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Abstract

Although much is known about manifestations of ageing in mammals,
the fundamental cause of ageing has remaiﬁed obscure. Review of a widely
scattered literature has demonstrated a histotypic selectivity in the effect
of ageing on cell activities. Several recent examples have shown that
certain age changes in cell activities can be reversed by transplantation
to a young host. Thus, ageing does not appear to diminish the potential for
genomic function. The selective and reversible age changes in cell activities
are interpreted to be the result of a differential change in gene activity,

which appears to be mediated at the supra-cellular level by humoral factors.

Evidence for age changes in regulation at the supra-cellular, physio-
logical level was revealed in an experimental study of the effect of ageing
on the response of C57B1/6J male mice to cold stress. . Marked changes in the
regulation of body processes were revealed by a study of three parameters.
(1) The induction of liver tyrosine aminotransferase (TAT), an enzyme shown
to be rapidly induced in a gene-mediated reaction during cold stress in young
mice (4-16 months o0ld) was delayed up to 2 hours in senescent mice (26-28
months o0ld); the rate of increase after the delay was similar to that in
young mice. Direct challenge of liver cells with injections of insulin
and corticosterone, hormones which induce TAT in the perfused, isolated liver,
resulted in an identical time course of TAT induction. Hence, the delayed TAT
induction during cold stress in senescent mice is probahly notvthe result
of a primary age change in the liver; an age change.in phe‘regﬁlation of
extra~hepatic stimulae which mediate the induction of TAT isAimplied.

(2) In contrast to the regulation of liver cell activities, no age changes
were found in the time course of adrenal corticosterone secretion during
cold stress. (3) Finally, senescent mice were shown to have a striking in-
ability to maintain body temperature during short eprsure to cold. This
defect in thermal regulation is the likely cause of the decreased ability

of ageing mice to survive cold stress. In conclusion, no evidence for a loss
of the potential for cell function was found in senescent mice. However,
selective age changes in regulation at a supra-cellular, physiological

level were revealed during cold stress,






", ....if old age weakens most of our facilities, it is far from
paralyzing them all; and rigorous observation shows us that in
certain ways the organs of the aged acquit themselves of their tasks
with quite as much energy as those of the adult."

Jean M. Charcot, 1881
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I. INTRODUCTION

The cause of old age and the inevitability of death are great
enigmas of human life. This‘essay will present an analysis of the nature
of the changes in the cells of man and other mammals during old age, and
the relation of these changes, collectively known as senescence, to the
increased rate of mortality of old age. It has been widely presumed, with
surprisingly little debate, that senescénce is in some way an intrinsic
property of living protoplasm, and that death is, in consequence, inevitable,
In this author's opinion, there is little evidence to support currently given
reasons for such a limitation, namely that death of the multicellular
organism is due to generalized, irreversible changes in the cell nucleus
which progressively limit cell activities, or that the exercise of cell
functions results in a general exhaustion of the potential for further
cell activity. The cause of senescence, while still obscure, may be

derivable from the essential conclusion of this essay: the potential for

cell function is not ddiminished after maturity in the mammal, However,

the patterns of cell activities and interactions are éltered. Senescence
may then result from changes in regulation at a supra-cellular. physiological

level which are, in principle, reversible,

II. COMPARATIVE BIOLOGY OF SENESCENCE

It is useful to view the senescence and mortality of old age in man
and other mammals in the perspective of senescent death as it is distributed
in the plant and animal kingdoms. The following evidence will make

plausible the notion that senescent death has not been an obligatory feature

in the evolution of multicellular organisms.

A, Survey

1). Protista

In order to acquire a consistent perspective on the senescent death
of multicellular organisms it is essential to recognize the capacity of some
unicellular protista to proliferate indefinitely without the necessity
for intervening sexual processes. This proposition has been controversial
in the past. The classical studies of Butschli (1876) and Maupas (1888,

1889) showed that various strains of ciliates undergo a giadual degeneration






after a certain number of divisions which results in a senescent death.
However, if conjugation occurs, the daughter products appeared rejuvenated.
Thus, a general analogy can be construed to the rhythm of growth and
fecundity, senescence and death in the life cycle of higher organisms,

(See Wilson, 1924, for a first rate discussion of the history of this
notion,) However, the number of cell generations before the clone

becomes senescent was observed to vary widely according to the species.

It was subsequently found that under certain culture conditions,
some protistan strains conjugate very rarely, if at all, Woodruff's

celebrated culture of Paramecium aurelia, descendants of a single cell,

proliferated freely from 1907-1943 (21,800 calculated generations)
without conjugation apparently having ever occurred (Woodruff, 1943).
However, periodic depressions in the growth rate of Woodruff's cultures
led to the discovery of a process called endomixus which was thought to

- involve degeneration of the macronucleus and the formation of a new
macronucleus from the division products of the old micronucleus (Woodruff
and Erdmann, 1914). Endomixus was thought to be analogous to partheno-
genesis. Later studies by Diller (1936) and Sonneborn (1947) cast. .
doubt on the existence of endomixus as described by Woodruff and Erdmann
(1914), by the finding that the early micronuclear division products
appear always to fuse. This is a process of self-fertilization (a type
of sexual process) and was given the name autogamy by Diller (1936).
Thus, the long maintained cultures of Woodruff underwent a form of sexual

process at regular intervals.

Protistan strains lacking a micronucleus have long been in existence.
Such strains can not undergo any sexual process; they are sexually inert.
The most familiar are the various amicronucleate Tetrahymena strains which
have multiplied vigorously for probably 40 years or more (Ferguson, 1940;
Corliss, 1953). The exact length of time that the currently amicronucleate
strains of Tetrahymena have existed is difficult to establish because
of the apparent ease with which normal Tetrahymena strains can shed their
micronuclei. Hence, one can not be sure that a strain was amicronucleate
from the time it was established. Amicronucleate protistan strains were
also described by Woodruff (1921), aithough at that time it appeared

that such strains had a very limited ability to proliferate.






In sum, the descendants of a complex cell with a nucleus and
cytoplasmic organelles can proliferate indefinitely. Evolution of the
eukaryotic cell was not achieved at the expense of obligatory cell
senescence which requires some form of sexual cycle for periodic re-

juvenation,

The existence of varied patterns of senescence in protista (e.g.,
see the recent review of Ciliate senescence by Siegel (1967) and descriptions
of senescence in the Suctorian Tokophora by Rudzinska (1961, a, b; 1962))
hint that senescent processes may be the result of unique selective

forces for each species during its evolution,

2) Immortality of plants and animals

Before considering the distribution of senescent death in the Plant
and Animal Kingdoms, it is useful to consider the idea of an upper limit

to longevity which is characteristic for some species. The concept of an

upper limit to the life-~span for individual organisms derives simply from
tabulations of the longest lived individuals of a species which have been
found. For many species, under optimum circumstances, the survival of a
population of adult organisms may be nearly 100% up to a certain age

after which, as time progresses, there is a steadily increasing rate of
death, For many plant and animal species, this increasing death rate is
concurrent with the onset of obvious degenerative and morbid changes,

In contrast, the rate of death for many other species does not appear to
show an obvious increase at any age, but may be more or less constant.

It is my opinion that if such species do not also show degenerative changes

characteristic for all members of the species after achieving sexual

maturity, then one might consider such species to be potentially immortal.
However, the onset of senile degeneration and increased mortality may

]
possibly occur at a time in excess of the length of an ordinary human life,

and hence may be difficult to establish for some very long lived species.

Unfortunately, there is such a dearth of data on the distribution of
senescent death among multicellular organisms that one can feel sure that
at the most only a few multicellular species are potentially immortal in

nature,






In the Plant Kingdom the best known examples are conifers, e.g., the

redwood (Sequoia sempervirans), the bristlecone pine (Pinus aristata), and

the giant Mexical cyprus (Taxodium distichum); individuals of these species

are thousands of years old and. seem to be capable of indefinite growth.

Also noteworthy are naturally occurring, asexually reproducing plant clones,
e.g., the Buffalo grass (Spartina), clumps of which slowly enlarge by

rhizomal extension to form the characteristic "fairy rings" of the great
plains in the western United States; grass in the rings of large circumference
represents a ''clonal" descent of many hundreds and probably thousands of

years (Chase, 1934)., Other anciently established, asexually reproducing

plant clones are cited by Sax (1962).

In the Animal Kingdom one can be sure that certain hydroid species,

e.g., Cyania capillata and Clytia johnstoni (Brock and Strehler, 1963) are

potentially immortal. An interesting conclusion which can be drawn at
present from records of longevity is that among those evolutionarily
kindred species with a well established upper limit to longevity, the

maximum adult lifespan can vary astoundingly. For instance, Lepidopterans

in general have a lifespan of 6-12 weeks, whereas certain Coleopterans

observed in captivity have lived up to 10 years (Comfort, 1964). The
reason for the attenuated lifespan of the Lepidoptera is that most species
of this group of insects, and others as well, suffer reduction of the mouth
parts and alimentary canal during metamorphosis, Numerous species of Diptera
and Hymenoptera utilize only carbohydrate foodstuffs (Trager, 1953).
Longevity is therefore determined by the nutritional reserves established
during development when feeding was active. Death is generally concurrent
with exhaustion of the nutritional reserves of the fat body. The cause

of death of the long lived Coleoptera is not known. It is easy to find
other great contrasts in maximum recorded longevity between species which
have a fairly close evolutionary relationship (see tables in Comfort, 1964),.
Unfortunately, only in a few species is the cause of senescent death as
clear as in the aphagous insects. The cause of senescent death remains

obscure for most multi-cellular organisms.






B. Higher organisms whose lifespan limit can be experimentally
manipulated

In certain plant and animal species, it is possible to intervene
experimentally and escape the normal limit to lifespan. Such individuals

may be infinitely longevous.

1) Plants

Molisch (1928) has noted that the century plant Agave americana under

the best of conditions flowers, comes to fruit and then dies at an age of
8-10 years., However, if conditions are not favorable for flowering,
vegetative growth may continue indefinitely. Death is also a consequence of
flowering in many annual plants: if the new buds are removed as often as
they reform, the individual plant may continue to grow for some time (see
discussion in Varner, 1965). Senescent death of these plant species can

not be due to an intrinsic property of the plant tissues, but is triggered
by certain developmental events (see Woolhouse, 1967, for a valuable

discussion of this point).

2) Animals (non-mammals)

a) Planaria

The acoelomate flatworm or planarian was an object of intensive study
in the early part of this century because of its capacity for regeneration
and rejuvenescence. Many species have a well defined senescent involution,
during which feeding ceases, reproduction wanes, and death of the individual
ensues by disintegration. However, if a pre-senescent planarian is starved,
the usual course of the life cycle can be arrested: upon refeeding, the
planarian eventually regains its original size and soon exceeds the chrono-
logical age at which it would have become senescent. By repeating this

process many times, Child obtained individuals of Phagocata velata which were

truly ancient, having achieved an age of 2 years, manyfold greater than
the usual life limit of 3 weeks when food is continuously available (Child,
1914), The fragmentation products of some turbellarian species, such as

Phagocata velata, are capable of encystment and can reorganize to form a

tiny worm identical to the one hatched from an egg capsule (Child, 1914).
This process can be repeated successfully a large number of times, if not
indefinitely. Child indicates that this cycle of senescence and rejuvenescence

in Phagocata velata occurs naturally in this species' habitat of temporary

pools near Chicago, Illinois (Child, 1913).






b) 1Insects

The female dog tick, Rhipicephalus sanguineus Latr. usually dies 4-5

days after oviposition, However, Achan (1961) found that injections of
sucrose into the body cavity could prolong life up to 3 days more., Not only
did the ticks injected with sucrose live longer, but they were also capable
of re-infesting their host, the dog. The longevity of the dog tick would
seem to be determined by nutritional reserves as in the other species of

insects previously described.

Williams has grafted adult decapitated bees to pupae and finds that
the tissues of the body survive 10 months or longer, in contrast to the usual

adult lifespan of 10 days (Williams, 1958).

c) The European eel

The European eel (Anguilla anguilla) matures in the freshwater streams

and lakes of western Europe and then, on dark nights, begins a remarkable
journey back to the Sargasso Sea to spawn and start a new cycle of life,
No food is eaten during this long journey. The digestive tract atrophies
and general demineralization sets in., Upon spawning, eels die (see
Bertin's monograph (1956) on eels for an excellent description of the life

of the eel).

An impressive number of cases document the ability of female eels to
achieve relatively enormous lifespans if they are entrapped and prevented
from returning to the sea (Roulé, 1933; Gandolfi-Hornyold, 1935: Lekholm,
1939). One such eel, familiarly known as '"Putte', resided for many years
at the museum in Helsingborg, Sweden (Lekholm, 1939). ''Putte" finally
died at the ancient age of 88 years (Vladykov, 1956). In nature, the life-
span of the European eel is less than 15 years (Bertin, 1956). Bertin
(1956) points out that degenerative changes closely similar to those found
in the intestinal epithelia of the pre-spawning silver eel, which is nearing
the time of its return to the Sargasso Sea (Berndt, 1938), can also be
induced in the immature yellow eel by simple starvation (D'Ancona, 1921).
Thus, at least some of the senescent changes of the European eel depend on

its nutritional circumstances.






d) The Pacific salmon

Certain other fishes besides the eel, notably the lamprey, the Pacific
salmon, the candlefish (or eulachon) and a small group of annual fishes of
the killifish family (Myers, 1952), die shortly after spawning (Robertson, 1957).
Robertson and his associates have made a remarkably successful investigation

into the cause of the death of the Pacific salmon (genus Oncorhynchus). The

adrenal cortex was found to become hyperactive during sexual maturation

(Hane and Robertson, 1959; Robertson and Wexler, 1960; Robertson et al, 1961).
Serum levels of 17-hydroxy-ketosteroids, identified as cortisone and hydro-
cortisone, may increase up to ninefold during the spawning of king salmon

(Oncorhynchus tshawytscha) (Hane and Robertson, 1959). Widespread degenerative

changes characteristic of adrenal corticoid toxicosis and similar in most
respects to Cushing's syndrome occur at this time (Robertson and Wexler,
1960). Death normally occurs within two weeks of spawning. In migratory

rainbow trout (Salmo gairdnerii), which usually survive the first spawning,

the levels of 17-hydroxy-ketosteroids are elevated to a much lesser extent
and the degree of degenerative change in the tissues is correspondingly
slighter (Robertson et al, 1961). Most of the same histological changes
which preceed death in spawning Pacific salmon can also be induced in
immature rainbow trout by implanting hydrocortisone pellets (Robertson et al,
1963). Thus, the senescent changes of Pacific salmon are the result of a

change in physiological state at the time of maturation and spawning.

Robertson (1961) has found that castration of immature kokanee salmon

(Oncorhynchus nerka kennerlyi), a landlocked variant of the blueback salmon

which normally dies upon spawning at the age of four years, may prevent adrenal
hyperplasia. Those castrated fish of either sex in which adrenal hyper-

plasia does not occur continue to grow and generally retain their juvenile
appearance. (Robertson (1957) has also observed that precociously mature

male king salmon, bearing all other juvenile characteristics, do not die

after spawning. These occasional specimens escape the usual degenerative
sequelae to spawning and continue to grow for at least five months). Some
castrated kokanees lived for eight years, about twice the normal lifespan.

In about one=half of the castrated fish which died after the age of four

years, partial regeneration of gonadal tissue and adrenal hyperplasia had
occurred; these fish had acquired the usual senile appearance (Robertson, 1961).

Histological examination of other senile appearing castrated kokanees,






in which there was no detectable regeneration of the gonads, also revealed
a marked adrenal hyperplasia and the usual degenerative changes (Robertson
and Wexler, 1962). Although no castrated kokanee salmon has survived to
as great a multiple of its normal lifespan as the landlocked European eel,
such might be possible if one could prevént adrenal hyperplasia from
occurring. In any case, senescent death in intact or castrated Pacific

salmon can be ascribed to a non-mysterious and definable change in physiology.
e) Conclusion

Despite the extension of life for various annual plants, planaria,
insects, salmon and eels, one must allow the possibility that the "immortal”
individuals of these species may eventually die from another type of
senescent death., For instance, if it were possible to infuse the aphagous

adult Lepidopterans with adequate nutrients, would such individuals

eventually succumb to another type of senescent death which might be pos-

tulated for kindred but longer lived genera such as the Coleoptera?

These varied examples of species in which it is possible to escape
the natural limit to the lifespan clearly show that the limit to their
lifespans is not determined by some intrinsic and irreversible feature of
their cells., Senescent death for these species would seem to be the result
of a developmental process leading to a physiological state (adrenal
corticoid toxicosis or inanition) which resulted in the death of the
organism, For these species, natural death can not be ascribed to ex-
haustion of the potential for cell activity or to irreversible damage to

the cell nucleus.

In considering next the senescent death in man and other common
mammals and the upper limit for longevity characteristic of each mammalian
species it will be ﬁseful to keep in mind the escape from the longevity
limitation which is possible for certain plant and animal species. We can
at once discern that senescent death may have many origins and should not

be regarded as a uniform phenomenon among multicellular organisms,
3) Mammals

The length of life can be considered in several ways, Most rudimentary
is the average age at death or, conversely, the average life expectancy at

birth., A more cogent measure, considered by Lankester (1870), is the normal






potential lifespan, defined as the life expectancy of individuals who have
survived to some arbitrary age in early maturity. Finally, Lankester
defined an absolute potential longevity, an approximate upper limit to the
lifespan which is characteristic of the species in many different environ-
ments (Lankester, 1870). Although some individuals in various populations
seem to approach the same maximum age limit, the average lifespan and

per cent distribution of a population in different age groups may vary as
can be readily seen by comparing the population structures of the United
States and Ceylon: about 20% of the United States population is older than
65, whereas only 2% is older than 65 in Ceylon, Thus, there are some
individuals in each nation who attain an age greater than 100 years,
although the average age at death is 68 in the U.S. and 57 in Ceylon
(Rosset, 1964).

In all mammalian populations, the basis for diminishing membership
in the older age groups arises from the increasing mortality rate with age.
It was first observed.by Gompertz that the logarithm of the rate of mortality
is roughly proportional to the age in adult humans (Gompertz, 1825),
Analysis of national populations reveals them to be aggregates of subpopulations,
each of which may have its own mortality characteristics (e.g., the average
longevity of the Negro in the U.S, is 10 years less than the non-Negro
(Rosset, 1964), Jones has developed a valuable method of analyzing sub-
population mortality characteristics which is based on the mortality
characteristics of groups born at the same time, called cohorts (Jones, 1956).
The interesting conclusion which emerges from analysis of mortality rate by
cohort in comparatively homogenous countries is that the logarithmic mortality
rate, while still proportional to the age, is decreasingly less for cohorts
of the same age which were born more recently. This decline in death rate
is slight per calendar year, but can be clearly seen in comparisons of death
rates from different centuries, data for which only exist in a limited
number of countries. Thus the death rate per year per 1000 individuals at
the age of 50 in Sweden was 25 for those cohorts born 1816-1840, 9 for those
born in 1875, 7 for those born in 1895, and is projected to be 5 for those

born in 1905 and 4.0 for those born in 1915, The rate of progress in or

acceleration of, the death rate is apparently unchanged and doubles in

approximately 8.5 years for all human populations (Jones, 1956). Thus,







10

prolongation of adult life has been achieved by postponing the age at

which a particular mortality rate is reached, not by altering the rate of
acceleration of the death rate., In other words, an individual born more
recently in Sweden stays youthful (e.g., as ‘judged by the incidence.of,

cancer at that age in his cohorts) for a longer time than his 