

















Neoblasts in planarian regeneration 83

Table 2. Survival and regenerative performances of control and injected groups of Dugesia(G)tigrina

Number Mean survival
of timet Survivorstt MIi Regenerationit

Group* Symbol* organisms (days £s.D.) (60 days) (x10%) (20 days)
Control (non irradiated) a 45 - 45 7-8+£22 + (45)
Control (irradiated) b, 41 22:4+£3-2 0 0 -
Injected (sham-injected) by 30 21-6 £ 4-5 0 0 -
Injected (total cells) bz 34 32:6+4-6 0 0301 -
Injected (differ. cells) bxn 35 24-2+2-1 0 0 -
Injected (neoblasts) b 32 347£3-8 6 2:0+£0-4 + (6)

*See legend of Fig. 1.

t Mean survival time is the period (in days) when half of the irradiated population is still alive.
+1 Survival at 60 days, taken as a sign of complete recovery, indicates the number of organisms staying alive and fully functional 60 days

after irradiation.

1 Mitotic index (MI; number of metaphases/ 100 cells), determined 12 days after injection using standard procedures (see Methods).
1t Regeneration at 20 days indicates the presence (+) or absence (—) of blastemal structures 20 days after cutting; in parentheses, number

of positive individuals.

organisms. Total cell fractions, where neoblasts rep-
resent 30 % of total cells, increased by 10 days the mean
survival time, though all organisms finally die. In
contrast, enriched neoblast fractions, where these cells
represent almost 90 % of the cell population, increased
the mean survival time by 12 days and led in 20 % of the
organisms (6 out of 32) to complete recovery of the
irradiated hosts.

The regenerative capacity of injected hosts parallels
the results found for survival (Table 2). Like control
and sham-injected irradiated organisms that do not
regenerate, organisms injected with differentiated cells
neither regenerate nor build a blastema. Instead, those
injected with total cells gave very small transient
blastemata that regressed 8-10 days after injection,
whereas most organisms injected with enriched neo-
blasts gave blastemata of almost normal size, some
bearing new eyes, appearing at later periods (c. 12-15
days after cutting) than in control nonirradiated groups
(c. 4-6 days after cutting).

As these results suggested that survival and regener-
ative capacity of irradiated hosts relies on the actual
number of neoblasts introduced and since these cells
are known to be the only cell type in planarians
endowed with mitotic capacity, it should be expected
that differential survival and regenerative capacity
stems from different rates of cell proliferation. Mitotic
analyses in injected hosts showed, accordingly, that
only those injected with total cells and neoblasts had
significant levels of mitoses. Instead, hosts injected with
differentiated cells never had any mitotic figure
(Table 2).

Evidence that neoblasts are the stem cells of all
differentiated cells in planarians

To establish that donor neoblasts, and not revitalized
host cells (either neoblasts or differentiated cells), lead
to increased or complete survival of the host, injection
of enriched neoblasts into irradiated hosts between the
sexual and asexual races of Dugesia(S)mediterranea,
which differ in a chromosomal marker (Salé & Baguiia,
1985), were performed following an identical exper-
imental procedure (see Figs 1 & 2). This experiment

also had an important additional interest: to ascertain if
injected neoblasts from one race may replace all the
differentiated cells of the host and, hence, ‘transform’
one race into another and vice versa. If this were so,
neoblasts could unambiguously qualify as the stem cells
of all differentiated cell types in planarians.

The results found showed, in all combinations tested,
that mitotic figures within the host belong always to
donor cells and not to revitalized host cells (data not
shown). These results agree with earlier reports, using
tissue grafting procedures that had pigmentation,
ploidy or chromosomal differences as cytological
markers (see Salé, 1984; and Sal6 & Baguiia, 1985, for
general references), in ruling out a possible revitaliza-
tion of host cells either by the injection procedure or by
the injected cells.

As expected, injection of neoblasts from the asexual
race of Dugesia(S)mediterranea to irradiated hosts of
the sexual race rescued the host and transformed it into
an asexual individual able to reproduce by fission but
unable to reproduce sexually. Conversely, the introduc-
tion of neoblasts from the sexual race into irradiated
asexual hosts transformed the latter into individuals
unable to reproduce asexually and capable, after devel-
oping germ cells and the copulatory complex, to mate
and lay cocoons (Sal6, 1984; data not shown).

Discussion

We have analyzed the capabilities of neoblasts and
differentiated cells to give blastema cells during regen-
eration and to be the stem cells of all differentiated cell
types during the daily cell renewal in intact organisms.
The analysis has been based on the differential survival
and regenerative capacity of irradiated hosts when
injected with different cell fractions. Our main con-
clusion is that the ease of recovery and regeneration of
irradiated hosts is proportional to the number of
neoblasts introduced and that, at least under the
experimental conditions employed, differentiated cells
are not able to rescue the host or make it regenerate.
Taking into account that neoblasts are the only planar-
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ian cell type known to divide (Sal6 & Baguia, 1984,
Morita & Best, 1984), these results strongly suggest that
these cells are totipotent (or at least pluripotent) stem
cells in the intact organism and the main source of
blastema cells in regenerating organisms. In turn, these
results argue against the role of cell dedifferentiation as
a means to recruit undifferentiated cells both in intact
and regenerating planarians.

Of the fractions tested, enriched neoblasts and total
cells were the only ones giving increased survival times,
resumed mitotic activity and, in the former, complete
survival. However, it is at first surprising that neoblast
injection gave a low percentage of total rescue, the
percentage falling to zero when total cells were
injected. These results could be understood if the
number of neoblasts actually introduced is considered.
Assuming that 25x10® donor cells are introduced at
each injection (Fig. 5), it follows that 18-22x10* and
7-8x10° neoblasts are introduced, respectively, from
enriched neoblasts and total cell fractions. If the area
where cells are injected is estimated to span 2mm in
length along the anteroposterior axis (see Fig. 1), the
number of neoblasts introduced is 3—4 times (neoblast
fraction) or 8-10 times (total cell fraction) lower than
the number present in a similar area of a control
nonirradiated organism (~35%10% neoblastsmm™" in
length in an 11 mm long organism; Baguiid & Romero,
1981; Romero, 1987). Interestingly, the ratio of the
number of neoblasts in experimental and controls is
fairly close to the ratio calculated, from the data of
Table 2, for their respective mitotic indices. This sup-
ports again the correlation found between neoblast
density and mitotic activity and suggests that only fairly
high rates of mitotic activity (as seen after injection of
enriched neoblasts) can produce rates of cell replace-
ment compatible with extended and complete survival.
An additional test backing this proposal, based on
increasing the number of neoblasts injected from total
cells and neoblast fractions by increasing the volume of
cell suspension injected, failed because planarian par-
enchyma, being a solid mass of cells with little inter-
cellular spaces, did not take up more cells (unpublished
data).

A)similar argument could apply to explain both the
presence of permanent blastemal structures only in
those hosts injected with enriched neoblasts as well as
their delayed appearance when compared to regenerat-
ing nonirradiated controls (15-20 days vs 6-8 days).
Since rates of blastema formation and differentiation
are closely correlated with rates of mitotic activity (Salé
& Baguiid, 1984, 1988), it may be expected that only
mitotic rates close to (though lower than) controls, as
seen after neoblast injection (Table 2), guarantee a
supply of neoblasts compatible with blastema forma-
tion. However, their numbers will not be enough to
keep pace with normal (control) regenerative rates;
hence, the delayed appearance of differentiated struc-
tures in the blastemata.

Which is the main role of neoblasts in planarians?
The ‘transformation’ of sexual to asexual races, and vice

versa, in Dugesia(S)mediterranea via introduction of
neoblasts from one race into irradiated hosts of the
other demonstrates the main role of neoblasts in
planarians: namely as the stem cells of all (or most)
differentiated cell types in the intact organisms. This
‘transformation’ can be envisaged as due to the slow but
continuous replacement of host neoblasts and differen-
tiated cells, unable to divide, by nonirradiated donor
neoblasts capable of division and differentiation. This
process will last until no host cells are left and all
neoblasts and differentiated cells are of donor geno-
type. In other words, injected neoblasts would use the
irradiated host as a sort of three-dimensional ‘feeder-
layer’ where slowly turning over irradiated host cells are
replaced by proliferating neoblasts that probably use
host positional cues and signals to differentiate.

It must be pointed out, however, that earlier studies
using grafts of nonirradiated donor tissue pieces into
whole irradiated hosts had already showed the ‘trans-
formation’ of hosts into donors (Lender & Gabriel,
1965; Teshirogi, 1976; Chandebois, 1976), this being
interpreted as due to the slow and progressive replace-
ment of host cells by proliferating and differentiating
donor neoblasts. In these experiments, however, the
possibility that dedifferentiated graft cells and not
neoblasts were the actual source of new cells could not
be ruled out. The results presented here make this
possibility very unlikely, suggesting in turn that planar-
ian neoblasts are true totipotent stem cells.

Cell dedifferentiation in planarians: does it still have a
role?

Functionality of injected differentiated cells within the
host shown by fluorescent latex beads (Fig. 5), lack of
revitalization of host differentiated cells shown using
chromosomal and ploidy markers, jointly with the lack
of recovery, mitotic activity and regenerative capacity
of irradiated organisms injected with enriched differen-
tiated cells (Table 2), and the criticisms raised in the
Introduction, makes it very unlikely that cell dediffer-
entiation plays a substantial role either in intact or
regenerating planarians. This is in line with recent data
on thymidine incorporation in other Turbellaria
(acoela, Drobysheva, 1986; polyclads, Drobysheva,
1988; rhabdocoela, Palmberg & Reuter, 1983) and
Cestoda (Wikgren et al. 1971) where intact and regener-
ating organisms show specific incorporation of undiffer-
entiated cells (neoblasts) whereas there are no signs of
dedifferentiation.

Before cell dedifferentiation in planarians can be
ruled out, however, a last argument for it can be
considered. This is to think of blastema and postblas-
tema cells appearing after neoblast injection as arising
by dedifferentiation of differentiated cells produced
from injected neoblasts and not directly from the latter.
This argument can also be extended to intact organisms
if neoblasts are considered as transient proliferating
cells arising continuously by dedifferentiation from
some differentiated cell types (e.g. gastrodermal cells).
Although this is the strongest argument we can think of
against our interpretation, as a clear answer cannot be



presently given, we consider it unlikely mainly because
injected differentiated cells, despite being fully func-
tional, never produced any undifferentiated mitotic
cells.

We are fully aware, however, that a definite proof of
the exclusive (or even a main) role of neoblasts in
planarians must be based on marking differentially, and
permanently, neoblasts and differentiated cells and
tracing, in both intact and regenerating organisms, the
lineage of these cells. Since freshwater triclads seem to
be impervious to exogenous labelled DNA precursors,
other labelling methods such as neoblast-specific mono-
clonal antibodies and introduction of gene markers into
neoblasts by retrovirus infection (see Price, 1987, for
general references) are presently being tried (Romero,
Burgaya, Bueno, Sumoy & Baguiid, work in progress).

General implications
Our results also have two interesting afterthoughts.
First, they argue strongly against the long-standing
tradition of considering planarian neoblasts as cells
mainly ‘reserved’ for regeneration (Wolff, 1962; Slack,
1980). Since most planarian species reproduce sexually
and very rarely regenerate in nature, it is hardly
understandable, either on economic or evolutionary
grounds, to maintain a population of undifferentiated
‘reserve cells’, amounting to 25-30% of total cells
(Baguiid & Romero, 1981), unless they serve a more
important function in the adult: to be the stem cell of all
(or most) differentiated cell types (Bagufa, 1981;
Lange, 1983), as has also been demonstrated in other
groups of Turbellarians (Palmberg & Reuter, 1983;
Drobysheva, 1986, 1988) and Cestoda (Wikgren et al.
1971). Besides, in most animal groups the so-called
‘reserve cells’ have been found to be either nonexistent
(witness the so-called ‘neoblasts’ in several groups of
Annelida, mainly Polychaetae; Hill, 1970) or to be the
source of several (e.g. the interstitial cells in hydra;
David & Gierer, 1974) or unique (e.g. satellite cells of
muscle cells in Vertebrata; Cameron et al. 1986) differ-
entiated cell types during daily tissue renewal.
Second, and to us more importantly, our results seem
to contradict the recent trend to extrapolate to all
animal groups, including planarians, the phenomenon
of cell dedifferentiation as a unique mechanism to
recruit undifferentiated blastema cells (Slack, 1980). In
our view, this trend results from overlooking the
present diversity of modalities of regeneration (witness
the morphallactic processes in some lower groups like
Coelenterata (Cummings & Bode, 1984) and lower
Turbellarians (Palmer & Reuter, 1983), as well as the
particular role of some specific cell types, like satellite
cells, as a source of regenerative myoblasts in some
Vertebrates (Cameron et al. 1986)) and the possible
relationship between the actual mechanism of regener-
ation and the tissular complexity of the species. Indeed,
it has been argued (Baguiia, 1981) that the planarian
neoblast system, based on a unique and totipotential
self-renewing stem cell present everywhere, though
appropiate to the low level tissular complexity of
planarians, is inadequate for epimorphic regenerating
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organisms like Insecta or Amphibia with static tissues
wholly made of non-renewing terminal differentiated
cells and renewing tissues with different determined
stem cells placed in different body regions. Therefore,
the dedifferentiation process, necessary for the latter, is
not necessary for organisms like planarians (as well as
for hydras) in a total and continuous state of rapid cell
turnover (Bagufia & Romero, 1981; Lange, 1983;
Romero, 1987).

Although the present day modalities of regeneration
(morphallaxis, epimorphosis, and mixed types combin-
ing aspects of both) and the diverse mechanisms to
recruit undifferentiated blastema cells may be thought
to be connected to the structural complexity (coarsely
measured in number of cell types and their organization
into definite tissues and organs; Kauffman, 1969) and
the phyletic position of these animal groups (Field et al.
1988) via the extant mechanisms of cell renewal in the
adult, it is nonetheless highly probable that under these
formally diverse mechanisms a general, unique, moda-
lity of pattern restoration during regeneration, based
mainly on short-range cell-cell interactions and where
cell origins will be less important, will be uncovered.
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