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This essay is a personal and incomplete image of the early
modern days in the cell death field, and it hopefully will be
followed by other reflections. It is worth recalling for several
reasons. Two of the most relevant are that some of the
background, published prior to the time that Medline was
routinely cataloging articles on the subject, has effectively
been lost from modern consciousness. Secondly, some of
these aspects, such as involvement of lysosomes, are now
resurfacing, and it is perhaps useful not to reinvent the past.
Some of the fundamental concepts derive from as far back as
the 19th Century, as has been admirably described in other
articles (Majno and Joris, 1995; Clarke and Clarke 1996),
which are highly recommended to the reader, and the more
recent period is covered in the accompanying article (Garfield
and Melino, 1997). I would appreciate hearing of references
located by others. Circumstances regarding this article did not
permit the reproduction of some of the marvelous pictures of
our forerunners. Perhaps the occasion will arise for a further
presentation of this material. Clarke and Clarke's article, in
addition to presenting many similar images is valuable for its
reflections on early insightful observations, the waxing and
waning of interest in the subject, and the tendency of science
to rediscover principles first articulated a century before.
Rather than repeat the efforts of these individuals, in the
following sections I address a more personal view ± one voice
among many ± of the beginning of the current wave of interest.

Re¯ections: The late and modest
development of the study of cell death
Very few children, marveling at the development of a frog,
concern themselves with the disappearance of the tadpole.
Parents far prefer to note every step of development of
their child, as opposed to every step of deterioration of
themselves or of their parents. Our very human instinctive
preference for growth and development relegated the study
of cell death to a relatively morbid few. Human preference,
however, was not the only millstone. Mitosis is a relatively
short and evanescent event, but once it has occurred there
are traces of its passing: a single-celled egg becomes two,
four, and eight. Using isotopes or other tracers, one can
label newly-synthesized DNA and identify it long past the
original mitosis. Cell death is far more furtive. Cells simply
vanish, usually in less than one hour. Though we may
infer, from constant cell number, that cell death equals cell
replacement, our emphasis was different. What has
changed today is that we used to say, `Cells die, and
are replaced by mitosis.' Today, we are more likely to say,
`Cells die...and are replaced,' emphasizing by the ellipsis
that the process of death is likewise interesting. This
change in our attitude has come about by virtue of new
insights from several fields.

Lysosomal cell death

For the sake of completeness and as a reflection on
trendiness in science, it is worth noting that, contrary to
many assumptions, in the 1960's there was a noticeable
literature on cell death. The earlier literature focused almost
exclusively on the appearance of lysosomes (which had
recently been discovered) in dying cells (Kerr, 1965; Lockshin
and Williams, 1965a,d; Lockshin, 1969a; Weber, 1969;
Schweichel and Merker, 1973; Lockshin and Beaulaton,
1974; Beaulaton and Lockshin, 1977; Hinchliffe, 1981; Levi-
Montalcini and Aloe, 1981). Kerr, in fact, had been conducting
a careful study of lysosomes in dying cells when he observed
the distinctly different type of death (Kerr, 1965). The paper is
well worth reading. It is not important to elaborate on these
findings, except to note that, if one does manual searches
through Science Citation Index1, Biological Abstracts1, or
similar sources, for the term `lysosome', one will encounter
many instances of cell death now called apoptosis. In
particular, involution of post-lactational mammary gland
(Helminen et al, 1968; Helminen and Ericsson, 1970, 1971)
and hormonoprivic prostate (Sensibar et al, 1990) were
examined primarily for the biology of lysosomes. It later
became apparent that some of the lysosomes were found in
invading phagocytes, but in many tissues there was a clear
autophagy of the dying cells, which is relevant today (Zakeri et
al, 1995; Bursch et al, 1996), while other lytic mechanisms,
including non-lysosomal proteases, have attracted attention.
The subsequent rise of thymocytes and lymphocytes as
paradigms of cell death eclipsed this approach since in these
latter cells early nuclear changes are paramount. Some
attention today is returning to the question of destruction of
cytoplasm in cells with massive cytoplasm.

Programmed cell death
Most of the ideas that interest us most today were first asked
2000 years ago, and were articulated in experimental form in
the 19th century, but the relevance of an observation is
frequently missed. When an observation reaches the thresh-
old of relevance, a particular concatenation of words or a
specific phrase renders what has been subliminal, now
obvious. This process occurred in the field of apoptosis. The
phenomenon was well recognized in the 19th century, as
admirably reviewed by Majno and Joris (1995) and Clarke and
Clarke (1996) and was even a focus of interest in early
developmental biology, as many studies on metamorphosis
emphasized. Many of these references are reviewed in the
series of articles (Lockshin and Williams, 1964, 1965a ± d).
For insect metamorphosis, many were notes in Comptes
rendus or similar journals, for instance Terre, 1899; Mercier,
1920, 1924, 1928; Mercier and Poisson, 1923; Roubaud,
1932, but some were marvelous, discursive and even
garrulous, articles illustrated with elegant watercolors (Hulst,
1906; PeÂ rez, 1910; Feytaud, 1912; Oertel, 1930; Blaustein,
1935; Murray and Tiegs, 1935). By the mid 20th century,
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GluÈcksmann had called attention to the issue in a vital article
entitled `Cell deaths in normal vertebrate ontogeny'
(GluÈcksmann, 1951) and Saunders had clearly enunciated
the problem: In landmark experiments, Saunders noted that,
for the differentiation of the chick wing, `The death clock is
ticking' (Saunders, 1966). Picking up these ideas, and
depending on the felicitous turn of phrase that characterized
Carroll Williams' conversation, we discussed the death of
metamorphosing larval cells as `programmed cell death',
recognizing but not clearly enunciating the obvious point that
virually everyone had assumed-that any predictable develop-
mental event carries a presumption of genetic background.
Saunders and Fallon (1966) followed this reasoning in
comparing the interdigital cell death of chicks to the reduced
cell death seen in web-footed ducks. Metamorphic cell death
was likewise recognized to be species-specific, and was later
related to more exotic forms, such as sculpting of wings of
butterflies and various sexual dimorphisms. These ideas were
followed implicitly as, by the late 1960's the first documenta-
tion of a requirement for protein synthesis was detected.
However, it took the rise of the power of genetics of
Caenorhabditis to focus the attention of the scientific
community on the generality of the concepts of (genetic)
programming of cell death and the existence of genes
controlling cell death.

Apoptosis

While developmental biologists discussed cell death as
perhaps not simply a negative default, but nevertheless only
one phenomenon among many, pathologists were more
astute. Specifically, Kerr, Wyllie, and Currie generalized the
idea (Kerr et al, 1972), building on Kerr's earlier interest in
`shrinkage necrosis' (Kerr, 1971) and noting specifically that
most physiological cell deaths followed a common morpholo-
gical pattern. This was a brilliant insight, which they had the
imagination to grace with a term, apoptosis, befitting the
originality of their observation. From this insight the medical
community first heard that most cell deaths are likely not
accidental. The importance of this insight nevertheless lay
fallow a few more years. An occasional review and, by 1981, a
book (Bowen and Lockshin, 1981), indicated increasing but not
massive interest. While much of the scientific community
ignored the problem that common morphologies imply
common mechanisms to be identified (Schweichel and
Merker, 1973; Lockshin and Beaulaton, 1981), the gradual
accumulation of mechanistic information finally led to two very
important changes in our attitude. First, recognition of a
requirement for protein synthesis led to the appropriate but
nevertheless groundbreaking identification of a genetics of cell
death; and, second, association of the common morphology
with a relatively straightforward means of identifying apoptosis
led to an explosive recognition of the frequency of apoptosis.

Apoptosis and DNA degradation

Natural concern for human well being drives and conse-
quently controls our investment in scientific enterprise. Thus a
major impact occurred when Wyllie and his colleagues, using

cells whose fate powerfully affected our well-being both
positively and negatively, established that the peculiar nuclear
morphology of apoptosis translated into an organized
destruction of the DNA. Isolating by density the condensed
apoptotic cells, they found that the DNA fragmented into the
now well-known nucleosomal ladder rather than into the
randomly cut DNA smear generated when necrotic cells were
studied. Although we now know that the primacy of this step is
often less urgent in cells with more massive cytoplasm, the
observation by Arends, Morris, and Wyllie (1990) was a
landmark for several reasons. It established a mechanism for
one of the most striking characteristics of classical apoptosis,
and established that it was under tight control; it established
that the death of thymocytes was clearly not simply an
abandonment of maintenance; and, perhaps most important,
it established a rather simple means by which high frequency
cell death could be detected by most laboratories. From this
paper ensued the rapid identification of apoptosis in many
varied systems. Apoptosis had become a general phenom-
enon. More importantly, the death of cells was apoptotic
during the differentiation and maturation of the immune
system, during suppression of the immune system by
glucocorticoids and other mechanisms, in cancerous cells
and in tumors, and during many other pathological states.
Thus understanding of the mechanisms of apoptosis had
clear medical implications (Kerr et al, 1972; Wyllie, 1987).
Shortly thereafter, recognition that cell death in AIDS was
apoptotic would lend further impetus to these studies. This
aspect has been reviewed recently (Ameisen et al, 1995;
Gougeon, 1995).

Early suggestions of a genetics of cell
death

Although adaptation of the techniques of the nascent
molecular biology led between 1966 and 1970 to identifica-
tion of a requirement for protein synthesis in the deaths
respectively of tadpole tail tissues, insect muscles, and
thymocytes (Tata, 1966; Lockshin, 1969b; Munck, 1971,
and later to be recognized as valid for neuronal cell death as
well), true appreciation of the fact that cell death was not
simply a pathological embarrassment had to await unequi-
vocal recognition of cell death genes. This acknowledgment
derived from, first, establishment of the complete cell lineage
of Caenorhabditis (Brenner, 1974; Sulston and Horvitz, 1977;
Sulston et al, 1983); second, recognition in this lineage that
some cells routinely died shortly after their birth; and third,
identification of mutations that altered all cell deaths (Horvitz
et al, 1983; Ellis and Horvitz, 1986), with the inference and
ultimately rapid identification of genes that controlled cell
death in general.

The genetics of cell death

Even before the genes were sequenced, the formal classical
genetics of cell death in Caenorhabditis had changed our
attitude toward programmed cell death. In the original
concept, cells followed a defined and presumptively but not
explicitly genetically controlled sequence to their deaths, but
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Horvitz, Ellis, and colleagues stated categorically: thirteen
percent of the somatic cells in Caenorhabditis died during
embryonic development, and all of these deaths were under
the control of a handful of genes. Thus animals could select
for mechanisms by which cells could die. A small number of
genes, acting in concert, could kill a cell. A very small number
of genes prevented the death of cells, and these genes were
turned on or off by a limited number of regulating genes. Cell
death was genetically controlled and simple. More impor-
tantly, it appeared, by extrapolation of the implications of the
cell death-preventing gene ced-9, that all cells could commit
suicide, and were normally prevented from doing so. Once the
first of these genes was sequenced, the comparison became
more urgent.

Other observations that changed the
attitude toward cell death

Several other factors combined in rapid succession to change
attitudes and call attention to the field. Cell death was linked to
cancer, and malignancy was tightly associated with cell
death-regulating mechanisms. Second, neural sciences
discovered that the massive cell death in embryonic
development and perhaps in aging was part of the same
phenomenon. Third, several observations of apoptosis-
activating or inactivating genes in viruses and bacteria
coalesced into the recognition of an evolutionary one-
upmanship in which cellular self-destruction evolves as a
process involved in an organism's damage control, while
invaders try to block the process. Finally, the groups came
together in a series of meetings, of which the first was one on
Multistep Carcinogenesis in Sardinia in 1989.

Bcl-2

The discovery that a major cause of B cell lymphoma was a
translocation that extended the life span of B lymphocytes
was a true attention grabber (Korsmeyer, 1992). It
unequivocally tied apoptosis to cancer in one of the three
potentially interesting ways (the other two being the
possibility that cells invade new areas by provoking cell
death, and the theoretical possibility of evoking apoptosis
specifically among tumor cells). By paralleling the story of
ced-9 (Hengartner et al, 1992), it suggested that the genetics
of cell death in mammals was likewise inherently simple or
comprehensive. Finally, it led to the recognition of a yin-yang
regulation of cell death, wherein monomeric related proteins
dimerize, with the composition of the dimer determining the
fate of the cell.

The more-or-less contemporaneous discoveries of the
immunocompetent means of self-regulation, Fas and FasL,
together with association of proliferation disorders linked to
these genes, and other potent oncogenic mutations of p53,
rapidly joined the growing sense that normal and malignant
growth were played out in a seesaw between growth
promoting and apoptosis inducing influences of several
genes (see Stewart, 1994; Podack, 1995; Meikrantz and
Schlegel, 1995; Lee and Bernstein, 1995 for readily
available recent reviews).

Cell death genes are conserved

Identification of the first mammalian anti-apoptosis gene,
bcl-2, highlighted two points of interest. From an intellectual
standpoint, there was some formal similarity between the
genetic system of the nematode and mammalian cell death.
Bcl-2 was identified as a constitutively up-regulated gene
causing a B cell lymphoma, and this form of cancer was
characterized not by increased mitotic rate but by depressed
rate of normal expiration of lymphocytes. Thus mammals
possessed a cell death suppressing gene, bcl-2, functionally
analogous to ced-9-a powerful incentive to assume that
mammalian cell death was likewise simple in control. The
medical and therefore financial incentive was the realization
that, for the lymphoma at least, it was aberrance of cell death
that caused the cancer. The sequencing of ced-9 indicates
that the similarity may be more than formal. The formal and
physical parallelism of nematode and mammalian mechan-
isms of cell death (Vaux et al, 1992; Hengartner and Horvitz,
1994) for bcl-2 and ced-9; see reviews in this journal for
references to ced-3 and ICE) led to a sense of the
conservation of the pathways, with the implications of high
importance normally attributed to conserved mechanisms.

Elucidation of the sequence of ced-3 provided the most
recent major surprise and incentive. Ced-3 proved to be
homologous to a known mammalian protease. We are well
aware that genes that are central to cell function are
conserved, and numerous laboratories quickly pursued the
implication. We now know that blocking the ICE protease or
a close relative can often prevent or seriously impede cell
death, and that the structural and functional homology is
sufficiently close that the mammalian enzyme can restore
function in ced-3 loss of function mutant nematodes (Yuan
et al, 1993; Xue et al, 1996). Likewise, the mammalian
bcl-2 can partially restore loss of function mutations of ced-
9 (Vaux et al, 1992; Hengartner and Horvitz, 1994). Thus
the generalization and the conservation both appear to be
very tight.

Putting it together: Sardinia

Several meetings marked the new awareness, but many
attendees attribute the new impact of the field to a relatively
small meeting on chemical carcinogenesis held in Sardinia in
1989. The organizers of this meeting, Amedeo Columbano and
Giovanna Ledda-Columbano, had secured the attendance of
representatives of the disparate branches of the field.
Scientists from Europe, America, Oceania, and Asia were
present, and discussions were open and extensive, and the
guests came away feeling that a threshold had been crossed.
Subsequent meetings at Cold Spring Harbor (organized by
Frederick Cope and David Tomei) and a Keystone meeting and
Gordon Conference crystallized this sentiment.

Where we stand today

We now average 7000 publications per year, two journals and
several repeating meetings are devoted to the subject, and
societies are forming in Europe and the United States. We
consider cell death to be an important player in many major
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diseases. In many degenerative diseases, even those
previously presumed to be necrotic, we now recognize the
signature of apoptosis, clearly suggesting that we may be able
to identify an earlier signature and intervene or at least buy
time. We recognize many types of cancer, especially the
redoubtable p53-fas cancers, to turn around the question of
cell death, and we seek means to target cell death for
therapeutic control. In many systems, cell death and cell
growth are intimately linked. In all of these systems, we
recognize many signals triggering cell death, and a few
means by which cell death is effected. We are just beginning
to understand how the signals are transduced and
transmitted.

Note added in proof
Readers whose libraries are reasonably complete should look for the
CIBA Foundation Symposium on Cellular Injury, edited by AVS de Reuck
and J Knight (J & A Churchill, London, 1964). This book featured many of
the major researchers at the time, and focused heavily on cell death as a
lysosomal phenomenon. A particularly charming article is one by Marcel
Bessis, entitled `Studies on cell agony and death: An attempt at
classi®cation' (pp 287 ± 328 including discussion). Bessis clearly
understood the difference between the act of dying and the dead cell,
and he also presented excellent phase micrographs of apoptotic cells. JD
Biggers also had a chapter entitiled `Normal cell death' and Edgar
Zwilling, one on `Controlled degeneration during development'.
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