
J. Cell Sci. 16, 349-358 (1974) 349

Printed in Great Britain

CELL CYCLE KINETICS AND DEVELOPMENT

OF HYDRA ATTENUATA
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SUMMARY
The cell cycle parameters of interstitial cells in Hydra attenuata have been determined.

Interstitial cells were classified according to cluster size in which they occur (i, 2,4, 8 or
16 cells) and morphology using maceration preparations and histological sections. The lengths
of G,, S, Ga and M were determined by standard methods of cell cycle analysis using pulse-
chase and continuous labelling with PH]- and [uC]thymidine. Nuclear DNA contents were
measured microfluorimetrically. All classes of inteistitial cells proliferate but the cell cycle of
large interstitial cells occurring singly 01 in pairs is longer than that of interstitial cells occurring
in clusters of 4, 8 and 16 cells. The S-phase is 11-12 h long and Gt is less than 1 h for all classes
of interstitial cells. G, is 3-4 h long for interstitial cells in clusters of 4, 8 and 16 cells giving
these cells a total cell cycle duration of 16—17 h. In contrast, large interstitial cells occurring as
singles and in clusters of 2 have G, durations ranging from 4 to 22 h. Two subpopulations can
be discerned among these cells, one having a d of about 6 h and a total cell cycle of about
19 h, the other having an average Gs of 14 h and a total cell cycle of about 27 h. The differences
in cell cycle duration appear to be associated with interstitial cell function. Cells having a short
cell cycle are probably committed to nematocyte differentiation, while large interstitial cells
having long and variable cell cycles appear to be undetermined stem cells responsible foi pro-
liferating further interstitial cells. The variable length of Gt in these cells suggest it as a possible
control point.

INTRODUCTION

Interstitial cells of Hydra are one of the best known examples of a multipotent stem
cell population. They are actively proliferating, morphologically undifferentiated pre-
cursors to all 4 types of hydra nematocytes (stinging cells) and several types of nerve
cells as well as eggs and sperm in sexual animals (Lentz, 1966; Burnett, 1968). The
continuous proliferation and differentiation of interstitial cells in hydra results in a
wide variety of undifferentiated and differentiated cells occurring in the interstitial
cell positions of the ectoderm. However, because these cells are so numerous and
densely packed, only slow progress has been made, using classical histological tech-
niques, in interpreting this complex cell population.
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Interstitial cells, with no visible evidence of specialization, occur in a spectrum of
sizes either singly or in clusters. The significance of the various classes, however, was
not recognized until Lehn (1951) made the important observation that interstitial cell
clusters, defined as a set of adjacent cells dividing synchronously, generally contain
2, 4, 8 or 16 cells. He also observed that nematocytes differentiate in clusters of 4, 8
or 16 cells and suggested that they arose from the corresponding cluster of interstitial
cells. From his studies he inferred that single interstitial cells were the true multi-
potent interstitial stem cell which initiated nematocyte differentiation by first dividing
several times to produce a cluster and then elaborating a nematocyst capsule in each
cell of the cluster. The electron-microscopic studies of Slautterback & Fawcett (1959)
showing that cells within a nest are joined together by cytoplasmic bridges was fully
consistent with this scheme and provided a cellular explanation for the remarkable
synchrony in division and cell differentiation.

Development of a maceration technique (David, 1973) for complete dissociation of
hydra tissue into cells has greatly enhanced the analysis of interstitial cells. Maceration
does not disrupt the cytoplasmic bridges between interstitial cells so that a preparation
of dissociated cells contains single interstitial cells and interstitial cell clusters (David,
1973; Bode et al. 1973; David & Challoner, 1974). In the present study we have deter-
mined the proliferation kinetics of all classes of interstitial cells in hydra in vivo. We
have measured the lengths of Gv S, G2 and M independently for each class of inter-
stitial cell and summed these values to obtain the total cell cycle lime for interstitial
cells of each cluster size. The uniquely long and variable G2 of large interstitial cells
occurring singly and in nests of 2 suggest that their proliferation can be controlled
in hydra. This strengthens the view that these cells represent the proliferative stem
cell population. Calculations presented in the accompanying paper (David & Gierer,
1974) further support this interpretation.

MATERIALS AND METHODS

Hydra attenuate were used for all experiments. The techniques of hydra culture, isotope
labelling and autoradiography, tissue maceration, preparation of histological sections, and
microfluorimetric analysis of nuclear DNA contents were described in the first paper of this
series (David & Campbell, 1972). In autoradiographs labelled cells had 10-30 grains per
nucleus while the background count was less than 3 grains per nucleus. Large steady state
animals bearing 2 buds were taken from rapidly growing cultures (doubling time 3 5 days) for
all experiments.

Interstitial cells occur singly or in clusters in hydra tissue. Dissociation of tissue by the
maceration procedure used here does not disrupt interstitial cell clusters (David, 1973; David &
Challoner, 1974). Thus, interstitial cells have been characterized in the present experiments on
the basis of cell size and morphology as well as cell number per cluster. The terminology used
is that of David (1973). 'Large ' interstitial cells occur almost always in clusters (nests) con-
taining 1, 2 or 4 cells; 'small ' interstitial cells usually are found in nests of 8 or 16 cells. When
intermediate numbers of cells were found in a cluster it was assumed to represent a cluster of
the next higher geometrical number of cells. Histological sections were used for the labelled
mitosis experiment because clusters of mitotic interstitial cells tend to break apart in the macera-
tion procedure. For this experiment interstitial cells were classified solely on the basis of cell
number per cluster. One cluster was defined as consisting of all contiguous cells of a similar
mitotic stage taking into account cells on adjacent serial sections in each case.
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RESULTS

Proliferative fraction of interstitial cells

The overall proliferation kinetics were estimated by labelling hydra continuously
with pHJthymidine and assaying at intervals the fraction of interstitial cells labelled
(Fig. 1). Cells in a single nest are always either all labelled or all unlabelled following
isotope injection. Some representatives of all classes of interstitial cells are labelled
immediately, indicating that both large and small interstitial cells proliferate. About
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Fig. 1. Labelling index of interstitial cells in hydra continuously labelled with [*H]-
thymidine. Hydra were injected with pH]thymidine (10 /iCi/ml) every 8 h starting at
t = o. For each sample, 3 hydra were reinjected 30 min prior to the times indicated
and then macerated. The labelling index of single interstitial cells and clusters of 2
and 4 cells was determined in autoradiographs of the macerations. • , 1 cell/nest;
D, 2 cells/nest; • , 4 cells/nest.

50-60% of the single and paired interstitial cells are labelled initially; this rises to
about 95 % within 12 h. About 80 % of the nests of 4 are labelled initially and these
nests are completely labelled within 4 h. Continuous labelling kinetics of interstitial
cells occurring in nests of 8 and 16 cells are more complex because these populations
contain many postmitotic cells differentiating into nematoblasts (David & Gierer,
1974). However, pulse-chase labelling experiments (C. N. David, unpublished observa-
tions) show that a large proportion of 8-celled nests are proliferating (69 % are labelled
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by a pHJthymidine pulse) whereas very few nests of 16 proliferate further (5 % are
labelled by pHJthymidine pulse). Furthermore, the level of labelling in nests of 8 and
16 increases dramatically upon further incubation in the absence of pHJthymidine
(pulse-chase experiment) indicating that the non-proliferating (unlabelled) fraction of
8 and 16 cell nests is turning over rapidly.

The labelling data indicate that all nest classes of interstitial cells contain prolifera-
ting cells. Large interstitial cells proliferate more slowly than the small interstitial cells.
Since the length of time to reach 100 % labelling in a continuous labelling experiment
is equal to the length of the cell cycle minus the S-phase, the total length of the cell
cycle (assuming an S length of 11-12 h; see below) is about 24 h for the large inter-
stitial cells and 16 h for the small interstitial cells. Thus, the large and small inter-
stitial cell populations proliferate at rates about 3 and 4 times, respectively, the overall
hydra growth rate (doubling time 3-5 days).

Nuclear DNA contents of interstitial cells

Nuclear DNA contents were determined microfluorimetrically in interstitial cells
isolated from hydra which had been labelled with pHJthymidine for 30 min and fixed
immediately. We then assessed which of these cells were labelled using autoradio-
graphy on the same cell preparations. The results of one experiment are shown in
Fig. 2. DNA contents of all interstitial cell types varied from about 3 to 7 pg/nucleus.
Most of the cells with intermediate DNA contents were found to be labelled with
PHJthymidine; these cells were therefore in the S-phase of the cell cycle. Unlabelled
cells with DNA contents about in were judged to be in Glt and unlabelled cells with
471 DNA contents were judged to be in G2.

About half of the large, single interstitial cells were in 5-phase, indicating that this
phase occupies about one-half of the cell cycle. Most of the remaining large inter-
stitial cells.were in G2, indicating that this period is as long as the 5-phase. The Gx

phase is apparently of very short duration or absent, for only 1 cell was found in this
stage.

The profile of DNA contents of cells in nests of 2 is very similar to that of single
interstitial cells. Cells are nearly equally distributed between S- and Ga phases, with
very few cells having Gx (in) DNA content. From the data in Fig. 2 concerning cells
in clusters of 4, one may conclude that the G2 phase is short compared to the 5-phase.
Again, the G± phase is apparently absent or of very short duration. Because the clusters
of 8 and 16 interstitial cells contain significant numbers of differentiating cells the
profile of nuclear DNA contents cannot be used to determine the lengths of Gx and
G2.

S-phase duration

The length of the S-phase was estimated by the [3H]thymidine/[uC]thymidine
double-labelling technique of Wimber & Quastler (1963). Hydra were labelled with
a pulse of pHJthymidine. After varying intervals several animals were relabelled with
[14C]thymidine and sampled by maceration 30 min later. Cells which leave the S-phase
between the 2 isotope pulses will be labelled with only pHJthymidine. The ratio of
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Fig. 2. Nuclear DNA content and PH]thymidine incorporation in nests of i, 2 and 4
interstitial cells. Five hydra were pulse-labelled with ["HJthymidine (10 fiCi/m\) and
macerated 30 min later. The maceration preparation was stained with the fluorescent
Feulgen reagent bisaminophenyl-oxdiazole and the nuclear DNA content of individual
cells determined by microfluorimetry. In a second step the same cells were assayed
for [sH]thymidine incorporation by autoradiography. DNA values for different cells
in the same nest were always very similar as was the level of ["HJthymidine incorpora-
tion. A, B, and c, i, 2, and 4 cells/nest, respectively; 2n and 4*1 DNA values were
determined on mitotic cells in metaphase and telophase; filled bars represent nuclei
labelled with ["HJthymidine.

cells labelled solely with 3H to all cells labelled with 14C increases as the interpulse
time increases. For any given interpulse time (At) the relationship holds:

3H At,

where S is the length of the S phase, 3H is the fraction of cells labelled solely with
3H, and UC is the fraction of cells labelled with 14C alone or with 14C and 3H.

Data for 2 experiments are presented in Fig. 3. It was necessary to restrict the inter-
pulse interval to 2 h to avoid labelled cells passing mitosis. The 5-phase duration

C E L 1 6
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obtained from the slope in Fig. 3 lies between 9 and 13 h for interstitial cells in nests
of 1, 2 and 4. An average value of 11 h has been taken for calculations. The 5-phase
for nests of 8 was not determined by this method but was estimated from the labelled
mitoses experiment (see below).
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Fig. 3. Determination of the length of S-phase by [*H]- and [14C]thymidine double-
labelling. Hydra were injected with 50 /tCi/ml [*H]thymidine. After various intervals,
3 animals were reinjected with 20 fiCi/mi [14C]thymidine and sampled by maceration
30 min latet. Cell macerations were subjected to autoradiography using 2 film layers
to distinguish cells labelled with 3H and 14C. Labelled interstitial cell nests were
scored in 2 classes: cells labelled only with [1H]thymidine and all cells labelled with
[14C]thymidine. In one experiment nests containing 1, 2 and 4 cells were scored
separately (•)• In a second experiment all large interstitial cells wete scored together
( • ) . Ordinate: ratio of cells labelled only with [*H]thymidine to all cells labelled with
["CJthymidine. Abscissa: time interval between labelling with fH]- and [14C]thymidine.
The 3 lines a, b, c show expected curves for S-phase durations of 9, 11, and 13 h,
respectively.

G2 phase duration

The length of G2 was determined by the method of labelled mitoses (Quastler &
Sherman, 1959). Hydra were pulse-labelled with pHJthymidine. After various intervals
2 hydra were sampled by fixing, embedding and sectioning for histology. Nests of
interstitial cells in mitosis were located and mapped in sections. Following autoradio-
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graphy, these nests were scored for labelling with piTJthymidine. The results are
shown in Fig. 4.

The small interstitial cells in nests of 8 and 16 have the clearest pattern. Mitotic
cells are 100 % labelled within 4 h of labelling, indicating that G2 is uniformly about
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Fig. 4. Determination of Gt by the method of labelled mitoses. Hydra were pulse-
labelled with [*H]thymidine (10/iCi/ml). At 2-h intervals thereafter, 2 hydra were
sampled by fixing, embedding and sectioning for histology. Following autoradio-
graphy, nests of interstitial cells in mitosis were identified in sections and scored for
cell number per nest and labelling with [*H]thymidine. The data represent analyses of
340 single interstitial cells (A), 240 2-cell nests (B), 219 4-cell nests (c), and 142 8- and
16-cell nests (D) distributed about equally among the different time points. In drawing
the curves less weight was given to data points which were based on particularly small
samples. The estimated periods of the various portions of the cell cycle are shown
by arrows.

3 h. After about 16 h there is a marked drop in the frequency of labelled mitotic cells,
followed by another rise to 100 % at 20 h. From the width of the first labelled mitotic
peak one can estimate that the 5-phase is about 12 h. The short duration of the trough
(Gx + G2 + M) following the first peak is not much longer than the initial unlabelled
period, indicating that for nests of 8 and 16 the Gx phase is at most 1 h in duration.

Cells in nests of 4 showed a similar mitotic labelling pattern with a G2 of about 4 h.
They did not quite achieve complete labelling, however, indicating that a few of these
cells may have a somewhat longer G2 period. However, during the second cycle these
cells, now in nests of 8, reach 100% mitotic labelling. Hence the few cells with a
prolonged G2 phase appear to drop out of the proliferating populations.

The labelled mitosis curves for single and paired interstitial cells are characterized by
never attaining 100 % labelling. Such a result indicates variability in the duration of
G2 for these populations significantly greater than the length of 5-phase (11-12 h).
In addition G2 appears to be considerably longer than the 3-4 h measured for nests

23-2
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of 4, 8 and 16 cells. Although the data are not extensive enough to permit a quanti-
tative description of the G2 variability in these populations, qualitatively the results
are quite clear.

Interstitial cells in nests of 2 exhibit a predominant G2 duration of about 6 h.
A second major population of cells having longer G2 must also be present to account
for (i) the low percentage (40 %) of labelled mitoses at 6 h and (2) the 40-50 % labelled

Table 1. Cell cycle parameters of hydra interstitial cells

Cells per nest

1

2

4
8

Gx

0 - 1

0 - 1

O - I

O - I

S

11-12

11-12

11-12

11-12

G,

Variable
I4±8
Variable
14 ±8
6 ± 2

4

3

M

1

1

1

1

Total cell cycle

27 ±8

27 ±8
I 0 ± 2

17

16

The duration of each phase of the cell cycle for interstitial cells in nests of 1, 2, 4 and 8 cells
is shown. The data represent the best estimates based on all the results obtained. The total
cell cycle duration was determined by summing all phases. All values are in hours.

Interstitial cells in nests of 2 appear to consist of 2 major subpopulations differing in the
length of G,; these have been listed separately. The small number of single interstitial cells
with a short G» have not been included in the table. Rare nests of 16 proliferating interstitial
cells have also not been included. They appear to have cell cycle parameters similar to nests
of 8 cells.

mitoses at 20-22 h. If we assume that nests of 2 consist of equal numbers of a sub-
population having G2 = 6 + 2 and another having G2 = 14 ± 8 h, then the labelled
mitosis curve (Fig. 4) is closely approximated. It would also be possible to fit the
experimental data assuming one population with G2 varying continuously from 4 to 16
or from 2 to 18 h. However, the fit to the experimental data is less good and thus we
favour the idea of 2 populations.

Single interstitial cells show a delayed and gradual increase in frequency of labelled
mitotic cells, indicating that these cells have a long G2 phase and that there is con-
siderable variability within the population. The rare cells having a short G2 were also
unusual in being small and frequently close to the mesoglea. Assuming that the
average G2 is 14 h and that the population is evenly distributed among cells having
G2 from 6 to 22 h (G2 = 14 + 8), the experimentally determined labelled mitosis
curve can be approximated quite well.

Mitosis

The duration of mitosis (tm) was estimated from the relationship

MIxT
tm ~ ~~hT7~'

where MI is the mitotic index and T the population doubling time (Cleaver, 1967).
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The average mitotic index of interstitial cells is about 3 %. The total cell cycle time
varies from 16 to 27 h (Table 1). Taking 24 h as an average the duration of mitosis
is about I-I h.

DISCUSSION

Total cell cycle of interstitial cells

Table 1 summarizes the results on the duration of each phase of the cell cycle for
each class of interstitial cells. There was good consistency in the results obtained from
the different methods used in this study. For example, the DNA/nucleus measure-
ments (Fig. 2) and the labelled mitosis experiment (Fig. 4) show that G1 is less than
1 h in length for all interstitial cells. The duration of 5-phase was estimated to be
about 11 h by the double-labelling experiment (Fig. 3) and about 12 h by the labelled
mitosis experiment (Fig. 4). In contrast to the present data, Moore (1971) has reported
that all interstitial cells contain a 2n DNA complement. While he used sexual hydra
of another species (H. cauliculata), it should be noted that we have also confirmed our
findings that large interstitial cells have predominantly 471 DNA contents in Pelma-
tohydra oligactis and Chlorohydra viridissima. Moore did not clearly define what he
termed an interstitial cell, so it is not possible for us to explore the discrepancy between
our results.

The total cell cycle time for each class of interstitial cell has been obtained by sum-
ming the times for all phases, as shown in Table 1. The results are consistent with the
continuous- and pulse-labelling data (Fig. 1 and text) for each nest size. For example,
75-80 % of nests of 4 cells (Fig. 1) are labelled by a pulse of pHJthymidine which is
consistent with a 12-h 5-phase in a 17-h cell cycle (Table 1). Furthermore, at least
95 % of these nests are labelled after 4 h continuous labelling with pHJthymidine.
Even for the complicated case of a mixed population of nests of 2, the pulse- and
continuous-labelling data (Fig. 1) agree to within 5 % with curves calculated from the
parameters listed in Table 1.

Interstitial cell proliferation and differentiation

The cell cycle parameters of large and small interstitial cells are very different. For
small interstitial cells the total cell cycle time is about 16 h. Nearly all of this is occupied
by the 5-phase, which is 11-12 h. Thus, small interstitial cells appear to be prolifer-
ating at the maximum possible rate. By comparison, the cell cycle lengths of most
single interstitial cells and at least half of the nests of 2 are heterogeneous and on the
average about 1-5 times longer than cells in nests of 8 and 16. This heterogeneity is
due entirely to the variable length of G2. In this regard these interstitial cells resemble
epithelial cells in hydra (David & Campbell, 1972). The variable G2 suggests it as
a possible control point in the proliferation and/or differentiation of these cells.

Interstitial cells in nests of 4, 8 and 16 are the immediate precursors to nests of
differentiating nematoblasts (Lehn, 1951; Slautterback & Fawcett, 1959; Rich &
Tardent, 1969; David & Challoner, 1974). Large interstitial cells, both single cells
and those in nests of 2, have been shown to include uncommitted stem cells (David &
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Gierer, 1974). Thus, we view the progression of interstitial cells through nests of
increasing cell number as proceeding toward a differentiated state. Our observations
are consistent with the idea that cells which are determined to differentiate nemato-
cytes have a short cell cycle and that the undifferentiated and uncommitted inter-
stitial cells have a long cell cycle, including a G2 phase of variable duration.
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