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The relationship between epithelial cell production and growth rate was investigated in Hydra attenwcta under 
different feeding regimes. The increase of epithelial cell number was compared to the duration of the epithelial cell 
cycle using standard methods of cell cycle analysis. The results indicate that cell cycle changes accompanying changes 
in feeding regime are not sufficient to explain the altered growth rate. Under heavy feeding regimes, epithelial cell 
production equals tissue growth rate. At low feeding level or under starvation conditions the epithelial cell cycle 
lengthens and growth rate of epithelial cell population is slowed. However, the cell cycle changes are insufficient to 
account for the reduction in tissue growth and thus there is an effective overproduction of epithelial cells amounting 
to 10% per day. Evidence suggests that these excess cells are phagocytized by neighboring cells in the tissue. Thus 
phagocytosis is dire&y or indirectly involved in regulating the growth of hydra tissue. 

INTRODUCTION 

It is a well-known fact in microbial as well as mul- 
ticellular organisms that the amount of food ingested 
affects growth. In hydra growth results in the formation 
of new individuals through asexual budding rather than 
in increase in the size of the adult (Stiven, 1962). It has 
recently been shown that the growth rate of hydra is 
determined primarily by the epithelial cells (Marcum 
and Campbell, 19’78; Sugiyama and Fujisawa, 19’78; Tak- 
ano et al, 1980). Hence, an understanding of the reg- 
ulation of growth in Hydra requires knowledge of the 
relationship between epithelial cell production (i.e., the 
epithelial cell cycle length) and growth rate in hydra. 
This relationship was investigated previously by David 
and Campbell (1972) and Otto and Campbell (1977). In 
both papers it was suggested that there are cell cycle 
changes in response to altered feeding rates. Therefore, 
it was assumed that the epithelial cell cycle duration 
is strongly correlated with the feeding condition. How- 
ever, continuous labeling experiments had shown that 
the epithelial cell cycle length obviously was independent 
of feeding levels over a wide range of different feeding 
rates (Fig. 3 in Otto and Campbell, 1977). Furthermore, 
the data of Otto and Campbell indicate that under some 
feeding regimes considerably more epithelial cells are 
produced than are utilized to form buds or are lost by 
tentacle tissue turnover (Fig. 11 in Otto and Campbell, 
1977). 

In the present paper we have reinvestigated this issue 
in seeking to clarify the relation between epithelial cell 
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production and growth rate. In different feeding regimes 
the increase of epithelial cell number was compared to 
the duration of the epithelial cell cycle using standard 
methods of cell cycle analysis. The experiments were 
done with and without an adaptation period of 2 weeks. 

The results indicate that cell cycle changes accom- 
panying changes in feeding regime are not sufficient to 
explain the altered growth rate. Under heavy feeding 
regimes, epithelial cell production equals tissue growth 
rate. At low feeding level or under starvation conditions 
the epithelial cell cycle lengthens and hence growth rate 
of epithelial cell population is slowed. However, since 
tissue growth is proportionately more strongly reduced 
under these conditions, there is an effective overpro- 
duction of epithelial cells. We report here evidence sug- 
gesting that the “excess” epithelial cells are removed 
by phagocytosis. 

Strains 

MATERIALS AND METHODS 

Two strains of Hydra attenuata and one strain of H. 
ol&&.s were used in the present study. All strains were 
obtained from Professor P. Tardent, Ziirich. One of the 
H. attenuata strains (in the present paper called H. at- 
tenuata strain 1) has been cultured asexually in the 
laboratory since 1966; the other strain (H. attenuata 
strain 2) was isolated from the wild in 1980. This strain 
and the H. oligactti strain were obtained from Professor 
Tardent several weeks before the experiments started. 

Culture Con4&im 

Animals were mass cultured according to Loomis and 
Lenhoff (1956) in a modified medium containing 1 mM 
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CaClz, 0.1 m M MgClz, 0.1 mM KCI, and 1 mM NaHC03 
in deionized water, adjusted to pH 7.8 with HCl. The 
mass culture and all the experiments were carried out 
in a constant-temperature room maintained at 18 + 1°C. 
Hydra were fed freshly hatched Artemia nauplii once 
daily and washed 4-6 hr later. In most experiments 
individual animals were fed specific numbers of Artemiu 
by hand. 

Sta&rd Hydra 
To compare polyps cultured under the same conditions 

in the same stage of development we used “standard 
hydra” in all experiments. Standard hydra are defined 
here as small animals recently detached from parents, 
bearing no buds, and collected from a well-fed mass 
culture. 

The animals selected for each experiment were main- 
tained on the specific feeding regime for 2 days before 
the start of the experiment. In one set of experiments 
the animals were maintained on the specific feeding 
regime for 14 days before the start of the experiment. 
These latter animals are referred to as “adapted.” 

Cell Number per Polyp 
The total number of epithelial cells per polyp was 

determined using the maceration technique (David, 1973; 
1933). In all experiments hydra were macerated includ- 
ing the tentacles and buds. At each time point 5-10 
animals were macerated. To improve the maceration of 
starved animals they were incubated for 5 min at 30°C 
in the maceration solution. 

Parameters of Growth 

Standard hydra were selected from the mass culture 
and placed in 5 cm petri dishes (10 hydra/dish). The 
hydra were fed once daily according to the respective 
feeding regime and the following two growth parameters 
were determined. 

Growth of epithelial cell populution The growth rate 
(k) of an exponentially growing culture is defined as 

where n is the total number of epithelial cells at time 
t and n+ the number of cells at to. For n/n, = 2, t = TD, 
the doubling time of the cell population. TD was deter- 
mined by linear regression. 

Budding rate. Budding rate was determined as the 
average number of buds produced per hydra per day. 
Experimentally the increase of buds per hydra was 
counted daily. 

Determination of the Cell C@e Length 

The length of the epithelial cell cycle was determined 
by the continuous labeling with r3H]thymidine (Campbell 

and David, 1972). MethylrHlthymidine (Amersham 
Buchler, Braunschweig; specific activity 44 Ci/ml) was 
injected into the gastric cavity at a concentration of 100 
&i/ml (about 0.5 @njection). Under these conditions 
essentially all injected isotope is incorporated within 
30 to 60 min. There is no detectable effect of food in the 
gastric cavity on the extent of incorporation (David and 
Challoner, unpublished observations). Continuous la- 
beling was achieved by repeated injections at 12-hr in- 
tervals. In all experiments 5-10 animals (including ten- 
tacles and buds) were macerated. The slides were dipped 
in autoradiographic emulsion (Kodak NTB 2), exposed 
for 5-8 days at 4”C, and developed. Labeled epithelial 
cells have 50 to 100 silver grains per nucleus under these 
conditions. The labeling index (labeled nuclei/total 
number of nuclei) was determined by examining 300- 
500 epithelial cells per sample. 

The cell cycle length was determined by fitting the 
labeling index (LI) curves (Figs. 1B and 4B) to a theo- 
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FIG. 1. Increase of epithelial cell number (A) and labeling index (B) 
for different feeding regimens. O, 8 shrimp/hydra/day. W, 4 shrimp/ 
hydra/day. Cl, 2 shrimp/hydra/day. 0, 1 shrimp/hydra/day. 0, 0 
shrimp/hydra/day. Hydra were selected from mass culture 2 days 
before start of the experiments and fed once daily according to the 
feeding regime. Data are presented from three independent experi- 
ments. Lines in (A) are least-squares regression lines. 
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retical curve for an exponentially growing population 
having S phase of 12 hr (David and Campbell, 1972) and 
an unknown cell cycle duration (2’). Since Gl = 0 in 
hydra cells, the S phase occurs at the beginning of the 
cell cycle. For such an exponentially growing population 
the age distribution of cells over the cycle is given by 

where y is the relative number of cells at time t in the 
cell cycle of length T. 

Integration of this function yields an expression for 
the relative number of cells (A) in a particular cell cycle 
interval between 0 and t/T 

A = (2/ln 2)(1 - 2-“r). 

The total number of cells in the population, obtained 
by evaluating the integral for t = T, is l/in 2. Hence 
the labeling index (LI) is 

LI = 2(1 - 2-t/r). 

Rearranging this expression and taking the logarithm, 
we obtain 

ln(1 - LI/2) = (-ln 2/T)(t). 

Plotting the experimental data in this form yields a 
straight line with slope -In 2/T. The cell cycle duration 
T could then be determined by linear regression. 

Histological Methods 

For identification of mitotic epithelial cells maceration 
preparations were stained by the Feulgen method 
(Romeis, 1968). Feulgen staining was also used to iden- 
tify and count phagocytic vacuoles. 

For further characterization of the phagocytic vac- 
uoles maceration preparations were stained with the 
fluorochrome Hoechst-33258 (Serva, Heidelberg). Fixed 
maceration preparations were washed 10 min in water. 
After a drop of Hoechst-33258 (0.5 pg/ml) was placed 
on the slide it was viewed by epi-illumination using 
Leitz filter block A. Fluorescence photography was per- 
formed with Kodak recording film 2475 exposed for 0.5- 
5 min. 

Morphometric Anqylsis of Epitheliul Cells 

The size of epithelial cells (ectodermal and endoder- 
mal) was estimated by determining the area of the flat- 
tened cell in maceration preparations. Measurements 
of the area were made by tracing the profile of a cell 
using a camera lucida and then using a digitizer (Sum- 
magraphics) coupled to a minicomputer (Kontron PSI 
80) to determine the area of the profile. For each analysis 
50-100 epithelial cells were examined. Repeated mea- 
surements of the area of a single cell gave a series of 

values having a standard deviation of about 0.25% of 
the surface area of the cell. 

Two control experiments support the validity of this 
morphometric procedure: (1) Cells in S phase (i.e., 
rH]thymidine labeled) at the beginning of the cell cycle 
have an average area of 650 + 220 pm2 compared to cells 
in G2 which have an average area of 920 f 260 hrn’. (2) 
Cells in metaphase have an area of 530 + 130 pm2 com- 
pared to daughter cells in telophase which have an area 
of 320 f 135 pm2. The difference in area between mitotic 
and interphase cells presumably indicates a difference 
in the cytoskeletal structure of these cells. 

RESULTS 

Efect of Feediryr on the Increase of Epithelial Cell 
Number and on Bud Form&km 

To determine the increase of the epithelial cell number 
standard H. attenuata strain 1 were taken from the 
culture and fed 0, 1, 2,4, or 8 shrimp per day. Experi- 
ments were started after a 2-day adaptation period to 
the controlled feeding conditions. The results of three 
independent experiments are shown in Figs. 1A and 2. 
The increase in epithelial cell number and budding rate 
is directly related to the feeding rate. Starved animals 
(0 or 1 shrimp/hydra/day) do not grow, while feeding 
more shrimp causes a progressive increase in epithelial 
cell number and budding rate. The results are consistent 
with previous findings (Loomis, 1954; Schroeder, 1969; 
Bode et aL, 1973; Otto and Campbell, 1977) and are used 
to calculate the doubling time TD of the epithelial cell 
population (Table 1). 

0 2i 72 

Time, hr 

FIG. 2. Cumulative bud formation under different feeding regimes. 
Data are presented from three independent experiments. Symbols are 
same as in Fig. 1. Lines are least-squares regression lines. 
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TABLE 1 
RELATIONSHIP BETWEEN DOUBLING TIME OF EPITHELIAL CELL 

POPULATION AND EPITHELIAL CELL CYCLE LENGTH 

Doubling 
Feeding rate time of Epithelial 

(Artemia/ epithelial cell cell cycle 
hydra/day) population” length b 

H. attenuate strain 1 
(without adaptation 
period) 

(after adaptation 
period of 2 weeks) 

H. oliga&s 
(without adaptation 
period) 

0 -4.2 + 7.4 5.0 f  0.9 
1 50.2 + 384 5.0 z!z 0.8 
2 4.2 + 1.8 4.0 iz 0.6 
4 3.1 f  1.4 4.1 + 0.5 
8 2.5 + 1.2 4.6 + 2.2 

0 -12.8 + 46 7.2 k 1.5 
1 18.8 + 91 4.5 + 1.5 
2 8.6 + 14 5.1 + 2.4 
4 2.7 k 0.9 5.0 f  1.5 
8 2.7 + 1.2 4.6 + 2.3 

1 13.8 3.9 
4 2.1 3.8 

H. attmuata strain 2 
(without adaptation 
period) 

1 11.5 7.1” 
4 3.8 6.9” 

a Calculated from results in Figs. 1A and 4A using linear regression. 
The error indicates the 95% confidence interval. Negative values are 
due to decrease of total cell number. 

b Calculated from the results in Figs. 1B and 4B using linear regres- 
sion procedure described under Materials and Methods. The error 
indicates the 95% confidence interval. 

c The comparatively long cell cycle estimates are due to aberrantly 
low labeling at f,, probably as a result of an experimental error. 

&&ect of Feeding on the &with&al CeU Cycle Length 

The above animals were also used for cell cycle anal- 
ysis. The cell cycle length of epithelial cells was deter- 
mined by continuous labeling with rH]thymidine. The 
cell cycle length was calculated from the labeling curve 
(Fig. 1B) using the procedure described under Materials 
and Methods. Figure 1B shows the combined results of 
two independent labeling experiments carried out with 
H. attewata strain 1. The results indicate that most 
epithelial cells (‘70-90s) pass through S phase at least 
once in 3 days. Even in starved animals (0 shrimp/ 
hydra/day) about 75% of the epithelial cells are labeled 
after 3 days although in these animals no increase of 
the epithelial cell number can be observed (Fig. 1A). 
The calculated epithelial cell cycle lengths (Table 1) in- 
dicate that reduction of the feeding level from 8 shrimp 
per day to 0 shrimp per day is accompanied by about 
a 1.5fold lengthening of the epithelial cell cycle. 

Figure 3 summarizes the results and shows the re- 
lationship between the length of the epithelial cell cycle 
and the doubling time of the epithelial cell population. 
In all feeding classes (O-8 shrimps/hydra/day) the ep- 
ithelial cell cycle had a duration of 4 to 5 days whereas 

the doubling time of the epithelial cells was strongly 
dependent on the feeding rate. Under unfavorable feed- 
ing conditions (O-2 shrimp/hydra/day) the epithelial 
cell cycle was significantly shorter than the doubling 
time of the epithelial cell population. 

The same experiments were also carried out with H. 
attenuata strain 2 and H. oligactis. With both strains 
qualitatively similar results were obtained (Table 1) in- 
dicating that the discrepancy between cell cycle duration 
and population growth rate is not a unique feature of 
our particular laboratory strain of hydra. 

Significance of an Adaptation Period 

To exclude the possibility that our results were in- 
fluenced by the transition from the mass culture to de- 
fined feeding regimes we repeated all the experiments 
after an adaptation period of 2 weeks. Figure 4 shows 
the results of two independent experiments carried out 
after hydra were preadapted for 2 weeks to each feeding 
regime. The increase of epithelial cell number and the 
labeling curve were very similar to the results without 
the adaptation period (Figs. 1 and 4). In particular the 
results indicate that there is no increase in the epithelial 
cell population in animals fed 1 shrimp per day, despite 
the fact that ‘70% of the epithelial cells have passed 
through the S period in 3 days. Hydra fed 0 shrimp for 
2 weeks decreased in size, but 50-60% of their epithelial 
cells were still labeled in 3 days. Table 1 indicates that 
the cell cycle lengths varied from about 4 days in fed 
animals to about ‘7 days in starving animals. The sim- 
ilarity of the results with and without an adaptation 
period suggests that in both cases hydra were sufficiently 
equilibrated to the new feeding regime. 

/’ / 
/ 

Doubling time of epithelial cell population (days) 

FIG. 3. Relationship between doubling time of the epithelial cell 
population (abscissa) and cell cycle length (ordinate) under different 
feeding regimes. Data were taken from Fig. 1A and B. 0,8 shrimp/ 
hydra/day. n , 4 shrimp/hydra/day, 0, 2 shrimp/hydra/day. 0, 1 
shrimp/hydra/day. 0, 0 shrimp/hydra/day. The dashed line shows 
the theoretical line when the epithelial cell cycle length is exactly 
equal to the doubling time of the epithelial cell population. 
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FIG. 4. Increase of epithelial cell number (A) and labeling index (B) 
for different feeding regimes after an adaptation period of 2 weeks. 
0,8 shrimp/hydra/day. Cl, 4 shrimp/hydra/day. n , 2 shrimp/hydra/ 
day. 0, 1 shrimp/hydra/day. 0,O shrimp/hydra/day. Data are shown 
from two independent experiments. Lines in A are least-squares 
regression lines. 

Estimation of Fraction of Dividing Epithelial Cells 
from Mitotic Index 

To estimate directly the fraction of epithelial cells 
dividing each day in different feeding regimes, we de- 
termined the mitotic index over a 24-hr period. Hydra 
were fed 0, 1, 2, or 4 shrimp right before the start of 
the experiment. At regularly timed intervals three an- 
imals were sampled by maceration and the percentage 
of mitotic epithelial cells (i.e., metaphases, anaphases, 
and telophases) was determined. 

Figure 5 shows the variation of the mitotic index over 
a 24-hr period for each feeding class. In agreement with 
previous observations (David and Campbell, 1972) there 
is distinct increase in mitotic cells 8-12 hr after feeding 
due to partial synchronization of the epithelial cell pop- 
ulation. The size of the mitotic peak increases with in- 

creasing feeding level: heavy feeding (4 shrimp/hydra) 
induces more epithelial cell mitosis than light feeding. 
In the absence of food no mitotic peak can be observed. 
However, such animals do exhibit a basal level of about 
0.8% mitotic epithelial cells continuously throughout 
the 24-hr period. This basal level of mitoses is also pres- 
ent in fed animals. 

The results in Fig. 5 indicate a difference in the level 
of mitotic epithelial cells in different feeding regimes. 
We have quantitated this difference by integrating the 
area under the curves in Fig. 5. Assuming an average 
mitosis length of 1.5 hr (David and Campbell, 1972) the 
results (Table 2) indicate that approximately 10% of 
epithelial cells per day divide in unfed animals compared 
to 2025% in fed animals. Thus, these results also provide 
clear evidence for extensive epithelial cell proliferation 
in animals fed 0 or 1 shrimp per day in which the ep- 
ithelial cell population does not increase in size. 

Cornpartkm of Epitheliul Cell Size under lh@rent 
Feeding Regimes 

Cell size can be modulated by nutrient conditions. In 
bacteria (Donachie et aL, 1973) and in yeast (Fantes and 
Nurse, 1977) cell size diminishes under limiting nutrient 
conditions. To investigate whether cell size in hydra is 
related to the respective feeding regime we developed 
a morphometric technique to estimate the size of epi- 
thelial cells by measuring the area they occupy in mac- 
eration preparations (see Materials and Methods). 

Table 3 shows measurements of the size of interphase 

I  ,  ,  ,  ,  
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FIG. 5. Temporal variation in the mitotic index of epithelial cells 
under different feeding regimes. Hydra were selected from mass culture 
2 days before start of the experiments and fed once daily according 
to the feeding regime. Three hydra per feeding regime were macerated 
at each time point. Hydra were fed for the last time immediately 
before start of the experiment. Bars represent 95% confidence interval. 
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TABLE 2 
DOUBLING TIME OF EPITHELIAL CELL POPULATION CALCULATED 

FROM MIT~TIC INDEX 

Feeding rate 
(Artermia/hydra/day) 

Fraction of 
epithelial cells 

dividing per 
day” 

Calculated doubling 
time (days)* 

0 0.10 6.9 
1 0.22 3.1 
2 0.19 3.6 
4 0.26 2.7 

a Obtained by integration of the area under the curve in Fig. 5 and 
assuming mitosis lasts 1.5 hr. 

*To = In 2 (l/k) where k = fraction of epithelial cells dividing 
per day. 

and mitotic epithelial cells from animals in different 
feeding classes. Representative distributions of inter- 
phase epithelial cells from animals fed 0 and 4 Arterniu/ 
hydra/day are shown in Fig. 6. The results indicate that 
the size of epithelial cells in both interphase and mitosis 
is similar in all tested feeding regimes. Thus, in Hydra 
there appears to be no correlation between feeding level 
and epithelial cell size: even under starvation epithelial 
cells appear to grow and maintain their specific mean 
size. 

Observation of Phugocytic Vacuoles in Epithelial Cells 

While scanning cell macerations for epithelial mitotic 
figures we observed occasional epithelial cells which ap- 
peared to contain cells or cell fragments in vacuoles. 
Using the Feulgen method with light green counterstain 
it was possible to distinguish cytoplasm (green) and 
chromatin (red) in such vacuoles. Figure 7 shows some 
of these epithelial cells. The micrographs show epithelial 
cells which appear to be in the process of engulfing other 
cells and forming a vacuole (Figs. 7a and b). In other 
cells the pycnotic condensation of chromatin results in 
a reduced nuclear volume and the nucleus appears to 
distintegrate into several, intensively Feulgen-positive 
chromatin granules (Figs. 7c, e, and f). Furthermore, 
there are cells in which staining with the Schiff s reagent 

TABLE 3 
SIZE OF EPITHELIAL CELLS UNDER VARIOUS FEEDING RATES 

Feeding rate (shrimp/day) 
Epithelial 

cells 0 1 2 4 

Interphase 892 f 312 917 + 311 813 * 218 736 + 266 

Mitosis 533 + 214 531 f 236 501 f 175 537 + 236 

NotR Values given are means f SD in pm’. 

-I Is a 

Epithelial cell size, )d 

FIG. 6. Distribution of epithelial cell size in animals fed 0 shrimp/ 
hydra/day (a) and 4 shrimp/hydra/day (b). 

is decreased and the nucleus of the enclosed cell dis- 
appears. Such morphological stages are characteristic 
of the multiphased process of phagocytosis (Walters 
and Papadimitriou, 1978) and, therefore, we interpret 
such vacuoles containing cells or cell fragments as 
phagocytic vacuoles. The sequence of photographs in 
Fig. ‘7 suggests the sequence of events in the phagocytic 
process. 

Phagocytic vacuoles containing whole cells or cell 
fragments can also be observed in maceration prepa- 
rations which are stained with the DNA-specific fluo- 
rochrome Hoechst-33258. The fluorochrome stains the 
nucleus of the epithelial cell as well as the chromatin 
of the engulfed cell. In Fig. 8 only part of the vacuole 
is stained suggesting that there is a cytoplasmic portion 
beyond the chromatin. 

To exclude the possibility that these vacuoles rep- 
resent stored food vacuoles we examined macerations 
of isolated ectodermal cells. The occurrence of phagocytic 
vacuoles in such ectodermal epithelial cells indicates 
that the vacuoles do not represent food vacuoles since 
these are found only in endodermal cells (Gauthier, 
1963). In addition we have observed such vacuoles in 
animals which had not been fed for 20 days. 

Increase of Phagocytic Vacuoles under Starvation 

To estimate the extent of cellular phagocytosis the 
number of epithelial cells containing phagocytic vacuoles 
was determined. Standard animals were selected from 
the mass culture and fed 0, 1,2, or 4 shrimps once daily. 
After 2 days of adaptation to the feeding regime several 
hydra per feeding regime were macerated and stained 
by the Feulgen method, and the percentage of epithelial 
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FIG. 7. Epithelial cells containing phagocytic vacuoles. The cells are stained by the Feulgen method using light green counterstain. X1130. 
Epithelial cells engulf other cells (a and b). The cytoplasm (gray) and the chromatin (dark spots) of the engulfed cell is condensed. The 
nucleus disintegrates into several chromatin granules (c-e). At later stages the affinity of the nucleus to the SchiR’s reagent decreases. Finally 
the nucleus of the phagocytosed cell disappears (f). Arrows indicate phagocytosed cells. 
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FIG. 8. Ectodermal epithelial cell containing a phagocytic vacuole. X1250. Ectoderm was separated from endoderm during maceration and 
the preparation stained with the DNA specific fluorochrome Hoechst-33258. Fluorescence is found within the nucleus and in part of the 
vacuole. (a) Phase-contrast; (b) fluorescence. 

cells containing phagocytic vacuoles scored. Figure 9 
shows that the frequency of epithelial cells containing 
phagocytic vacuoles is inversely correlated with the 
feeding regime: epithelial cells in starving animals con- 
tain more phagocytic vacuoles than epithelial cells in 
well-fed animals. 

Feeding rate, Artemia/hydra/day 

FIG. 9. Frequency of epithelial cells containing phagocytic vacuoles 
under different feeding regimes. Values represent means + SD. 

Although it is tempting to suppose that the increase 
in epithelial cells containing phagocytic vacuoles in 
starved hydra is due to phagocytosis of excess epithelial 
cells produced in such animals (see above), presently it 
is not possible to test such a hypothesis quantitatively 
for several reasons. (1) In most cases it is not possible 
to identify the type of cell in a phagocytic vacuole. Al- 
though in some cases such cells are clearly epithelial 
cells, in other cases the cells are interstitial cells. (2) 
The duration of the phagocytosis process is not known 
and therefore we cannot calculate the rate at which cells 
are phagocytosed from the frequency data in Fig. 9. 
Nevertheless it is interesting to compare the results in 
Fig. 9 with the observed overproduction of epithelial 
cells. The results in Fig. 5 indicate an average mitotic 
index of about 0.8% in starving animals. Assuming that 
mitosis lasts about 1.5 hr (David and Campbell, 1972), 
this average mitotic index corresponds to an increase 
in epithelial cell number of about 0.5% per hour. Since 
the epithelial cell number does not change in such an- 
imals, we infer that on average 0.5% of the epithelial 
cells must be phagocytosed per hour. If all phagocytic 
vacuoles contained epithelial cells, then the duration of 
the phagocytosis process would be about 3 hr based on 
an observed frequency of phagocytic vacuoles of about 
1.5% (Fig. 9). Since only a portion of phagocytic vacuoles 
contain epithelial cells, the estimated duration of the 
phagocytosis process must be reduced to perhaps only 
l-2 hr. This estimate of l-2 hr does not seem unrea- 
sonable since only phagocytic vacuoles containing clearly 
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recognizable cells (i.e., the earliest phases of the phago- 
cytosis process) were scored in Fig. 9. Thus it appears 
possible that cellular phagocytosis plays a significant 
role in the removal of “overproduced” epithelial cells 
in hydra. 

DISCUSSION 

Efect of Feeding on Cell C@e Length 

Cell cycle lengths of hydra epithelial cells were de- 
termined under different feeding regimes by continuous 
labeling of these cells with rH]thymidine. Over a wide 
range of feeding regimes the results indicate that the 
epithelial cell cycle length varies only slightly (from 4 
to 7 days) (Table 1). This conclusion is further supported 
by measurements of the mitotic activity of epithelial 
cells (Fig. 5 and Table 2). These results indicate the 
existence of a constant basal level of about 10% mitotic 
epithelial cells per day in both well-fed and starving 
animals. In addition to this basal level feeding induces 
division in a further lo-15% of epithelial cells per day. 
Assuming all cells are mitotically active, these mitotic 
rates yield estimates of the epithelial cell cycle of about 
‘7 days in unfed animals and about 3-4 days in fed an- 
imals (Table 2). 

There is fairly good agreement between cell cycle es- 
timates based on rH]thymidine labeling and estimates 
based on mitotic index despite the large errors in both 
procedures (Fig. 5 and Table 1). Nevertheless the 
rH]thymidine estimates appear to be systematically 
longer (compare Tables 1 and 2). Although we cannot 
fully explain this difference it may be partly due to the 
presence of small numbers of slowly cycling cells which 
depress the labeling index at later times in Figs. 1B and 
4B. If these values are excluded from the calculations 
in Table 1, the cell cycle estimates are generally short- 
ened by 0.5-l day and thus in better agreement with 
both the mitotic data and the growth rate. 

Because Otto and Campbell (197’7) observed irregu- 
larities in cell number and budding rates during the 
first 2 weeks after changes to new feeding regimes, we 
repeated all our experiments after an adaptation period 
of 2 weeks. Figure 4 indicates that the growth and la- 
beling of the epithelial cell population obtained after 
an adaptation period of 2 weeks is very similar to the 
results without the adaptation period (Fig. 1). In par- 
ticular we observed no growth of the epithelial cell pop- 
ulation in animals which were fed 0 or 1 shrimp per 
day (Fig. 4), although 70% of the epithelial cells in these 
animals were labeled after 3 days. The similarity of the 
results with and without an adaptation period indicates 
that in both cases hydra are sufl’iciently equilibrated to 
the new feeding regime. 

The observations above as well as similar observations 
of Otto and Campbell (1977) using [3H]thymidine indicate 
that the cell cycle is largely independent of feeding level. 
This is surprising for several reasons: (1) Feeding in- 
duces epithelial cell mitosis (Fig. 5 and David and 
Campbell, 1972). (2) Earlier work has shown that the 
epithelial cell cycle is quite variable in length (due to 
variation in G2) suggesting that its length is somehow 
regulated. These observations lead one to expect that 
growth of epithelial cell population in hydra would be 
regulated. The limited extent of this regulation may be 
due to the absence of a Gl phase in hydra epithelial 
cells. Since Gl is the principal site of cell cycle regulation 
in higher organisms, its absence in hydra could be re- 
sponsible for the limited regulatory ability of these cells. 
In this sense hydra cells appear to have an “archetypal” 
cell cycle similar to many simple eucaryotes and early 
embryonic cells (Prescott, 1981). 

Production of “Excess” Epithelial Cells 

In contrast to the relative insensitivity of cell cycle 
length to changes in feeding regimes (see above), growth 
of the epithelial cell population is strongly dependent 
on the feeding regime (Figs. 1A and 4). Under conditions 
of heavy feeding growth of the epithelial cell population 
is rapid whereas under conditions of light feeding or 
starvation (2,1, or 0 shrimp/hydra/day) the epithelial 
cell population grows only slowly or not at all (Fig. 3). 
This difference in the response of the epithelial cell cycle 
and epithelial population growth to changes in feeding 
level has a striking effect. While the epithelial cell cycle 
length is approximately the same as the doubling time 
of the epithelial population in well fed hydra (Table l), 
in lightly fed animals the cell cycle is significantly 
shorter than the doubling time of the epithelial cell 
population. Under these conditions excess epithelial cells 
are produced which do not appear in the epithelial cell 
population. The extent of this excess epithelial cell pro- 
duction can be quite large: for example in hydra fed 1 
shrimp per hydra per day, the epithelial cell population 
does not change in size. Nevertheless, about 20% of the 
epithelial cells divide per day (Table 2) which leads to 
production of an “excess” of epithelial cells amounting 
to 20% of the epithelial cell population per day. As dis- 
cussed below these cells appear to be removed from the 
tissue by phagocytosis. 

The continued proliferation of epithelial cells and thus 
production of excess cells under conditions of limited 
feeding initially surprised us. We have, however, con- 
firmed the essential observations on a second strain of 
H. attenuata as well as another species H. oligactis. Fur- 
thermore, independent observations of Otto and Camp- 
bell also indicated extensive overproduction of epithelial 
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cells under conditions of limited feeding (Fig. 11, Otto 
and Campbell, 1977). 

Similar observations have also been made by Sugi- 
yama and Takano with H. mugnipapillatu strain L4 
(Takano et ~$1980, Takano and Sugiyama, 1983; Takano, 
1983; Sugiyama, personal communication). Under certain 
feeding conditions the epithelial cell cycle in this strain 
was significantly shorter than the doubling time of the 
animals. Further examination indicated that strain L4 
has a defect in the budding mechanism: adult animals 
are slow to initiate buds. Under these conditions the 
animals no longer increase in size (epithelial cell num- 
ber) although epithelial cells continue to divide. Thus 
it appears that the independence of tissue growth and 
epithelial cell cycle is a general phenomenon in hydra 
biology. 

Cellular Growth in Absence of Food 

There is ample evidence that cell size in bacteria 
(Donachie et a& 1973) and yeast (Fantes and Nurse, 
1977) decreases when the growth rate slows in poor 
medium. Since epithelial cell proliferation occurs in 
lightly fed hydra, it appeared possible that cell size 
might diminish in such animals. Thus we measured the 
size of epithelial cells under different feeding regimes 
using morphometric techniques. The results indicate 
that epithelial cell size in hydra is not modulated by 
nutrient conditions (Table 3). In particular epithelial 
cells in unfed animals exhibited the same distribution 
of cell sizes as cells in well fed animals. This simple 
observation suggests that normal cell growth continues 
to occur as cells progress through the cell cycle although 
no exogenous source of nutrients is available. Although 
this may be due in part to stored reserves, it seems 
likely that phagocytosis of neighboring cells and reu- 
tilization of their constituents contributes significantly 
to cellular growth. The results are also consistent with 
the idea that cell division is regulated by cell size as in 
many other systems; i.e., cells must grow to a certain 
critical size before cell division occurs (Mitchison, 1977). 

Phagocgtosis of Cells in Hydra 

The results of the present paper indicate that sig- 
nificant numbers of epithelial and interstitial cells are 
phagocytized in animals fed low levels of shrimp. Thus 
phagocytosis is directly or indirectly involved in regu- 
lating the growth of hydra tissue. Although this is the 
first time phagocytosis has been associated with growth 
regulation in hydra, there are several other examples 
of phagocytosis in Hydra (1) During oogenesis one cell 
of each group of oogonia II develops into an oocyte, 
which engulfs the neighboring oogonia II by phagocy- 

tosis (Zihler, 1972). The phagocytized cells persist as 
“shrunken cells” in the ooplasm and appear to be used 
for nutrition of the newly hatched hydra. (2) Phago- 
cytosis also plays a role in the removal of presumable 
dying interstitial cells following treatment of hydra with 
cholchicine (Campbell, 1976). In such animals interstitial 
cells are eliminated through phagocytosis by both ec- 
todermal and endodermal epithelial cells. (3) Fujisawa 
and David (1933) observed elimination of committed 
nematocyte precursors by phagocytosis when head and/ 
or foot tissue were removed from hydra. The authors 
suggested that, in regenerating tissue, cells which are 
not immediately required for regeneration are selec- 
tively removed by this mechanism. 

Our results suggest that cellular phagocytosis may 
be a survival mechanism which gives hydra the possi- 
bility to sustain itself temporarily at the expense of 
some of its own cells. 

The observation that under starvation conditions 
growth in cell size during the cell cycle (Table 3) is 
normal strongly supports the idea that phagocytized 
cells are reutilized for the growth of surviving cells. We 
also have evidence that under these conditions 
rH]thymidine incorporated in the nuclei of phagocytized 
cells is reincorporated in surviving cells. How particular 
cells are selected for phagocytosis is at present unknown. 
Indeed we do not know whether the phagocytosis process 
itself is the regulator of cell proliferation or if it is only 
a secondary process which removes cells inactivated by 
the primary growth regulatory process. 
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