyl acetate and lead citrate and examined with a Zeiss
902 transmission electron microscope.

For immunogold labeling of S-phase neoblasts in
hatchlings of M. lignano, fixation according to Eisenman
and Alfert (1982) and a modified protocol for immuno-
staining were used. After BrdU treatment, animals were
relaxed, fixed, and embedded as stated above. Primary
antibody (mouse-anti-BrdU; Roche, 1:2,000 in FG/BSA)
was applied at RT overnight. After washing steps, a
secondary gold-conjugated goat-anti-mouse antibody
(10 nm gold, 1:40 or 1:60 in FG/BSA; British Bio Cell)
was applied for 2 h at RT. Sections were double stained
with uranyl acetate and lead citrate and examined with a
Zeiss 902 transmission electron microscope.



For each staining procedure, negative controls were
carried out by omitting the primary antibody and showed
no background staining.

Double labeling of mitoses (anti-phos-H3)
and nervous system (anti-FMRF-amide)

Relaxation, fixation, and blocking were performed as
described above. Specimens were incubated in primary
anti-FMRF-amide (Incstar Corporation, 1:1,000 in BSA-T)
at 4°C overnight, washed in PBS (3%10 min) and incubated
in secondary tetramethylrhodamine-isothiocyanate-conju-
gated swine anti-rabbit antibody (Dako; 1:150 in BSA-T).
After being washed in PBS (3x10 min), animals were
incubated in anti-phos-H3 (Upstate Biotechnology; 1:300
in BSA-T) at 4°C overnight, washed in PBS (3%x10 min),
incubated in secondary FITC-conjugated swine anti-rabbit
antibody (Dako; 1:150 in BSA-T) for 60 min at RT, washed
again in PBS (3x10 min), mounted in Vectashield, and
observed with a Reichert POLYVAR epifluorescence
microscope or a confocal Zeiss 510 laser scanning
microscope.

Results
Neoblast populations

In M. lignano, three different populations of S-phase cells
were labeled after a 30-min BrdU pulse. Mesodermal
neoblasts constituted the majority of all S-phase neoblasts
(see below) and were distributed in bands along the lateral
sides of the animal (Fig. 2a). Their position between
epidermis and gastrodermis was determined by light
microscopy (Fig. 2b; for TEM, see Fig. 6a). Mesodermal
S-phase cells were lacking anterior to the eyes in the entire
rostrum and to a variable extent in the tail plate, behind the
caudal ganglion (Fig. 2a).

A second population, viz., gastrodermal neoblasts, were
distributed in the gastrodermis in a basiepithelial position
(Fig. 2b, see also Fig. 6a) and represent a small fraction
(some of the cells seen in Fig. 2a as being scattered
between the lateral bands of mesodermal neoblasts).

A third population could be identified in the testis and
the ovary (Fig. 2c¢). Such “gonadal” S-phase cells
represented approximately 0.4% (calculated after Ladurner
et al. 2000) of the total cell number. The majority were
found in the germinal epithelium enclosing the gonads. The

Fig. 2 a Light-microscopic image of whole-mount of adult
Macrostomum lignano after a 30-min BrdU pulse visualized with
DAB (arrow level of eyes). Note the S-phase-free area in front of the
eyes. Somatic neoblasts (snb) occur in bands along the lateral side of
the animal. Bar 50 pm. b Semi-thin oblique cross section in
dorsolateral position of an adult specimen after a 30-min BrdU
pulse; note the mesodermal neoblast (mnb) and gastrodermal
neoblast (gnb) in S-phase in a basiepithelial position (gc

differentiated gut cell closer to lumen). Bar 10 um. ¢ Semi-thin
sagittal section (/eff anterior) of adult specimen after a 30-min BrdU
pulse showing spermatogenesis in the testis (/eff) and oogenesis in
the ovary (right). Labeled (arrows) and non-labeled (sg) spermato-
gonia are located at the outer rim of the testis. Spermatocytes (sc)
and spermatids (sp) are present toward the lumen. In the ovary, S-
phase oogonia (arrowheads), oocytes 1 (ocl, and oocytes 2 (oc2)
can be distinguished (e epidermis). Bar 10 pm



number of S-phase cells in the gonads was highly affected
by the feeding conditions (Schiérer et al. 2004).

Neoblast differentiation and observation
of slow-cycling neoblasts

After 1 week of continuous BrdU exposure, we found gold
labeling in various kinds of differentiating and differen-
tiated cell types (e.g., epidermal cells, epidermal gland
cells, gastrodermal cells). The differentiation and migration
of neoblasts could be monitored after 2 weeks of contin-
uous BrdU labeling (Fig. 3a,b) and in BrdU pulse-chase
experiments (data not shown). We confirmed earlier
experiments (Ladurner et al. 2000; Nimeth et al. 2002,
2004) concerning the fast renewal of epidermal cells. These
were easily observed, even in whole-mounts, at the tail
plate (Fig. 3a) and were demonstrated with immunogold
labeling (Fig. 3b). In analyses of mature epidermal cells,
the gold label was located exclusively in the condensed
chromatin areas (Fig. 3b).

Thin sections after continuous BrdU exposure for
1 week (2 specimen, 16 grids) or 2 weeks (2 specimen,
16 grids) exhibited a small number of non-labeled stage 2
neoblasts (Fig 3¢). We quantified only the 2-week BrdU
exposure experiment: neoblasts were counted in one
specimen cross-sectioned over a distance of 9 pm; this
revealed one unlabeled neoblast and 13 labeled neoblasts
on one lateral side of the animal. The other specimen was
longitudinally sectioned and contained mesodermal tissue
for a distance of 180 um. Three unlabeled and 10 labeled
neoblasts were found within this section.

Ultrastructural stages of neoblasts

At the ultrastructural level, we concentrated our investiga-
tions on mesodermal neoblasts after a 30-min BrdU
incubation of adult animals. In adults, mesodermal
neoblasts of stage 2 (Figs. 3c, 5a,b), of an intermediate
stage 2-3 (Fig. 5c—f), and of stage 3 (Figs. 6¢, 7) could be
distinguished. The nuclear organization of stage 2 and
stage 3 neoblasts compared well with the conditions
reported for M. hystricinum marinum (Rieger et al. 1999).
Most nuclei were elongated (up to 8 um long, 1.5 um in
diameter; Figs. 3c, 7), and a prominent nucleolus was
present in most sections (Figs. 3c, 4, 7). In nuclei of stage 2
neoblasts, condensed chromatin clumps were either sepa-
rate or formed short strands, and little condensed chromatin
was found adjacent to the nuclear envelope (Figs. 3¢, 5a,b).
Cytoplasm formed a thin layer over the elongated nuclei,
with accumulations on both ends of the cell (Figs. 3c, 7).
Occasionally, lipid droplets were found (Fig. 4). The
cytoplasm of stage 2 neoblasts contained primarily free
ribosomes and mitochondria. Small strands of rER were
seen sporadically. In stage 3 neoblasts, the condensed
chromatin formed thicker strands, whereas individual
clumps were seen more rarely (Figs. 6¢, 7). In the
cytoplasm at this stage, rER was usually visible, in addition

Fig. 3 a Light-microscopic image of whole-mount of adult M.
lignano after a 7-day continuous BrdU exposure (arrow level of
eyes). Note the high number of labeled cells in the rostrum, the
median zone, and the tail plate; these must have migrated from the
lateral bands to their new positions (arrowheads indicate differ-
entiated epidermal cells). Bar 50 um. b Immunogold labeling
(arrowheads) of a differentiated epidermal cell after 7 days of
continuous BrdU exposure. Bar 1 um. ¢ Immunogold labeling after
14 days of continuous BrdU exposure showing a non-labeled stage 2
neoblast with mitochondria (m) and rough endoplasmic reticulum
(rer) in the parenchyma between the musculature and young (gc/)
and mature gut cells (gc2). Bar 1 pm

to free ribosomes and mitochondria. Dictyosomes were
rarely found. In a number of neoblasts, the distinction from
stage 2 was less obvious, and these cells were classified as
stage 2-3 (Fig. S5c¢).

Gold labeling for BrdU in S-phase nuclei was located in
areas of condensed chromatin and adjacent areas of
dispersed chromatin (Fig. 5b,d). In all thin sections
examined, labeled (Figs. S5a—d, 7) and non-labeled
neoblasts (Figs. 3¢, 6¢) always co-occurred (e.g., Fig. 6b).

Neoblast stages showed the following distribution
within the 71 S-phase neoblasts found in sections of the
selected body regions (Table 1): 0% were stage 1, 33%
were stage 2, 46% were stage 2-3, and 21% were stage 3.
Among the 264 non-labeled neoblasts enumerated within
the selected two body regions, no stage 1 neoblasts were
observed, 8% were stage 2 neoblasts, 25% were stage 2-3,
and stage 3 neoblasts made up the largest portion of about
67% (Table 1).



Fig. 4 BrdU-labeled neoblast stage 1 in a hatchling of M. lignano.
This section was not immunogold labeled for better preservation of
the fine structure. Note the isolated spots of condensed chromatin
(arrows) and the large nucleolus (nu). The cytoplasm contains
ribosomes, a little rough endoplasmatic reticulum (rer), mitochon-
dria (m), and some lipid droplets (/). Muscle fibers (mc) and a gland
cell (glc) surround the neoblast. Inset Consecutive section of the
same neoblast nucleus with both condensed and dispersed chromatin
having been immunogold-labeled. Bar 1 um

Calculating the total number of neoblasts

The ability to enumerate non-labeled and labeled somatic
neoblasts after a 30-min BrdU pulse in the same specimen
has allowed, for the first time, an estimation of the total
number of neoblasts in M. lignano. The absolute number of
somatic S-phase neoblasts is 435+79 for adult animals
(Ladurner et al. 2000). After a 30-min BrdU pulse, we have
observed approximately 27% labeled neoblasts (71 out of
264 neoblasts; Table 1). From this percentage (27%) and
the total number of S-phase neoblasts counted in whole-
mounts, we estimate a total number of about 1,600
neoblasts for M. lignano. The total number of all cells in
adults has been determined as 24,708+3,831 (Ladurner et
al. 2000). From this, we calculate that approximately 6.5%
(1,600 out of 24,708) of all cells are neoblasts.

Table 1 Distribution of the various neoblast stages after a 30-min
BrdU pulse

Stages S-phase neoblasts Total neoblasts Non-labeled neoblasts
1 0% (0) 0% (0) 0% (0)

2 33% (23) 14% (38) 8% (15)

2-3 46% (33) 31% (82) 25% (49)

3 21% (15) 55% (144) 67% (129)

All stages 100% (71) 100% (264)  100% (193)

Fig. 5 Immunogold labeling of various mesodermal neoblast stages
after a 30-min BrdU pulse. a Neoblast stage 2, with typical
chromatin pattern, from the parenchyma between body-wall mus-
culature (mc) and the gut (gc!). Cytoplasmic differentiation: note the
mitochondria and free ribosomes (ri). Bar 1 pum. b Higher
magnification of a. Bar 200 nm. ¢ Neoblast stage 23, with typical
chromatin pattern, from the parenchyma. Additional rough endo-
plasmic reticulum (rer) is present at this stage. Compare the
chromatin organization of stage 2 (a, b) and stage 2-3 (¢, d)
neoblasts with stage 3 neoblasts and differentiated cells presented in
Fig. 7. Bar 1 um. d Higher magnification of ¢. Bar 200 nm. e
Neoblast stage 2-3, with typical chromatin pattern, from the
parenchyma. Bar 1 pum. f Higher magnification of e. Bar 200 nm

Relationship of neoblasts and the nervous system

The spatial distribution of S-phase cells after 30-min BrdU
exposure supports the existence of links between S-phase
neoblasts and the central parts of the nervous system. In
double-stained whole-mounts (anti-phos-H3 and anti-
FMRF-amide), the great majority of all mitotic figures is
clearly located closely attached to the main nerve cords
(Fig. 8). Additional mitoses are found near the dorsal and
ventral nerve cords, near the intestinal plexus, and the
caudal ganglion and at the postpharyngeal commissure. In



area of gut

Fig. 6 a Representation of a cross section with labeled (dark gray)
and non-labeled (white) neoblasts surrounding the main nerve cord
(mnc, light gray). All neoblasts present in this section are numbered
consecutively (/—18). Number 12 represents a gastrodermal
neoblast, whereas all other are mesodermal. b Distribution of cells
in close vicinity to the main nerve cord (mnc) in an immunogold-
labeled cross section after a 30-min BrdU pulse (d differentiated
cell, 2 non-labeled stage 2 neoblast, 3 labeled stage 2 neoblast in
direct contact with the main nerve cord, 4, 5 non-labeled stage 3
neoblasts, mc musculature). Numbers of neoblasts are the same as in
a. Bar 1 um. ¢ Immunogold labeling after a 30-min BrdU pulse
showing a non-labeled stage 3 neoblast with mitochondria (m) and
rough endoplasmic reticulum (rer). Bar 1 pm

addition, our ultrastructural analysis of sections within the
two body regions has revealed that the lateral location of S-
phase neoblasts especially is restricted to the vicinity of the
main lateral nerve cord (Fig. 6a) and does not extend
beyond the ventral and dorsal nerve cords (Fig. 8a). Of the
observed 71 S-phase neoblasts, 34% lie directly adjacent to
the main nerve cords, and an additional 35% are within a
distance of 5 um from it. From counts of labeled and non-
labeled neoblasts, almost 54% are located within a distance
of 5 um from the nerve cord (Fig. 6b).

Fig. 7 Regular image of BrdU labeled neoblasts stage 3 at the TEM
level. Note the large meandering pattern of condensed chromatin in
the nucleus. These two cells are located close to the neoblast stage
2-3 shown in Fig. Se. The nucleus of differentiated muscle cell lies
top right (star area shown at higher magnification in the insef). Bar
1 pm. Inset: Enlarged area with immunogold label. Bar 100 nm

Discussion

Analysis of neoblasts at the ultrastructural level is essential
for the correct identification of this cell type (see references
in Palmberg 1990; Hori 1997; Hori et al. 1999; Rieger et al.
1999). Immunogold labeling of incorporated nucleotide
analogs (used for the first time in this taxon) allows the
distinction of S-phase and non-S-phase neoblasts and thus
provides a better understanding of the dynamics of this cell
system.

Location of neoblast populations

Most authors consider that platyhelminth neoblasts repre-
sent a permanent self-renewing pool forming a possibly
totipotent stem cell system that produces all somatic and
proliferating cells (Shibata et al. 1999; Peter et al. 2001;
Salé and Bagufia 2002). Our data from adult animals
support the presence of at least two somatic (mesodermal
and gastrodermal neoblasts) and two gonadal (located in
the testes and the ovaries) proliferating cell populations.
For M. hystricinum marinum, Rieger et al. (1999) have
indicated the similarity of the nuclear morphology of
oogonia, spermatogonia, and stage 1 and stage 2 neoblasts.
This supports the notion that germ cells and somatic
neoblasts are derived from a single stem cell population.
Baguiia and Boyer (1990) and Peter et al. (2001) have
summarized evidence for somatic neoblasts entering the
germ line in platyhelminths, particularly in planarians
(absence of a separate traceable germ line, total reduction
of gonads, repopulation of germ line after starvation,



Fig. 8 a Representation of a

cross section of M. lignano A
showing the location of the
dorsal (dc), main (mnc), and
ventral (vc) cords (dark gray
area two lateral bands of the
area with mesodermal neo-
blasts). b Representation of the
FMRF-amidergic nervous
system (e eyes, fgp female gen-
ital pore, /p caudal loop, mgp
male genital pore, mnc main
lateral nerve cord, np nerve
plexus, phr pharyngeal nerve
ring, pphc postpharyngeal com-
missure, vc ventral nerve cord).
c-f Laser scanning projections of
FMRF-amide (red-orange) and B
H3 (green) double-stained M.

lignano. Note the close vicinity

of mitotic figures and the main

nerve cord (red rods background

staining of rhabdites). Bars

20 um

ncoblasts

sexualization of asexual strains). Commenting on the
experiments by Gremigni (1981, 1988), Salé and Bagufia
2002) have argued that undifferentiated cells committed to
becoming germ cells can apparently be transformed into
somatic cells. However, additional experiments (using
genetically or cytologically marked neoblasts) will be
needed to show the actual transformation of somatic
neoblasts into germ cells (or vice versa) and the putative
transformation of embryonic proliferating cells into post-
embryonic neoblasts.

Ultrastructural stages of neoblasts, cell cycle,
and differentiation

Changes in the arrangement and condensation of chromatin
during the course of S-phase and differences in the location
of DNA replication during early, middle, and late stages of
S-phase have been reported (e.g., Mazzotti et al. 1998). A
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similar result has been reported after the application of two
different halogenated deoxyuridines, each with a different
exposure time (Jaunin et al. 1998). Mazzotti et al. (1998)
also suggest that chromatin becomes more condensed with
the progression of S-phase. A different view has been
proposed following analyses of interphase chromosome
territories (Cremer and Cremer 2001; Tanabe et al. 2002).

The immunogold labeling of S-phase cells in this study
allows a search for a correlation of nuclear fine structure
and progression in S-phase. Chromatin condensation has
been estimated by comparing the change of small
condensed areas (stage 1) into larger ones (stage 3). Of
all S-phase cells observed in our study, 79% correspond to
the stages 2 or 2-3, the remaining cells (21%) being
identified as stage 3 neoblasts. If chromatin condensation is
seen as a measure of S-phase progression, the majority of
S-phase neoblasts in our experiments would have been
present in early to middle S-phase.



If we assume that changes in chromatin condensation
occur during S-phase progression, we must interpret our
observations of unlabeled neoblasts, of which 67% are
stage 3 and only 8% stage 2, as showing that the majority of
these neoblasts are post S-phase. The ultrastructure of
nuclei from neoblasts of M. hystricinum marinum also
shows significant morphological differences in chromatin
structure (an increase in condensation from stage 1 to stage
3) that can be interpreted as stages; originally, these were
not correlated with cell-cycle phases (Rieger et al. 1999).

From the present data, we cannot exclude that the
nuclear and cytoplasmic differences of the neoblast stages
observed so far (Rieger et al. 1999; this paper) are, in part,
stages of sequential subpopulations of progenitor cells,
each having different cell cycle characteristics (e.g.,
totipotent stem cells and various progenitor cells; see
Peter et al. 2001, 2004). The presence of subtypes of
neoblasts has been discussed for planarians (see references
in Ladurner et al. 2000) and has been suggested based on
specific staining (Schiirmann et al. 1998) and quantitative
video microscopy (Behensky et al. 2001). In particular, the
increase of cytoplasmic specialization from stage 1 to stage
3 neoblasts may be taken as evidence for the presence of
sequential subpopulations.

Further immunogold analysis of the neoblast compart-
ment in M. lignano may show that our preliminary
staging system of neoblasts is too general. Our two
explanations for the observed differences in neoblast fine
structure (different subpopulations or progression
through S-phase) may indeed be combined. We believe
that the data presented here open up a new avenue of
investigations with respect to this proliferating cell
system of platyhelminths.

Irrespective of the question as to whether the observed
differences in neoblast structure are viewed as S-phase
progression or different neoblast populations, we wish to
point out that stage 3 neoblasts comprise the main fraction
of all neoblasts (Table 1). We have obtained evidence that
stage 3 neoblasts are migratory. A detailed analysis of
apoptosis and of epidermal cell replacement has shown that
differentiation of a stage 3 neoblast into an epidermal cell
occurs close to the target tissue (Nimeth et al. 2002). The
transcription of tissue-specific genes may occur earlier
(Agata 2001).

Stage 1 neoblasts are not found in adult M. lignano. We
have described such neoblasts in hatchlings and juveniles
of M. hystricinum marinum. Stage 1 neoblasts have also
been identified in regenerating animals (data not shown)
and in hatchlings of M. lignano. Neoblasts with a similar
nuclear and cytoplasmic structure as our stage 1 types are
well known in planarians (e.g., Pedersen 1959; Morita et al.
1969; Hay and Coward 1975).

Total number of neoblasts
Only 6.5% (1600) of the total number of cells are somatic

neoblasts in M. lignano. Previously published data on the
total number of neoblasts in various planarian species have

been based on light-microscopic observations and are
markedly higher than the number found in M. lignano. At
least 30% of the total cell count have been classified as
neoblasts (Bagufia and Romero 1981; Peter 1995). These
results need reinterpretation, as light microscopy is not
sufficient for an unequivocal diagnosis of a neoblast (Hay
and Coward 1975; Rieger et al. 1999).

However, neoblasts may indeed be more numerous in
planarians, because of their remarkable regenerative
powers (Salé and Bagufia 2002) and the often truly
exceptional modes of asexual reproduction (Peter et al.
2001). M. lignano reproduces solely sexually and has
limited regenerative capacity (Salvenmoser et al. 2001). A
comparison of quantitative ultrastructural data from
microturbellarians that reproduce asexually (Microstomum
sp., Convolutriloba sp.) might substantiate the correlation
of high numbers of neoblasts and asexual reproduction.
This is suggested by data from Convolutriloba longifissura
in which S-phase neoblasts make up over 15% of all cells
(Gschwentner et al. 2001).

Arrested neoblasts

In this paper, we report the presence of non-labeled stage 2
neoblasts after 1 week or 2 weeks of continuous BrdU
exposure. Nimeth et al. (2004) have shown that at least 2%
of all somatic neoblasts do not enter S-phase within 48 h
light-microscopic data have clearly revealed that a signif-
icant proportion of neoblasts arrested in G2 is present in
Schmidtea mediterranea (Baguna 1976; Sal6 and Baguna
1984). However, this has been contradicted by recent
studies with BrdU and mitosis labeling (Newmark and
Sanchez Alvarado 2000). For a final interpretation of the
number of arrested neoblasts, our qualitative data presented
here will have to be supplemented by quantitative counts.

Close spatial association of neoblasts and nervous
system in Macrostomum

The close association of mesodermal neoblasts in S-phase
with the nervous system in Macrostomum lignano is
remarkable. BrdU pulses (30 min) have revealed two
lateral bands of S-phase cells along the main nerve cords
(Ladurner et al. 2000), restricted ventrally and dorsally by
the ventral and dorsal nerve cord (Rieger et al. 1994;
present study). We have found 69% of labeled neoblasts,
54% of all neoblasts (both from TEM analysis), and nearly
all mitoses (from double staining of mitotic figures and
neurotransmitters) in direct contact or within a distance of
5 um from the main ventrolateral nerve cords. Double
staining of mitotic figures and neurotransmitters has further
indicated the close association of mitotic figures with other
parts of the nervous system (Fig. 8). Finally, the arrest of
mitosis with colchicine and the specific staining of mitotic
cells have demonstrated their position along the lateral
margins bordered by the ventral and dorsal nerve cords
(Ladurner et al. 2000). Therefore, the nervous system



might exert a guiding function on neoblasts via cell-cell
connections or via neurosecretion, as proposed by Baguia
et al. (1989). Our structural evidence in Macrostomum
seems to support this suggestion.
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