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A procedure has been developed for cloning interstitial stem cells from hydra. Clones are 
prepared by introducing small numbers of viable cells into aggregates of nitrogen mustard- 
inactivated host tissue. Clones derived from added stem cells are identified after l-2 weeks of 
growth by staining with toluidine blue. The incidence of clones increases with increasing input 
of viable cells according to one-hit Poisson statistics, indicating that clones arise from single 
cells. After correction for cell losses in the procedure, about 1.2% of the input cells are found to 
form clones. This compares with estimates from in vivo experiments of about 4% stem cells in 
whole hydra [David, C. N., and Gierer, A. (1974). Cell cycle kinetics and development ofHydra 
attenuata. III. Nerve and nematocyte differentiation. J. Cell Sci. 16, 359-375.1 

Differentiation of nematocytes and nerve cells in clones was analyzed by labeling precursors 
with [3H]thymidine and scoring labeled nerves and nematocytes 2 days later. Nine clones ex- 
amined in this way contained both differentiated nerve cells and nematocytes, demonstrating 
that the interstitial stem cell is multipotent. This result suggests that the observed localization of 
nerve and nematocyte differentiation in whole hydra probably occurs at the level of stem- 
cell determination. The observation that differentiated cells occur very early in clone develop- 
ment suggests that a stem cell’s decision to proliferate or differentiate is regulated by short- 
range feedback signals which are already saturated in young clones. 

INTRODUCTION 

The differentiation of cells in patterns is 
a major event in embryogenesis. Little is 
known about the mechanisms of this proc- 
ess beyond the broad statement that cells 
seem to “know” their position in a larger 
structure and use that information to 
choose specific pathways of differentiation 
from a larger repertoire of possible path- 
ways (Wolpert, 1971). The simple meta- 
zoan hydra provides a model system in 
which to investigate this regionalization of 
cell differentiation, since formation of ne- 
matocytes is restricted to the central re- 
gion of the body column, while nerve dif- 
ferentiation occurs primarily at the ends of 
the body column near hypostome and 
basal disk (David and Challoner, 1974; 
David and Gierer, 1974). The purpose of 
the present investigation is to examine the 
properties of the nerve and nematocyte 
precursor, the interstitial cell, with the 
ultimate objective of understanding the 

control mechanisms involved in its differ- 
entiation. 

Nerve and nematocyte differentiation 
occur continuously in asexually growing 
hydra and have been extensively charac- 
terized by microscopy (Slautterback and 
Fawcett, 1959; Lentz, 1966; Davis, 1969, 
1971) and cell-flow analysis (David and 
Gierer, 1974). A continuous supply of pre- 
cursors for differentiation is maintained 
by a population of interstitial “stem” cells, 
60% of whose daughters cells remain stem 
cells, while 40% initiate either nerve or 
nematocyte differentiation. To sustain the 
measured production rate of about 500 
nerves and 1800 nematocyte clusters per 
day per hydra, about 3600 stem cells are 
required or about 4% of the total cells in a 
hydra. David and Gierer (1974) concluded 
that stem cells are a subpopulation of a 
particular class of large interstitial cells 
which occur singly and in pairs. 

It has not yet been established whether 
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the stem cells in hydra consist of a single 
population of multipotent cells or whether 
there are several morphologically identi- 
cal but functionally distinct subpopula- 
tions, e.g., stem cells for nerve differen- 
tiation, stem cells for nematocyte differen- 
tiation, and stem cells for the germ line. 
An answer to this question is essential to 
understanding the patterns of nerve and 
nematocyte differentiation in hydra. If 
stem cells are truly multipotent, the spa- 
tial patterns of nerve and nematocyte for- 
mation observed in the body column would 
be due to positional signals controlling 
stem-cell determination. If distinct nerve 
and nematocyte stem cells exist, these two 
determined populations must somehow be 
localized at different sites in the body col- 
umn. 

The differentiation potential of individ- 
ual stem cells can be directly assayed if 
these cells are cloned. Since hydra cells 
cannot yet be grown in vitro (Trenkner et 
al., 19731, we have developed an in viuo 
cloning procedure which is analogous to 
Till and McCulloch’s (1961) method for cul- 
turing bone marrow stem cells in myeloid 
tissues of lethally X-irradiated mice. In 
our procedure, hydra are treated with ni- 
trogen mustard (NM) which eliminates in- 
terstitial cells from their tissues (Diehl 
and Burnett, 1964). We use such animals 
as hosts in which to culture live intersti- 
tial cells, employing a disaggregation- 
reaggregation technique (Gierer et al., 
1972) to introduce the live cells into the 
nitrogen mustard-treated tissue. 

Here we describe the growth of clones 
from single interstitial cells in this sys- 
tem. We have determined the number of 
clone-forming cells (stem cells) in normal 
hydra tissue and have observed both nerve 
and nematocyte differentiation in clones 
derived from single stem cells. We have 
further observed that differentiation is ini- 
tiated very early in clone growth and sug- 
gest that feedback signals regulating the 
proportion of differentiating versus prolif- 
erating stem-cell daughters are probably 

of short range. Finally, we suggest that 
the in uiuo culturing procedure has a num- 
ber of further applications in assaying dif- 
ferentiating cells and cloning other hydra 
cell types. 

MATERIALS AND METHODS 

Hydra attenuatcz were used for all exper- 
iments. Feeding and culture conditions 
have been described (David and Gierer, 
1974). 

Nitrogen mustard (NM) treatment. Hy- 
dra were treated for 10 min at 20-21°C 
with 0.01% freshly prepared nitrogen mus- 
tard (2,2 dichloro-N-methyldiethylamine 
HCl; Sigma Chemical Co. 1 (Diehl and Bur- 
nett, 1964). To stop the treatment, hydra 
were washed four times with hydra water. 
Nitrogen mustard treatment causes pro- 
gressive elimination of interstitial cells 
from tissue during the 6-8 days following 
treatment. Feeding accelerates the elimi- 
nation of interstitial cells. Most cloning 
experiments were started 1 day after NM 
treatment and were stained for clones lo- 
12 days later, after host interstitial cells 
were eliminated. In experiments requiring 
host tissue without interstitial cells at the 
start of cloning, hydra were pretreated 
with NM, fed 1 day later, and used for 
cloning experiments 6-7 days thereafter. 

Cloning procedure: Preparation of dis- 
sociated cells and reaggregation. Suspen- 
sions of dissociated cells were prepared by 
shearing large numbers of hydra in an 
isotonic cell culture medium as previously 
described (Gierer et al., 1972). Dissociation 
of small amounts of hydra tissue (pieces of 
hydra or a few whole animals) was 
achieved by adding nitrogen mustard- 
treated animals as carrier and dissociating 
the mixture. Under these conditions, the 
recovery of clone-forming cells from the 
live tissue was quantitative. 

Interstitial cells occur in suspensions of 
dissociated cells almost completely as sin- 
gle cells. In a representative preparation, 
95% of interstitial cells were single, 5% 
occurred in pairs, and ~0.5% in groups of 
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3-5. The pairs and small clusters appear 
microscopically to be the result of incom- 
plete dissociation of interstitial cell clus- 
ters occurring in Go. 

To prepare interstitial cell clones, small 
numbers of dissociated live cells were 
mixed with 2 x lo5 dissociated nitrogen 
mustard-treated cells, and the mixture 
was pelleted. Regeneration of the pellets 
proceeded as described previously for nor- 
mal cell aggregates (Gierer et al., 1972). 

Interstitial cell clones were identified by 
staining alcohol-fixed aggregates with 
0.025% toluidine blue (Diehl and Burnett, 
1964) and examining whole amounts at 
160~ or 400x. Interstitial cells stain 
darkly against weakly staining host tis- 
sue. By changing focus it is possible to 
score clones throughout an aggregate. 

Assay of clone-forming cells (stem cells). 
Two procedures were used to quantitate 
clone-forming cells in samples. (1) P(0) 
procedure: 20-30 aggregates were pre- 
pared having 0.5-l clone/aggregate. The 
average number of clone-forming cells per 
sample was calculated from the Poisson 
distribution using the measured fraction of 
aggregates containing zero clones, P(0). 
This method does not depend on discrimi- 
nating single from double clones in aggre- 
gates, and thus, can be used late in clone 
development (lo-15 days) when clones are 
large. (2) Total clone procedure: The total 
number of clones was counted in 20-30 
aggregates. Young (5-6 day) clones were 
scored to avoid counting two clones as one. 
In such experiments, hosts pretreated with 
nitrogen mustard were used so as not to 
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confuse clones with dying interstitial cells 
of the host. 

The two procedures yielded results com- 
parable to within 30%. The variability be- 
tween replicate assays and equivalent as- 
says performed on different days was also 
about +-30%. 

Cell counting. Suspensions of disso- 
ciated cells were counted in a Neubauer 
hemocytometer, or, more frequently, par- 
allel samples of hydra tissue were disso- 
ciated and counted by the maceration pro- 
cedure (David, 1973) which permits cell 
counting as well as identification of all cell 
types. In maceration preparations, inter- 
stitial cells occur as large single cells or 
pairs of cells and as smaller cells in clus- 
ters of 4,8, and 16 cells. The large cells are 
referred to as 1s and 2s and contain the 
class of cells forming clones. The latter 
procedure was followed in all experiments 
in which clones per input 1s and 2s were 
determined. 

Isotopic labeling and autoradiography. 
Whole hydra and aggregates were labeled 
by injecting small volumes (0.1 ~1) of 
[3H]thymidine (100 &i/ml; 30 Ci/mmole) 
into the gastric cavity. To analyze labeled 
cells, labeled tissue was dissociated by ma- 
ceration, dried on microscope slides, and 
covered with Kodak AR10 stripping film 
for autoradiography (David and Campbell, 
1972). 

RESULTS 

Preparation of Stem Cell Clones 
The procedure for cloning stem cells is 

outlined in Fig. 1. Suspensions of normal 
and nitrogen mustard (NM&treated cells 

K+ NM CELLS 

+I00 LIVE CELLS 

AGGREGATE 

AEGENERATION\ 
CLONE GROWTH 

FIG. 1. Schematic representation of the procedure for cloning interstitial stem cells (0) in nitrogen 
mustard (NMbtreated host aggregates. 
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are prepared, and aliquots containing 50- 
400 normal cells are added to aliquots con- 
taining about 2 x lo5 NM cells. The mixed 
cell suspensions are then centrifuged, and 
the pellets are transferred to petri dishes 
containing fresh medium. The aggregates 
regenerate during the next several days, 
during which time interstitial cell clones 
develop. Figure 2 shows early and late 
stages of clone development in prepara- 
tions stained with toluidine blue. Control 
aggregates to which no live cells are added 
do not contain interstitial cell clones. 

Experiments on the Origin of Clones 

The simplest explanation for the origin 
of clones is that they are derived from 
interstitial stem cells in the added live-cell 
suspension. The absence of clones in con- 
trol aggregates to which no live cells are 
added supports this conclusion. However, 
two alternative explanations must be con- 
sidered: (1) that clones arise by “reactiva- 
tion” of host cells in the presence of live 
cells; and (2) that clones are derived from 
some cell other than stem cells in the live- 
cell suspensions, e.g., epithelial or gland 
cells. To demonstrate directly that the 
clones are derived from the added live cells 
and not host cells, we have labeled the in- 
put cells with [3H]thymidine and have 
scored labeled cells in clones by autoradi- 
ography. Table 1 shows that 46% of the in- 
put stem cell population was labeled and 
that 48% of the cells in 3-day clones were 
also labeled. This eliminates host cells, 
which were unlabeled, as the source of 
clones. 

The results in Table 1 suggest, further- 
more, that clones are derived from inter- 
stitial cells in the live-cell suspension, 
since the clones have the same specific 
labeling as the input interstitial-cell popu- 
lation, namely, 46%, as compared to 12.5 
and 6.5% labeling, respectively, in the in- 
put epithelial and gland-cell populations. 
TO obtain decisive evidence on this point, 
we have developed a line of proliferating 
stem cells (and their differentiated deriva- 
tives) free of proliferating epithelial and 

gland cells. The stem-cell line is main- 
tained in NM host aggregates by serial 
transfer every 2 weeks (David and Mur- 
phy, in preparation). When such aggre- 

FIG. 2. Toluidine blue-stained aggregates show- 
ing two stages in the growth of stem-cell clones. 
Darkly stained interstitial cells stand out against 
weakly stained host tissue. Top: I-day clone contain- 
ing 16 cells, primarily large interstitial cells in 
pairs. Bottom: lo-day clone containing about 150 
cells including interstitial cell clusters and differen- 
tiating nematoblasts. Host interstitial cells were 
eliminated by pretreatment with nitrogen mustard. 
x 300. 
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TABLE 1 

RECOVERY OF LABELED INPUT CELLS IN Q-DAY 

INTERSTITIAL CELL CLONES~ 

Labeling index 

Large Epithelial Gland 
inter- cells cells 
stitial 
cells 

(1s + 2s) 

Input cells (to) 46% 12.5% 6.5% 

Interstitial cell 
clones ( t3) 

48% nd nd 

a Twenty hydra were pulse-labeled for 2 hr with 
[2-Wlthymidine. Four hydra were macerated im- 
mediately after labeling (to) to determine the label- 
ing indices of the interstitial cell (Is + 2s), epithelial 
cells, and gland cells of the input cells. The remain- 
ing 16 hydra were dissociated with carrier NM hy- 
dra and were added to NM aggregates at a concen- 
tration of 20 clone-forming cells/aggregate. On Day 
3, aggregates were macerated, and the labeling in- 
dex of interstitial cells (IS + 2s) was determined by 
autoradiography. Dilution of label due to cell divi- 
sion was compensated by longer exposure times. 
Pretreated NM host hydra was used throughout the 
experiment. The labeling index of epithelial and 
gland cells in aggregates was not determined (nd) 
because of the presence of host cells. 

gates containing the stem-cell line are dis- 
sociated and added at low input to fresh 
NM host aggregates, the cloning efficiency 
of added interstitial cells is unchanged rel- 
ative to dissociated normal hydra (Table 
2). This proves that stem-cell clones are 
derived from interstitial cells in the heter- 
ogeneous mixture of cell types present in 
the input live-cell suspensions. 

Statistics of Clone Formation 

As the number of input live cells per 
aggregate increases, the fraction of aggre- 
gates containing clones increases asymp- 
totically to 100%. If a single cell is suffi- 
cient to found a clone, then the fraction of 
aggregates containing clones should in- 
crease, according to “one-hit” Poisson sta- 
tistics, as 1 - epn, where n is the average 
number of stem cells added. Figure 3 
shows the results of six experiments in 
which increasing numbers of live cells 
were added to nitrogen mustard aggre- 
gates. The experimental points are con- 

TABLE 2 

CLONING EFFICIENCY OF DISSOCIATED HYDRA CELLS 
AND STEM-CELL LINER 

Source of stem cells Clones formed/in- 
put (1s + 2s) 

Dissociated cells from normal 
hydra 

Average of 14 determinations 0.052 
Data from Fig. 3 0.044* 

Stem cell line 
Fifth transfer generation 0.063 
Sixth transfer generation 0.067 

a Normal hydra or NM aggregates carrying the 
stem cell (David and Murphy, in preparation) were 
dissociated, and aliquots were assayed for clone- 
forming cells. Parallel samples were macerated, and 
the number of interstitial cells (Is + 2s) was 
counted. Results for normal tissue were determined 
using the P(0) procedure; results for stem-cell line 
by using the total clone procedure. See Materials 
and Methods. 

b Results in Fig. 3 yielded a value of 1 clone- 
forming cell/165 total hydra cells in the body col- 
umn; 14% of these cells are Is + 2s (David and 
Gierer, 1974). Thus, there is 1 clone-forming cell/23 
(IS + 2s) or 0.044. 

sistent with one-hit statistics, assuming 
that one cell per 165 total cells in the origi- 
nal live cell suspension can found a clone. 
The results do not match a calculated 
curve based on the assumption that two 
cells are required to found a clone. As- 
sumptions that more than two cells are 
required for each clone match the data 
even less well. 

The results in Fig. 3 also show that the 
cloning efficiency of stem cells is the same 
in l- and 6-day NM host tissues. Since host 
tissue 6 days after NM treatment contains 
less than 5% of the interstitial cells pres- 
ent in a l-day NM-treated host, this result 
suggests that the presence of interstitial 
cells in host tissue does not markedly af- 
fect the ability of added stem cells to found 
clones. The number of clones obtained 
from a live-cell suspension is, however, 
influenced by cell losses during reaggrega- 
tion. Normally, about 50% of the input 
cells are recovered in aggregates (Gierer et 
al., 19721, and these conditions yield one 
clone per 165 input cells. In a few experi- 
ments in which cell losses were noticeably 
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FIG. 3. Formation of interstitial cell clones by live-cell suspensions. Twenty to thirty aggregates were 
prepared at each input live-cell concentration and were stained for interstitial cell clones after 8-12 days of 
growth. The results of six independent experiments are presented in the figure. Darkened symbols (A, 0, W 
indicate experiments using l-day NM host tissue; blank symbols (A, 0, 0) indicate experiments using ‘I-day 
pretreated NM host tissue. Control aggregates in each experiment containing no input live cells contained 
no interstitial cell clones. These values have been deleted from the figure for the sake of clarity. The solid 
line indicates the fraction of aggregates containing clones based on “one-hit” Poisson statistics: l-P(O) = 
1 -e-“, whereP(0) is the fraction of aggregates containing no clones, l-P(O) is the fraction containing clones, 
and n is the average number of clone-forming cells per aggregate. The dotted line indicates the fraction of 
aggregates containing clones, assuming that two cells are required to found a clone. 

higher, the number of input cells per clone 
was correspondingly higher. Use of a 
simple isotonic salt solution (Haynes and 
Burnett, 1963) for preparation of cells 
leads to systematically greater cell losses 
during reaggregation and to estimates of 
400-600 input cells per clone. 

Nerve and Nematocyte Differentiation in 
Stem Cell Clones 

To determine if individual stem cells can 
give rise to both nerves and nematocytes, 
we have examined the types of differen- 
tiated cells in clones. Clone-derived cells 
were distinguished from host cells by la- 
beling aggregates with 13Hlthymidine. To 
be certain that any labeled clone cells 
found in an aggregate were derived from a 
single stem cell, this experiment was per- 
formed under conditions in which less 
than 20% of the aggregates contained even 
one clone, and, thus, fewer than 3% could 
have contained two clones. 

The results of two independent experi- 
ments are presented in Table 3. In one, 
four clones were found in 23 aggregates; in 
the second, five clones were found in 33 
aggregates. Each of the nine clones con- 
tained stem cells, differentiating nemato- 
blasts, and differentiated nerve cells, thus 
demonstrating that single stem cells have 
the potential to differentiate both cell 
types. Control aggregates to which no live 
cells were added contained no interstitial 
cells, nematoblasts, or labeled nerve cells. 
Furthermore, 42 of the aggregates to 
which live cells were added, but which had 
received no stem cell, contained no inter- 
stitial cells, no nematoblasts, and no la- 
beled nerve cells. These aggregates serve 
as further controls. Four aggregates (8b, 
3b, 4a, 4b) yielded anomalous results. 
They contained small numbers of labeled 
nerve cells and either no interstitial cells 
or very few interstitial cells. The result 
cannot be easily dismissed as faulty identi- 
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TABLE 3 
NERVE AND NEMATOCYTE DIFFERENTIATION IN STEM-CELL CLONE# 

Experiment Clone Interstitial cell clusters Nemato- Nerve 
No. blasts cells 

Stem cells Nematocyte and 
precursors nemato- 

Aggregates containing 
clones 

Aggregates containing 
rare clone cells 

- cytes 
1 2 4 8 16 

la 12 24 14 11 2 2 20 
3a 8 28 5 35 45 21 
8a 9 8 6 2 1 3 17 
9b 4 36 10 1 2 38 39 
7a 20 18 6 0 0 3 57 
8a 8 20 4 1 0 6 23 

lob 126 16b 4b 4b 0 0 31 
15b 9 8 3 2 0 4 25 
16b 20 44 4 1 1 19 50 

8b 0 0 0 0 0 0 8 

3b 0 1 110 0 12 
4a 0 0 0 00 0 7 
4b 0 1 2h lb 1 16 3 

Aggregates containing I 
no clones (17 aggregates) 0 0 0 00 0 0 

II 
(25 aggregates) 0 0 0 0 0 0 0 __- 

U Clones were prepared in pretreated NM host aggregates so that only 15-20% of the aggregates 
contained clones. Aggregates were labeled with [“Hlthymidine (0.01 &Waggregate) on Days 10, 11, and 12 
of clone growth, and macerations were made on Day 14 of each aggregate individually. Following autora- 
diography, macerations were completely scanned for labeled interstitial cells, nematoblasts, and nerve 
cells. The number of interstitial cell clusters of each size class, the total number of nematoblasts, and the 
total number of nerve cells are recorded in the table. The results of two experiments are presented in which 9 
aggregates contained clones, 4 aggregates contained a few labeled cells not identifiable as clones, and 42 
aggregates contained no clones. Control aggregates to which no live cells were added, but which otherwise 
were identically prepared and scored, were found to contain no labeled interstitial cells, nematoblasts, or 
nerve cells. 

b Results in which some cells were unlabeled. 

fications, in regard to either cell type or 
degree of labeling, since the accuracy and 
the resolution of the procedure is rather 
high. Possibly, such cells are derived from 
clones with a limited capacity for prolifera- 
tion or differentiation. However, a more 
likely explanation appears to be the loss of 
a major portion of the clone as a result of 
fragmentation of the aggregate into sepa- 
rate hydra at late stages of development. 

It could be argued that the multipotent 
clones observed in Table 3 arose from 
clumps of input cells containing a deter- 
mined nerve and a determined nematocyte 
stem cell. Standard preparations of disso- 
ciated cells contain up to 5% of interstitial 

cells as pairs and about 0.5% as clumps of 
3-5 cells. Such clumps appear microscopi- 
cally to arise by incomplete dissociation of 
interstitial cell clusters which occur in 
uivo. Since cells in such clusters are sib- 
lings derived from a single parent cell 
(David and Gierer, 1974; Slautterback and 
Fawcett, 19591, they would not affect the 
multipotency conclusion. However, if such 
cell clumps arise by reassociation of 
uniquely determined stem cells during cell 
preparation in vitro, they could give rise to 
apparently multipotent clones. Since only 
multipotent clones are observed (Table 31, 
it is also necessary to assume: (1) that all 
single stem cells are inactivated by the 
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FIG. 4. Growth of interstitial cell clones. Clones were prepared in 6-day pretreated NM host aggregates. 
Starting on Day 2, aggregates were stained with toluidine blue, and the number of interstitial cells and 
differentiating nematoblasts was counted in individual clones. Clone nerve cells cannot be distinguished 
from host nerve cells and, therefore, are not included in the total number of cells per clone. Each point 
represents one clone. Blank circles are estimated counts for large clones in which cells were too tightly 
packed to be scored exactly. 

dissociation procedure; and (2) that each 
clump contains both nerve and nematocyte 
stem cells. Both assumptions are implau- 
sible. Dissociated single hydra cells are 
generally viable (Gierer et al., 19721, and, 
thus, it appears unlikely that single stem 
cells are selectively inactive. Further- 
more, the postulated reassociation of stem 
cells would have to be essentially complete 
under the conditions of cell preparation (20 
min; stem cell concentration of 200-300 
cells/ml), and the cloning efficiency would 
have to be 100% in order to obtain the 
number of multipotent clones observed. In 
view of these difficulties, it appears un- 
likely that the clones in Table 3 arose from 
clumps in the input-cell suspension. More- 
over, the growth curve of clones (Fig. 4) 
extrapolates back to l-2 cells/clone at t,, as 

expected if clones arise from single cells of 
an unsynchronized population. 

The results in Table 3 demonstrate that 
single hydra stem cells are capable of 
founding clones containing both differen- 
tiated nerves and nematocytes. To in- 
crease the number of clones examined and 
to score for the presence of several nemato- 
cyte types in one clone, we examined an 
additional 50 clones by toluidine blue 
staining of whole-mounted aggregates in 
which interstitial cells and clusters of dif- 
ferentiating nematoblasts can be identi- 
fied. We only scored clones in experiments 
in which the fraction of aggregates con- 
taining clones was less than 35% to mini- 
mize confusion of single clones with two 
closely spaced clones. 

Results were obtained from seven inde- 
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pendent experiments stained after lo-13 
days of clone growth, at which time the 
average Clone size was 100-200 total cells. 
The occurrence of stem cells (single or 
paired large interstitial cells), determined 
clusters of interstitial cells (clusters of 4, 8, 
16), and clusters of differentiating nema- 
toblasts was scored in each clone. Of 50 
such clones examined, 48 contained stem 
cells, and 49 contained cells at some stage 
of nematocyte differentiation. Only one 
clone had the appearance of a putative 
nerve-cell clone, i.e., stem cells and no 
differentiating nematocytes. Together 
with the results in Table 3, showing differ- 
entiating nerves and nematocytes in all 
nine clones examined, these results consti- 
tute strong proof that the interstitial stem- 
cell population in hydra is homogeneous, 
or very nearly homogeneous, with regard 
to its potential to differentiate both nerves 
and nematocytes. Furthermore, 10 clones 
in this experiment contained more than 
one type of differentiating nematoblast, 
demonstrating that stem cells are proba- 
bly multipotent in regard to nematocyte 
differentiation as well. 

Growth of Clones and the Initiation of Dif- 
ferentiation 

The cell composition of interstitial cell 
clones was examined in aggregates 
stained with toluidine blue at various 
times after cloning (Fig. 2). On Day 2, 
clones consist of only large interstitial 
cells, single or paired. By Day 4, nests of 
four and eight interstitial cells begin to 
appear as the first stages in nematocyte 
differentiation. By lo-12 days, clones con- 
tain 60-250 cells of various types, includ- 
ing clusters of interstitial cells at various 
stages of nematocyte differentiation as 
well as large interstitial cells. There are 
also 20-50 nerve cells in clones at this 
stage, as disclosed by labeling with 
[sH]thymidine to distinguish clone nerve 
cells from host nerve cells (Table 3). 

Growth of stem-cell clones occurs by pro- 
liferation of stem cells within the clone; 

differentiating daughter cells do not con- 
tribute to further clone growth. In the par- 
ticular case of interstitial-cell clones, 
daughter cells initiating nematocyte dif- 
ferentiation continue to contribute to in- 
creases in cell number for several days 
after determination, since the first stage of 
nematocyte differentiation includes 2-4 
cell divisions (about 3 days). Thus, we an- 
ticipate a change in the growth rate of 
clones about 3 days after nematocyte de- 
termination when clusters of nematocyte 
precursors have completed cell division 
and initiated differentiation. We have 
used this fact to define the onset of nema- 
tocyte determination in clones. 

Figure 4 shows quantitatively the total 
number of cells per clone (excluding nerve 
cells) for a large number of clones exam- 
ined at various times after the onset of 
clone growth. For the first 5 days, the total 
number of cells per clone doubles about 
once per day, in agreement with the aver- 
age cell cycle time of 18-24 hours for inter- 
stitial cells in normal animals (Campbell 
and David, 1974). Beginning on the fifth 
day, there is a sharp decrease in the 
growth of cell numbers, which coincides 
with the appearance of differentiating ne- 
matoblasts in clones. Subtracting 3 days 
from the observed break in the curve in 
Fig. 3 indicates that some daughter cells 
were determined to differentiate nemato- 
cytes as early as Day 2 of clone growth, at 
a time when clones contained only 4-8 
cells. 

DISCUSSION 

An Assay for Stem Cells in Hydra 

David and Gierer (1974) demonstrated 
the existence of interstitial stem cells in 
hydra having the capacity to produce pre- 
cursors for nerve and nematocyte differen- 
tiation as well as the capacity to reproduce 
themselves. In the present study we have 
developed a direct clonal assay for intersti- 
tial stem cells. The procedure is essen- 
tially a feeder-layer technique involving 
growth of added live cells in host tissue 
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which has been inactivated by nitrogen 
mustard treatment. Clones of interstitial 
cells and differentiating nematoblasts and 
nerve cells are formed in such hosts when 
limiting numbers of live cells are added. 
The clones arise from single interstitial 
cells as shown by the facts that the inci- 
dence of clones follows one-hit Poisson sta- 
tistics (Fig. 3) and that a pure interstitial 
cell line (David and Murphy, in prepara- 
tion) yields clones with the same efficiency 
as mixed populations of hydra cells. The 
reproducibility of the cloning procedure is 
high, and it can be used to assay stem cells 
quantitatively, by counting the clones di- 
rectly or the fraction of aggregates contain- 
ing clones. 

The use of NM aggregates as hosts for 
cloning other dividing cell types in hydra 
appears feasible if suitable procedures can 
be found to distinguish the cloned epithe- 
lial and gland cells from similar cells in 
the host aggregate. In addition, the NM 
aggregates can be used to assay intersti- 
tial-cell determination in uiuo since deter- 
mined cells will continue differentiation in 
such hosts (David, unpublished). It may 
also be possible to use NM aggregates as 
the intermediate host in attempts to adapt 
stem cells to growth in tissue culture con- 
ditions (Sato and Yasumura, 1966). 

Estimate of Stem Cells per Hydra 

Based on the requirements for intersti- 
tial-cell differentiation in hydra, David 
and Gierer (1974) estimated a total of 3600 
interstitial stem cells per hydra or about 
4% of the total of 90,000 cells in the body 
column of standard animals. The fraction 
of total cells initiating clones is l/165 or 
0.6% (Fig. 3). This is a minimum estimate 
which includes cell losses due to the disso- 
ciation and aggregation procedures as well 
as the inability of some stem cells to initi- 
ate clones. Corrections can be made for 
some of these losses. Gierer et al. (1972) 
have shown that only about 50% of cells in 
a suspension are incorporated into tissue 
structures during aggregation. The re- 

mainder are sloughed off in the first min- 
utes of aggregate preparation or are in the 
core of the aggregate and fail to get incor- 
porated into the two-layered epithelium 
which forms during the first hours of ag- 
gregation. Correcting for this loss, the 
cloning experiments suggest that 1.2% of 
hydra cells are stem cells. 

The difference between 1.2 and 4% 
might be ascribed to the poor cloning efi- 
ciency of stem cells under our conditions 
due to nonideal dissociation procedures, 
medium, etc. This explanation assumes 
that all viable stem cells entering aggre- 
gates can form clones. An alternative ex- 
planation is also possible. Some viable 
stem cells may initiate differentiation to 
the exclusion of stem-cell proliferation, 
thus extinguishing a potential clone. Vo- 
gel et al. (1969) have calculated that, for 
conditions such as ours, about two-thirds of 
the input stem cells will fail to form clones 
which would raise the value of 1.2 to 3.6%, 
in good agreement with the estimate of 4% 
derived from in viva measurements. 

In vivo, stem cells constitute about 40% 
of the population of large interstitial cells 
occurring as single cells and in pairs (David 
and Gierer, 1974). Correcting this value for 
cell loss (X l/z) and cloning efficiency and/ 
or clone extinction (X l/3) leads to an esti- 
mate that 7% of the input cells of the 
classes 1s and 2s can form clones. This 
value agrees reasonably well with mea- 
sured values of 4.4-6.7% (Table 2). 

Multipotency of Stem Cells 

The results in Table 3 demonstrate the 
occurrence of both nerve and nematocyte 
differentiation in nine clones derived from 
single stem cells. No clones were found in 
which only nerve or nematocyte differen- 
tiation occurred. These results, together 
with the much larger sample of clones 
each containing differentiating nemato- 
cytes, demonstrate that interstitial stem 
cells are multipotent and can differentiate 
into both nerves and nematocytes. The 
present results provide no evidence for 
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subpopulations of determined stem cells as 
postulated in the hemopoietic system 
(Metcalf and Moore, 1971), the differentia- 
tion potential of which is limited to one cell 
type, but which still retain sufficient pro- 
liferative capacity to form clones. 

The role of “position” in determining the 
differentiation of stem-cell clones in aggre- 
gates is unclear in the present experi- 
ments. In normal animals, nerve differen- 
tiation occurs primarily near the hypos- 
tome and basal disk, whereas nematocyte 
differentiation occurs in the gastric region 
(David and Gierer, 1974). In principal, 
such regionalization might have caused 
predominantly nerve or nematocyte differ- 
entiation in clones developing in the corre- 
sponding regions of aggregates and, thus, 
might have obscured the observation of 
multipotent clones. In particular, since 
most clones appear as compact groups of 
cells in the “gastric region” of aggregates, 
we might have observed predominantly 
nematocyte rather than nerve differentia- 
tion in our clones. The reverse result was, 
in fact, obtained, particularly in the sec- 
ond experiment (Table 3). At present, we 
do’not understand the meaning of this ob- 
servation. It may be that the observed re- 
gionalization of differentiation in normal 
animals does not reflect regionalization at 
the level of determination. Or, it may be 
that other environmental effects such as 
starvation, which enhances nerve differen- 
tiation, play a predominant role in aggre- 
gates. 

The possibility that interstitial cells con- 
stitute an “embryonic reserve” capable of 
differentiating into all cell types in adult 
hydra has been suggested many times 
(Tardent, 1963; Lentz, 1966; Burnett, 
1966). The present experiments do not re- 
solve this issue. However, the availability 
of a cloned population of stem cells con- 
taining no viable epithelial and gland cells 
(Table 2) offers an experimental approach 
to testing rigorously the postulated totipo- 
tency of interstitial cells. Similarly, inves- 
tigation of the fate of cloned stem cells 

transplanted into sexual hydra can be 
used to determine whether multipotent 
stem cells are identical to interstitial cells 
differentiating egg and sperm in sexual 
hydra (Brien, 1961). 

Control of Stem-Cell Proliferation and 
Differentiation in Clones 

We have identified a class of multipo- 
tent stem cells in hydra. Each of these cells 
must decide, once in each cell cycle, to 
proliferate further stem cells (self-re- 
newal) or to differentiate. The frequency of 
these events in any stem cell generation 
can be characterized by a self-renewal 
probability (p) and a differentiation proba- 
bility (1 - p). In the following, we wish to 
summarize the existing evidence for feed- 
back control of stem-cell proliferation in 
hydra and to suggest how these controls 
may regulate the self-renewal probability 
of stem cells during the growth of clones. 

The number of stem cells in normal hy- 
dra is remarkably constant for a variety of 
different growth conditions (Bode et al., 
1976). This suggests the existence of a ho- 
meostatic mechanism regulating the con- 
centration of stem cells in hydra tissue. 
Recently, Bode et al. (1976) obtained direct 
evidence for stem-cell homeostasis by 
showing that experimentally-induced de- 
pletion of stem cells in hydra tissue causes 
an increased growth rate in the stem-cell 
population and eventual recovery of the 
normal stem-cell concentration in tissue. 
In addition, they were able to show that 
the homeostatic mechanism operated by 
altering the self-renewal probability of 
stem cells: Depletion of stem cells in- 
creased the self-renewal probability; satu- 
ration decreased it. Applying this result to 
the growth of stem cell clones, we would 
anticipate p values approaching 1.0 in 
early (small) clones and p values ap- 
proaching 0.6 in late (large) clones in 
which conditions approach those in normal 
tissue (David and Gierer, 1974). Concur- 
rently, we anticipate little or no differen- 
tiation in early clones and more extensive 
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differentiation in late clones. The time 
during clone growth at which the change 
in p occurs depends on the range of the 
homeostatic feedback signal. If a long- 
range signal (such as a highly diffusible 
molecule) is involved, the strength of the 
signal perceived by a stem cell will reflect 
the stem-cell concentration averaged over 
a large area and the shift in p will not 
occur until clones are quite large. In the 
case of a short-range signal, the strength 
of the feedback perceived by a stem cell 
will reflect the local concentration of stem 
cells, and the change inp will occur when 
clones are small. 

A striking feature of interstitial cell 
clones is the occurrence of extensive nema- 
tocyte determination after 2 days of clone 
growth when clones consist of only 4-8 
cells (Fig. 4). This result excludes the pos- 
sibility that the feedback signal is long 
range and suggests that short-range feed- 
back between neighboring stem cells may 
be regulating the value of p in clones. In 
agreement with this suggestion, we have 
recently shown that the self-renewal prob- 
ability decreases from ~0.8 in 0-3-day 
clones to 0.6 in 1Cday clones (David and 
Mac%Villiams, in preparation). 
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