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Abstract—Senescence, a deteriorative process that increases the probability of death of an
organism with increasing chronological age, has been found in all metazoans where careful
studies have been carried out. There has been much controversy, however, about the potential
immortality of hydra, a solitary freshwater member of the phylum Cnidaria, one of the earliest
diverging metazoan groups. Researchers have suggested that hydra is capable of escaping
aging by constantly renewing the tissues of its body. But no data have been published to
support this assertion. To test for the presence or absence of aging in hydra, mortality and
reproductive rates for three hydra cohorts have been analyzed for a period of four years. The
results provide no evidence for aging in hydra: mortality rates have remained extremely low
and there are no apparent signs of decline in reproductive rates. Hydra may have indeed
escaped senescence and may be potentially immortal. ©1998 Elsevier Science Inc.
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INTRODUCTION

THE POTENTIAL immortality of hydra has generated close to a hundred years of controversy.
However, most studies report only anecdotal information that cannot be used as evidence for
(Hertwig, 1906; Berninger, 1910; Boecker, 1914; David, 1925) or against (Goetsch, 1925;
Schlottke, 1930; Brien, 1953) senescence. The only study in which actual data are presented
(Hase, 1909) seems to support the presence of senescence in hydra (Martı´nez, 1993). However,
the general consensus among modern hydra researchers seems to be that hydra lacks aging
because it is capable of constant renewal of its body (Brien, 1953; Loomis and Lenhoff, 1956).

Hydra has a simple body plan. It is essentially a tube with a head at one end and a foot or basal
disk at the other. The head consists of two parts: the apical hypostome, or mouth region,
surrounded by the tentacle zone from which typically six tentacles emerge. The body wall is
composed of two epithelial layers separated by an acellular basement membrane, the mesoglea.
Hydra has only about 20 cell types that are organized into three cell lineages: two epithelial and
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one interstitial. Each lineages consists of a population of stem cells with indefinite self-renewal
capacity, and several differentiation products. Interstitial cells reside in the interstices among the
epithelial cells. The epithelial cells of the tentacles, the tip of the hypostome, and the foot are
nondividing differentiation products of epithelial cells of the body column (Campbell, 1965;
Campbell, 1967a). Neurons, nematocytes, secretory cells, and gametes are differentiation
products of interstitial cells.

A striking characteristic of hydra is its tissue dynamics. The epithelial cells of the body
column are continuously in the mitotic cycle. This continuous production of epithelial cells in
the body column is balanced by a loss of cells: 85% of the epithelial cells are incorporated into
developing buds while the rest are sloughed off at the tip of the tentacles, hypostome, and basal
disk (Bosch and David, 1984). A result of these dynamics is that epithelial cells are constantly
displaced either apically onto the head, or basally onto developing buds, or onto the foot.

A consequence of this dynamic behavior is that an individual cell does not exist long in a
hydra body. Nondividing differentiated cells of all three lineages are lost by displacement from
the body column within 20 days (Campbell, 1967b). Dividing stem cells of the interstitial
lineage have a cell cycle time of 18–30 h, while stem cells of the epithelial lineages have a cell
cycle time of three to four days (David and Campbell, 1972). Hence, cells are either constantly
renewing by cell division, or they are lost from the animal in a relatively short period of time.
This capacity for constant renewal is the main reason behind the claim that hydra is potentially
immortal.

MATERIALS AND METHODS

To test for the presence or absence of senescence in hydra, the mortality patterns of four
groups of individuals ofHydra vulgariswere analyzed. A group of 45 animals was collected
from Swan Pond, a freshwater lake in Long Island, New York, on December 1991. These
individuals (control) were maintained as controls even though their exact ages were unknown.
Three cohorts derived from the control group by asexual reproduction were separated on
December 1991 (group 1; 50 animals), January 1992 (group 2; 30 animals), and March 1993
(group 3; 20 animals). Animals were raised in an environmental chamber at constant temper-
ature under an 8:16-h light:dark cycle. They were maintained individually in culture dishes and
fed freshly hatchedArtemia sp. (5 to 15 nauplii per hydra). Approximately 6 to 10 h after
feeding, hydra were transferred into clean dishes with fresh medium. Offspring were counted
and discarded at that time. Temperature, culture medium, and feeding frequency changed when
hydra cultures were transferred from the State University of New York at Stony Brook (22°C;
GF/C filtered Swan Pond water; fed every other day) to the University of California at Irvine
[20°C; hydra medium (1 mM CaCl in Arrowhead spring water); fed three times a week].

Several different approaches have been used to determine the presence or absence of
senescence in metazoans. A classical method is to plot the logarithm of a cohort survival
probabilities (lx) vs. age, and visually inspect the shape of the curve. An approximately
“diagonal” (sensu Deevey, 1947) curve would indicate constant mortality rates and no senes-
cence. The decision of whether or not a line is sufficiently diagonal is inevitably subjective, so
that this approach is bound to generate controversy. The important parameter is not the fraction
of the original population that reaches a given agex, that is lx, but rather the probability of
surviving from agex to agex 1 1, that is, age-specific survivalPx (or its inverse age-specific
mortality Qx). If senescence is present, we expect to see an increase in age-specific mortality
with increasing age. For birth-flow populations (sensu Caswell, 1989) in which reproduction is
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more or less continuous over a time interval, age-specific mortality rates (Qx) can be calculated
as 12 [(ax 1 ax11)]/(ax21 1 ax)], whereax is the number of survivors to agex.

RESULTS

Mortality rates

Data on mortality were collected for a period of four years. Figure 1 shows age-specific
mortality rates for the three cohorts of hydra and for the control hydra of unknown age.
Mortality curves for the marine oligochaeteParanais litoralis, the aeolosomatid annelidAeo-
losomasp., the fruit fly Drosophila melanogaster, the fishLebistes reticulatus, and the vole
Microtus agrestis, have been included for comparison. These species were chosen because they
are known to undergo senescence and because owing to their longevities they could be plotted
in the same graph. Hydra mortality rates have remained close to zero for four years. In contrast,
all the other species show the increase in mortality rates with increasing age, which is typical
of species that undergo aging. One possible explanation for the apparent independence of

FIG. 1. Age-specific mortality rates. Abscissa (logarithmic scale) represents age (groups 1, 2, and 3)
or time (control). Animals that were accidentally killed during handling were excluded (control:
three; group 1: five; Group 2: two). Data onDrosophila melanogaster: Miquel, et al., 1976;Microtus
agrestis: Leslie and Ranson, 1940; Lebistes reticulatus: Comfort, 1961;Paranais litoralis and
Aeolosomasp.: my own experiments.
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mortality from age in hydra is that hydra does not age. An alternative explanation is that hydra
lives much longer than four years and we are looking at the mortality pattern of “young” hydra.
Distinguishing between these two hypotheses requires a prediction of the potential longevity of
hydra (see Discussion).

Reproductive rates

Figure 2 shows mean age-specific budding rates. Plots for the Stony Brook and the Irvine
periods have been drawn separately for each group. A reduction in budding rates is expected for
the Irvine period because at lower temperature and feeding frequency hydra grow less, and
consequently, bud less (Otto and Campbell, 1977).

DISCUSSION

Reproductive rates

The general deterioration of an individual associated with senescence is sometimes, but not
always, reflected by a decline in reproduction. All hydra included in these experiments repro-
duced both sexually and asexually. In hydra, production of eggs or sperm and budding can occur
concomitantly, as it was the case for the animals in these experiments. The actual sexual
reproductive output of individual hydra could not be estimated because animals remained
isolated so no offspring were produced. Furthermore, given the experimental design egg or
sperm production were difficult to estimate. Notwithstanding, age does not seem to have an
effect on the potential capacity to reproduce sexually: after four years males were still carrying
numerous testes and females regularly produced eggs.

Similarly, after four years of observation, hydra continued to reproduce asexually. Over this
period an individual hydra has produced on average 448 asexual offspring (group 1;n 5 39;
mean6 SD: 4486 63). Figure 2 suggests that there has been a slight decline in budding rates
since the beginning of the experiment. It is tempting to conclude that this decline represents an
indication of aging. However, causes other than age could be responsible for it. For example, the
slight decline in budding rates for groups 1 and 2 over the first year could represent the
physiological adaptation of hydra cells to a novel environment with a unique food source and
constant temperature and light conditions. Furthermore, the pronounced dips observed at Irvine
correspond to temporary reductions in feeding frequencies. In fact, the general shape of the
curves in Fig. 2 suggests than environment rather than age seems to be responsible for the
overall fluctuation in budding rates in these experiments. Notice that for both periods, all four
groups show almost identical patterns of fluctuations independently of their age. To corroborate
this observation, correlations between the budding rates of the different hydra cohorts were
calculated (Table 1). The data values were paired according to the age of the animals or the date
of data collection. In all cases correlations are much higher when the values were paired by date
than by age. This result indicates that budding rates seem to be responding more to culture
conditions than to age. Furthermore, if senescence were to result in a decline in budding rates,
one would expect the budding rates of group 3 to be similar to, instead of lower than, those of
groups 1 and 2 at equivalent ages. We cannot rule out the senescence may indeed be regulating
budding rates, but the apparent decline observed in Fig. 2 seems to be environmentally driven.
The effect of aging in budding rates, if any, is difficult to elucidate from the collected data.
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FIG. 2. Mean age-specific budding rates and standard errors. Calculated for each individual over
20-day periods as number of offspring produced in that period divided by 20. Ages for individuals
of the control group were unknown so rates were calculated every 20 days starting at the beginning
of the experiment.
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Mortality rates

The shape of the age-specific mortality rates for hydra provide strong evidence for the lack
of senescence in hydra. Over a period of four years mortality rates have remained extremely low.
It could be argued that four years is not long enough, and that if hydra were maintained for, say,
10 more years, one might witness senescence. However, theoretical and comparative consid-
erations suggest that four years is an adequate period of observation.

The evolutionary theory of senescence states that organism-level senescence has evolved
because the strength of natural selection declines with increasing age (Medawar, 1952; Wil-
liams, 1957; Hamilton, 1966; Charlesworth and Williamson, 1975; Charlesworth, 1980). Thus,
selection may be unable to remove from a population mutations with deleterious effects if they
affect individuals after a certain age. The price (paid in fitness) of having a gene with deleterious
effects early in life is higher than the price of having a gene with deleterious effects later in life.
Genes acting during the prereproductive period will be selected equally with maximal strength.
After the onset of reproduction the force of selection will decline monotonically with time, and
the probability of fixation of genes with deleterious effect on fitness will consequently increase.
Senescence would thus be the result of the accumulation of such genes acting relatively late in
relation to the age of first reproduction. Consequently, evolutionary theory predicts a positive
correlation between age of first reproduction and maximum lifespan, so that animals that start
reproducing soon after birth have shorter lifespans. Figure 3 confirms such a relationship for
animals. To maintain the orthogonality of the axes, the relationship age of first reproduction vs.
longevity after age of first reproduction was estimated (n 5 61, Pearson’s correlation coeffi-
cient: 0.91). The average or maximum lifespan of hydra are not known. Thus, hydra is
represented by a point indicating the age reached by individuals of group 1. Notice that the point
for hydra lies outside of the 99% confidence region. For a species with a prereproductive period
of only 5 to 10 days, hydra clearly reaches ages that exceed the expectation from the age of first
reproduction-longevity after age of first reproduction plot. A linear fit (intercept: 0.85; slope:
1.04; r2: 0.83) to these data (log-transformed) predicts that hydra should live between 1.2 to 2.6
months. The observed (minimum) lifespan for hydra is already at least 20 times as long. Other
animals with similar onset of reproduction live between 1 to 8 months. Hydra has already
survived at least five times as long with no apparent signs of deterioration. I suggest that four
years is sufficient time for hydra to exhibit signs of senescence (e.g., increase in mortality) and

TABLE 1. PEARSON PRODUCT-MOMENT CORRELATIONS

BETWEEN THE REPRODUCTIVE RATES OF DIFFERENT GROUPS

PAIRED ACCORDING TO DATE(ABOVE THE DIAGONAL) OR AGE

(BELOW THE DIAGONAL). ALL COEFFICIENTS ARE

SIGNIFICANTLY DIFFERENT FROM ZERO(P , 0.01).

Groups

1 2 3 C

1 0.92 0.94 (0.97)
2 0.88 0.95 (0.83) Date
3 0.37 0.37 (0.90)

Age
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that the absence of such signs indicates that hydra does not undergo senescence and is
potentially immortal.

The lack of senescence of hydra does not characterize all cnidarians. In fact, individual
hydranths of some colonial cnidarians undergo senescence (Brock and Strehler, 1963; Hughes,
1987). Neither can hydra’s potential immortality be restricted only to cnidarians. There has been
much discussion, for example, about the potential immortality of planarians (Child, 1915;
Haranghy and Bala´zs, 1980), turbellarians that have high rates of somatic cell turnover and seem

FIG. 3. Age of first reproduction vs. maximum longevity minus age of first reproduction in animals.
When maximum longevities were not available, average longevities were used (six cases). Data from
the literature: Winsor and Winsor, 1935; Birch, 1948; Spector, 1956; Marshall, 1962; Herried, 1964;
Volkmann-Rocco and Fava, 1969; Altman and Dittmer, 1972; Service and Lenski, 1982; Verdone-
Smith and Enesco, 1982; Johnson, 1984; Barrowset al., 1985; Luckinbill and Clare, 1985; Duellman
and Trueb, 1986; Balsamo and Todaro, 1988; Austad, 1989; Bacon and Andersen-Harild, 1989;
Mills, 1989; Woolleret al., 1989; Heller, 1990; Luo and Fox, 1990; Promislow and Harvey, 1990;
Skadsheim, 1990; Wong and Wong, 1990; Zug, 1993.
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to have long lifespans (Bala´zs and Burg, 1962; Haranghy and Bala´zs, 1964). Escaping senes-
cence, however, might be restricted to animals with simpler, dynamic bodies that can be
constantly renewed from populations of stem cells. Given the tissue dynamics of hydra, over a
period of four years somatic epithelial cells have divided on average 300 times and the whole
hydra body may have been fully replaced at least 60 times. The evolution of more complex
bodies with tissues and organs with a higher degree of specialization might have resulted in, or
perhaps required, a loss of the capacity of renewal and thus permitted the evolution senescence.

Acknowledgments—I thank H. Bode, P. Bode, L. Gee, O. Leontovych, and M. Parkins for help with the experiments;
A. Martı́nez for help transporting the animals from Stony Brook to Irvine; J. Becerra, A. Bely, H. Bode, P. Bode, R.
Campbell, D. Futuyma, J. Levinton, D. Promislow, L. Slobodkin, and J. Thomson for reading and commenting on earlier
versions of the manuscript; and H. Bode and L. Slobodkin for numerous discussions on immortality and hydra. These
experiments were carried out in the laboratories of Dr. J. Levinton at SUNY Stony Brook and Dr. H. Bode at UC Irvine.

REFERENCES

ALTMAN, P.L. and DITTMER, D.S. (Editors).Biology Data Book,2nd ed., Fed. Am. Soc. Exp. Biol., Bethesda,
MD, 1972.

AUSTAD, S.N. Life extension on dietary restriction in the bowl and doily spider,Frontinella pyramitela. Exp. Gerontol.
24, 83–92, 1989.

BACON, P.J. and ANDERSEN-HARILD, P. Mute swan. In:Lifetime Reproduction in Birds,Newton, I. (Editor), pp.
363–386, Academic Press, London, 1989.
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BERNINGER, J. Über Einwirkung des Hungers auf Hydra.Zool. Anz.36, 271–279, 1910.
BIRCH, L.C. The intrinsic rate of natural increase of an insect population.J. Anim. Ecol.17, 15–26, 1948.
BOECKER, E. Depression und Missbildungen bei Hydra.Zool. Anz.44, 75–80, 1914.
BOSCH, T.C.G. and DAVID, C.N. Growth regulation in hydra: Relationship between epithelial cell cycle length and

growth rate.Dev. Biol.104,161–171, 1984.
BRIEN, P. La pe´rennitésomatique.Biol. Rev. Cambr. Philos. Soc.28, 308–349, 1953.
BROCK, M.A. and STREHLER, B.L. Studies on the comparative physiology of aging. IV. Age and mortality of some

marine Cnidaria in the laboratory.J. Gerontol.18, 23–28, 1963.
CAMPBELL, R.D. Cell proliferation in hydra: An autoradiographic approach.Science148,1231–1232, 1965.
CAMPBELL, R.D. Tissue dynamics of steady state growth inHydra littoralis. I. Patterns of cell division.Dev. Biol.15,

487–502, 1967a.
CAMPBELL, R.D. Tissue dynamics of steady state growth inHydra littoralis. II. Patterns of tissue movement.J.

Morphol. 121,19–28, 1967b.
CASWELL, H. Matrix Population Models,Sinauer Associates, Sunderland, 1989.
CHARLESWORTH, B.Evolution in Age-Structured Populations,Cambridge University Press, Cambridge, MA, 1980.
CHARLESWORTH, B. and WILLIAMSON, J.A. The probability of survival of a mutant gene in an age-structured

population and implications for the evolution of life-histories.Genet. Res., Camb.26, 1–10, 1975.
CHILD, C.M. Senescence and Rejuvenescence,University of Chicago Press, Chicago, 1915.
COMFORT, A. The longevity and mortality of a fish (Lebistes reticulatusPeters) in captivity.Gerontologia5,209–222,

1961.
DAVID, C.N. and CAMPBELL, R.D. Cell cycle kinetics and development ofHydra attenuata. I. Epithelial cells.J. Cell

Sci.11, 557–568, 1972.
DAVID, K. Zur Frage der potentiellen Unsterblichkeit der Metazoen.Zool. Anz.64, 126–134, 1925.
DEEVEY, E.S. Life tables for natural populations of animals.Q. Rev. Biol.22, 283–314, 1947.
DUELLMAN, W.E. and TRUEB, L.Biology of Amphibians,McGraw-Hill, New York, 1986.
GOETSCH, W. Beitra¨ge zum Unsterblichkeitsproblem der Metazoen. II. Lebensdauer und geschlechtliche Fortpflan-

zung bei Hydren.V. Biol. Zbl.45, 231–240, 1925.
HAMILTON, W.D. The moulding of senescence by natural selection.J. Theoret. Biol.12, 12–45, 1966.

224 D.E. MARTÍNEZ
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