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a b s t r a c t
Stem cells in Hydra represent one of the phylogenetically most ancient stem cell systems and, therefore,
provide information for reconstructing the early history of stem cell control mechanisms. Hydra’s interstitial stem cells are multipotent and differentiate into both somatic cell types and germ line cells. Although
it is well accepted that cells of the interstitial cell lineage are migratory, the in vivo migratory potential
of multipotent interstitial stem cells has never been explored. Combining in vivo tracing of genetically
labeled interstitial stem cells and tissue transplantation, we show that in contrast to precursor cells, multipotent interstitial stem cells are stationary. Only when exposed to tissue depleted of the interstitial cell
lineage, interstitial stem cells start to migrate and to repopulate emptied stem cell niches. We conclude
that multipotent interstitial stem cells in Hydra are static and that microenvironmental cues including
signals derived from the interstitial cell lineage or from niche cells can trigger a shift in collective stem
cell behavior to start migration.
© 2012 Elsevier GmbH. All rights reserved.

1. Introduction
In Hydra, the asexual mode of reproduction by budding and the
constantly active patterning processes are based on the presence
of three continuously dividing lineage-speciﬁc types of stem cells:
ectodermal and endodermal epitheliomuscular cells and interstitial stem cells. Each of the two epithelial layers is made up of a
distinct stem cell lineage, while the remaining cells are part of the
interstitial cell lineage which resides among the epithelial cells of
both layers. Interstitial stem cells differentiate into various types
of somatic cells as well as germ line cells (Bosch and David, 1986)
(Fig. 1A). All three stem cell types are adult stem cells, have unlimited self-renewal capacity, can differentiate into different cell types
and are an essential component of tissue homeostasis (David and
Campbell, 1972; David and Gierer, 1974; Bode and David, 1978;
Bosch and David, 1984). A delicate balance between self-renewal
and differentiation as well as an elaborate interlineage communication system is required for maintaining tissue homeostasis and
the constantly active patterning processes.
Three important regulatory mechanisms exist to assure controlled homeostasis (cell production) in the interstitial cell lineage
(Fig. 1A). First, a proper ratio between self-renewal (Ps ) and
differentiation (Pdiff ) prevents stem cell depletion, accomplishes
recovery after stem cell loss and prevents overproduction of stem
cells and tumor formation. In a landmark paper, Bode and David
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(1978) have shown more than 30 years ago that removal of the
interstitial cell lineage by treatment with hydroxyurea causes a
few transplanted interstitial stem cells to proliferate faster so
that they reestablish the stem cell population to its original density (Bode et al., 1976). Based on these observations a model has
been proposed (David and MacWilliams, 1978) in which the loss
of interstitial cell lineage in Hydra tissue is sensed and generates signals that feed back to the resident interstitial stem cells,
allowing them to adjust their corresponding proliferation and differentiation rates in order to restore homeostasis. The molecular
mechanisms involved in maintaining interstitial stem cell homeostasis are not yet understood. Second, differentiation of interstitial
stem cells requires both Notch and Wnt signaling (Hobmayer et al.,
2000; Broun et al., 2005; Bosch, 2007; Kasbauer et al., 2007). Third,
reﬂecting sophisticated and largely unknown signaling and growth
requirements, interstitial stem cells and their derivatives display a
striking position-dependent distribution pattern. Interstitial stem
cells are found throughout the gastric region (referred to as stem
cell compartment) and are present at only very low numbers in
the head and foot region (David and Plotnick, 1980). Nematocyte
as well as neuron differentiation occurs exclusively in the gastric
region, as a highly complex multistep process (David and Gierer,
1974; Shimizu and Bode, 1995; Nuchter et al., 2006). Following
differentiation into nematoblasts and neuroblasts in the gastric
region, these cells, therefore, must traverse great distances to reach
their ﬁnal destination in the tentacles where most of them get
incorporated in a “battery cell complex” (Bosch, 2007).
In the past, two approaches were used to determine the intrinsic migratory behavior of Hydra cells. First, using DiI staining
(Teragawa and Bode, 1995; Hager and David, 1997) it could be
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Fig. 1. The interstitial cell lineage. (A) Interstitial stem cells give rise to gland cells, nerve cells, nematoblasts and germ line cells. (B) Construct used to speciﬁcally label
interstitial stem cells. (C) Polyp expressing eGFP exclusively in interstitial stem cells under control of a cnnos1 promoter. (D) eGFP+ interstitial stem cells. (E) Polyps also
contain weakly glowing nematoblast precursors with residual eGFP. (F) DsRED+ ectodermal epithelial cells. Abbreviations: ec, ectoderm; en, endoderm; mg, mesogloea; Pdiff ,
probability of differentiation; Ps , probability of self-renewal. Scale bars: (D and E) = 10 m and (F) = 20 m.

shown that after entering the neuron differentiation pathway,
about half of the neuron precursor cells migrate toward the head
and foot (Heimfeld and Bode, 1984a, 1984b; Fujisawa, 1989;
Teragawa and Bode, 1990, 1995; Technau and Holstein, 1996; Hager
and David, 1997). Second, the development of transgenics (Wittlieb
et al., 2006) provided an opportunity to address the question of
interstitial stem cell motility in vivo. To examine whether all cells
of the interstitial cell lineage display high motility or whether
migration is restricted to certain subpopulations, transgenic tissue containing actin::eGFP+ interstitial stem cells and derivatives
was grafted to “naïve” tissue (Khalturin et al., 2007). Since polyps
are essentially transparent, live imaging of eGFP+ cells demonstrated that migration of nematoblasts and neuroblasts occurs in
the form of individual cells and never as cell clusters. Interestingly, nearly all migrating cells could be classiﬁed as nematoblasts
or neuroblasts whereas interstitial stem cells (large 1s + 2s) mostly
remained at the transplantation edge and were not actively motile.
This in vivo observation not only conﬁrmed the extensive capacity
of progenitor cells to migrate (Heimfeld and Bode, 1984a, 1984b;
Fujisawa, 1989; Fujisawa et al., 1990; Teragawa and Bode, 1990,

1995; Technau and Holstein, 1996; Khalturin et al., 2007), but also
supported our previous view (Bosch and David, 1990; Fujisawa
et al., 1990) that interstitial stem cells in Hydra, in contrast to
their derivatives, show little if any migratory activity. In this earlier
work we used transgenic polyps expressing actin-driven eGFP in
all cells of the interstitial cell lineage. Although informative, these
transgenic lines had one important drawback: their inability to
distinguish between multipotent interstitial stem cells and morphologically identical, committed precursors made it impossible
to address the migratory capacity of the multipotent stem cells.
Previous work had shown that the nanos (nos)-related gene
cnnos1 is speciﬁcally expressed in multipotent stem cells and germ
line cells in Hydra, but not in somatic cells (Mochizuki et al., 2000).
Thus, the recent invention of a transgenic line (Hemmrich et al.,
2012) expressing cnnos1 promoter-driven eGFP exclusively in interstitial stem cells (Fig. 1B–F) provided an ideal system for in vivo
studies of stem cell migration and prompted us to reexamine the
migratory activity of multipotent interstitial stem cells in Hydra.
By generating axial grafts from wild-type polyps and cnnos1::eGFP
transgenic polyps we discovered that multipotent interstitial cells
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show no migratory activity and remain in their niches even when
exposed to injury and regeneration cues. Only when exposed to tissue depleted of the interstitial cell lineage, multipotent interstitial
stem cells start to migrate. Our results directly show that interstitial
stem cells in Hydra are static. These results suggest that density signals derived either from the interstitial cell lineage or from the stem
cell niches play a role in regulating interstitial stem cell migration
in Hydra.
2. Materials and methods
2.1. Animals and culture conditions
All experiments were carried out using Hydra vulgaris strain AEP.
Animals where cultured according to standard procedures at 18 ◦ C
(Lenhoff and Brown, 1970).
2.2. Generation of transgenic H. vulgaris strain AEP
Transgenic H. vulgaris strain AEP were generated at the Transgenic Hydra Facility of the University of Kiel as described
by Wittlieb et al. (2006). Transgenic polyps carrying a
cnnos1::eGFP/actin::dsRED double construct are characterized
by eGFP-labeled interstitial stem cells and dsRED-labeled ectodermal epithelial cells (Fig. 1B–F) (Hemmrich et al., 2012). Transgenic
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polyps carrying an actin::eGFP transgene express eGFP in the whole
interstitial cell lineage including derivatives (Wittlieb et al., 2006;
Khalturin et al., 2007).
2.3. Depletion of the interstitial cell lineage using hydroxyurea
treatment
Interstitial cell-free animals were obtained by exposing
cnnos1::eGFP/actin::dsRED polyps in culture medium to 0.01 M
hydroxyurea (HU) for 6 days (Bode et al., 1976). The polyps were
fed two times. The HU treatment was followed by a 3-day period of
recovery. The interstitial cell eliminating effect of the HU treatment
was checked in macerated preparations (David, 1973) and using a
ﬂuorescence microscope (Olympus, Tokyo, Japan).
2.4. Tissue grafting
Migration of cells of the interstitial cell lineage was examined
by generating axial grafts using host tissue from wild-type H. vulgaris strain AEP and donor tissue from two different transgenic H.
vulgaris strain AEP lines. The procedure of axial grafting has been
described previously (Sugiyama and Fujisawa, 1978). To investigate the migratory capacity of precursor cells of the interstitial cell
lineage we used donor tissue from transgenic polyps expressing
eGFP under control of the actin promoter. The migratory activity of

Fig. 2. Grafting schemes for analysis of the migratory activity of the interstitial cell lineage. (A–C) Axial grafts were generated from non-transgenic host tissue using wild-type
Hydra vulgaris strain AEP and transgenic donor tissue using actin::eGFP+ or cnnos1::eGFP+ transgenic polyps, respectively. Interstitial cell migration was monitored in (A)
grafts with undisturbed host tissue, (B) grafts with host tissue wounded immediately after grafting and (C) grafts with host tissue decapitated immediately after grafting. (D)
Axial grafts generated from interstitial cell lineage-depleted cnnos1::eGFP+ host tissue and actin::eGFP+ or cnnos1::eGFP+ donor tissue, respectively.
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interstitial stem cells was examined using donor tissue from
transgenic polyps expressing eGFP under control of the cnnos1
promoter. Interstitial cell migration was monitored in grafts
with undisturbed host tissue (Fig. 2A), grafts with host tissue wounded immediately after grafting (Fig. 2B) and grafts
with host tissue decapitated immediately after grafting (Fig. 2C).
Grafts generated by using interstitial cell lineage-depleted (i.e.,
HU-treated) cnnos1::eGFP+ host tissue (Fig. 2D) were used
to study interstitial cell migration in the presence of interstitial cell lineage-depleted tissue. At least 20 grafts were
generated for each type of graft. The migratory activity of
interstitial stem cells and derivatives was monitored at four time
points after grafting (24 h, 48 h, 72 h, 7 days) using a ﬂuorescence
microscope (Olympus, Tokyo, Japan).

3. Results
3.1. Migration of interstitial stem cells and precursor cells in
naïve tissue
To investigate interstitial stem cell behavior and stem cell motility in vivo, we monitored the migratory activity of eGFP+ cells
of the interstitial cell lineage in grafts which consisted of nontransgenic host tissue and transgenic donor tissue, containing an
actin::eGFP+ interstitial cell lineage or cnnos1::eGFP+ interstitial
stem cells, respectively. As shown in Fig. 3A–D, precursor cells of
the interstitial cell lineage labeled by actin::eGFP could be detected
soon after transplantation in the unlabeled host tissue, indicating
their high migratory activity even over long distances. In sharp
contrast, in axial grafts using cnnos1::eGFP+ transgenics practically
none of the eGFP+ multipotent interstitial stem cells was detected in

unlabeled host tissue even 72 h post-transplantation (Fig. 3E–H).
This indicates that progenitor cells including neuroblasts and
nematoblasts are actively migrating along the body column while
cnnos1+ multipotent interstitial stem cells reveal no motility.

3.2. Migration of interstitial stem cells and precursor cells in
injured tissue and tissue undergoing regeneration
Hydra is well known for its remarkable regeneration capacity whose basis is the presence of continuously self-renewing
stem cells (Bosch, 2007). To investigate the effect of distant
lesion cues on interstitial cell behavior in Hydra, unlabeled host
tissue was injured immediately following the grafting procedure. Fig. 4A–D indicates that cells of the interstitial cell lineage
labeled by actin::eGFP could be detected soon after transplantation in the unlabeled host tissue. The migratory activity was
similar to the one observed in uninjured tissue (Fig. 3A–D).
Notably, actin::eGFP+ cells of the interstitial cell lineage migrated
toward the oral end of the body axis with no indication that
they were attracted to the site of injury (Fig. 4A–D). Just as
multipotent stem cells exposed to uninjured tissue, none of the
cnnos1::eGFP+ multipotent interstitial stem cells was found to
migrate (Fig. 4E–H).
Next, to ﬁnd out whether cells of the interstitial cell lineage are
attracted by regeneration cues, unlabeled host tissue was decapitated immediately following transplantation in order to initiate
head regeneration. As in the previous experiments (Figs. 3 and 4),
interstitial cells labeled with actin::eGFP could be detected soon
after transplantation in the unlabeled host tissue (Fig. 5A–D) while
cnnos1::eGFP+ multipotent stem cells appeared not to leave the
donor tissue (Fig. 5E–H). Thus, neither injury nor regeneration

Fig. 3. Migratory activity of the interstitial cell lineage. (A–D) Grafts from wild-type Hydra vulgaris strain AEP and actin::eGFP+ polyps after 24 h, 48 h, 72 h and 7 days.
Interstitial stem cell derivatives are migrating toward the head. (E–H) Grafts from wild-type Hydra vulgaris strain AEP and cnnos1::eGFP+ polyps after 24 h, 48 h, 72 h and
7 days. Interstitial stem cells are not migrating. Scale bar = 100 m (valid for all panels).
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Fig. 4. Migratory activity of the interstitial cell lineage in the presence of distant wounding cues. (A–D) Grafts from wild-type Hydra vulgaris strain AEP and actin::eGFP+
polyps 24 h, 48 h, 72 h and 7 days after wounding non-transgenic tissue. Interstitial stem cell derivatives are migrating toward the head. (E–H) Grafts from wild-type Hydra
vulgaris strain AEP and cnnos1::eGFP+ polyps 24 h, 48 h, 72 h and 7 days after wounding non-transgenic tissue. Interstitial stem cells are not migrating to the area of wound
healing. Scale bar = 100 m (valid for all panels).

Fig. 5. Migratory activity of the interstitial cell lineage in the presence of distant regeneration cues. (A–D) Grafts from wild-type Hydra vulgaris strain AEP and actin::eGFP+
polyps 24 h, 48 h, 72 h and 7 days after decapitation of non-transgenic tissue. Interstitial stem cell derivatives are migrating toward the head. (E–H) Grafts from wild-type
Hydra vulgaris strain AEP and cnnos1::eGFP+ polyps 24 h, 48 h, 72 h and 7 days after decapitation of non-transgenic tissue. Interstitial stem cells are not migrating to the area
of regeneration. Scale bar = 100 m (valid for all panels).
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Fig. 6. Migratory activity of the interstitial cell lineage in the presence of interstitial cell lineage-depleted tissue. (A–D) Grafts from interstitial cell lineage-depleted
cnnos1::eGFP+ polyps and actin::eGFP+ polyps after 24 h, 48 h, 72 h and 7 days. Interstitial stem cell derivatives are migrating toward the head. (E–H) Grafts from interstitial cell
lineage-depleted cnnos1::eGFP+ polyps and cnnos1::eGFP+ polyps after 24 h, 48 h, 72 h and 7 days. Interstitial stem cells are migrating into interstitial cell lineage-depleted tissue. Due to dsRED+ ectodermal epithelial cells the grafting site is clearly visible, showing that interstitial stem cells are not passively moved by epithelial tissue displacement.
(I–M) Grafts from wild-type Hydra vulgaris strain AEP and cnnos1::eGFP+ polyps after 24 h, 48 h, 72 h and 7 days. As shown in Fig. 3, interstitial stem cells are not migrating.
Due to dsRED+ ectodermal epithelial cells the grafting site is clearly visible, showing that epithelial cells are not migrating. Scale bar = 100 m (valid for all panels).

signals provided cues which induced the migration of multipotent
interstitial stem cells.

3.3. Migration of multipotent interstitial stem cells is sensitive to
the density of the interstitial cell lineage
Experimental observations suggest that the density of the interstitial stem cell population in Hydra is homeostatically regulated
(David and MacWilliams, 1978). To investigate the inﬂuence of
reduced interstitial stem cell density on the motility of multipotent interstitial stem cells, cnnos1::eGFP+ polyps depleted of the
interstitial cell lineage were used as host tissue. Immediately following transplantation, cnnos1::eGFP+ multipotent interstitial stem
cells started to transverse the grafting border and by 72 h posttransplantation a large number of stem cells was present in the
interstitial cell lineage-depleted host tissue (Fig. 6E–H), which is
in contrast to cnnos1::eGFP+ transgenics grafted to naïve host tissue (Fig. 6I–M). To exclude that this was due to passive tissue

displacement of transgenic donor tissue, we made use of the dsRED
labeling of ectodermal epithelial cells in the donor tissue. As shown
in Fig. 6E–H, dsRED+ donor epithelial cells were stationary while
cnnos1::eGFP+ interstitial stem cells actively migrated toward the
oral end of the body axis.

4. Discussion
Due to the simple body plan consisting of only a limited number of different cell types and the large set of available genome and
transcriptome data, transgenic Hydra are emerging as an important
tool for in vivo cell tracking and direct molecular analysis of stem
cell behavior. Stem cell population size in Hydra as in any other
animal is tightly regulated and thought to be dictated by the relative probability of differentiation (Pdiff ) versus self-renewal (Ps ). To
date, the molecular events specifying stem cell population size are
poorly uncovered and understood in most animal model systems.
In this paper, we describe the use of a novel class of transgenic
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Fig. 7. Possible mechanisms controlling interstitial stem cell migration in Hydra. (A) Cells of the interstitial cell lineage are producing diffusible density signals (red), which
are repressing interstitial stem cell migration from donor into host tissue. However, the density signals are missing in interstitial cell lineage-depleted tissue, allowing
interstitial stem cells to migrate into interstitial cell lineage-depleted host tissue. (B) Diffusible homing signals (blue) from interstitial cell lineage-depleted tissue are
activating interstitial stem cell migration. Abbreviations: ecto niche cell, ectodermal epithelial cell; endo niche cell, endodermal epithelial cell; gl, gland cell; i-cell, interstitial
stem cell; mg, mesogloea; nb, nematoblast; nv, nerve cell.

Hydra polyps containing eGFP+ interstitial stem cells to visualize
their migratory behavior in response to various exogenous signals.
We report that under normal conditions multipotent interstitial
stem cells show no migratory activity, in contrast to differentiating
interstitial progenitor cells, which are actively migrating. While the
capacity of neuroblast and nematoblast progenitor cells to migrate
has been described previously (Heimfeld and Bode, 1984a, 1984b;
Fujisawa, 1989; Fujisawa et al., 1990; Teragawa and Bode, 1990,
1995; Technau and Holstein, 1996; Khalturin et al., 2007), we show
that only a severe reduction of the interstitial cell population size is
capable of inducing interstitial stem cell migration. Thus, our data
conﬁrm early reports of a limited migratory activity of interstitial
stem cells in Hydra and argue against extensive stem cell trafﬁcking toward a particular tissue destination (Bosch and David, 1990;
Fujisawa et al., 1990). The data provide in vivo experimental support for the view (Bosch and David, 1990; Fujisawa et al., 1990) that
interstitial stem cell decisions such as the one to migrate are controlled by the composition of the cellular environment (Bosch et al.,
2010). This leads us to the conclusion that interstitial stem cells are
capable of sensing the absence of cells of the interstitial cell lineage
and that they respond to a reduced interstitial cell density in neighboring host tissue by immediate migration and by repopulating
empty stem cell niches in stem cell-free tissue.

But how do interstitial stem cells sense reduced stem cell population size? And what is guiding interstitial stem cell migration
and homing? The nature of the signal inducing stem cell migration and controlling stem cell population size in Hydra cannot be
directly deduced from the present data. Based on our results, we
suggest two possible mechanisms for controlling interstitial stem
cell migration in Hydra (Fig. 7). First, interstitial stem cell migration
may be regulated by feedback signals from neighboring members
of the interstitial cell lineage (Fig. 7A). As a second mechanism we
propose that homing signal(s) from emptied stem cell niches may
be important factors for stem cell migration (Fig. 7B). Our model
(Fig. 7), in which stem cells sense the presence of the interstitial
cell lineage over long distances, differs from the negative feedback
model proposed by (David and MacWilliams, 1978). This proposes
that the strength of the feedback signal is mediated by the frequency of direct cell-to-cell contacts. Our observations make it
seem likely that diffusible small molecules such as peptides are
involved (Darmer et al., 1998; Takahashi et al., 2000; Bosch and
Fujisawa, 2001; Fujisawa, 2003). They are produced by proteolytic
cleavage from inactive precursor proteins and are released into
the interstitial space to regulate target cells. There is experimental evidence that derivatives of the interstitial cell lineage such as
neurons affect interstitial stem cell differentiation (Takahashi et al.,
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2000) and that nerve cell density inﬂuences interstitial stem cell
proliferation (Bosch and David, 1991). Moreover, previous results
(Takahashi et al., 2000; Bosch and Fujisawa, 2001) have shown that
epithelial cells affect interstitial stem cell differentiation by secreting epitheliopeptides inducing stem cell migration. Since peptides
are involved in both the spatio-temporal dialog inside the interstitial cell lineage and the interlineage communication between
epithelial cells and the interstitial cell lineage, it seems possible that
peptides are also used to regulate the interstitial stem cell population size. If this scenario is true, Hydra may enable insights into the
evolutionary origin of the population size control systems used in
multipotent stem cell systems.
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