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1

Dead or alive?

How do we know whether a cell is dead or alive? This question is

somewhat analogous to the difficult ethical and philosophical ques-

tions that doctors face in defining the point of death of a human. In

order to consider this question we need first to determine what we

understand by the term living. Conventionally, life is generally defined

by an organism being able to demonstrate various activities. Broadly

speaking, these can be divided into four categories as follows:

(a) movement,

(b) metabolism,

(c) sensory perception, and

(d) reproduction.

These properties shall now be considered individually.

Movement

Most living organisms exhibit movement relative to their environ-

ment, to a greater or lesser degree. There are some apparently seden-

tary organisms, but even in these some levels of movement are gen-

erally detectable. For example, many plants, although fixed at a

particular position in space display phototropism and can track the

movement of the sun throughout the day. Plants are also geotropic

and their roots grow (move) downwards in response to gravity,

whereas their shoots show phototropism and grow upwards in re-

sponse to light. Within the mammalian body, considerable evidence

of individual cellular movement can be found. This ranges from the

1
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2 APOPTOSIS: THE LIFE AND DEATH OF CELLS

movement of cells through tissues as they mature and differentiate

into functional cells to the passive movement of circulating red blood

cells to active migration of leukocytes into and within tissues in re-

sponse to chemotactic signals to, of course, the highly active and

directional swimming of sperm in response to chemical signals.

In addition to this movement of organisms in three-dimensional

space and the movement of cells within the three-dimensional struc-

tures of tissues, there is clear evidence of intracellular movement,

that is, the movement of organelles within the body of the cell (seen

clearly in plants, fungi, and animals). These movements, such as the

‘flow’ of mitochondria through the cytoplasm, can be readily observed

using time-lapse video microscopy. This type of movement within

a cell is somewhat analogous to the movement of blood through

the blood vessels in a multicellular, multitissued animal. Movement,

whether of individual cells or whole organisms, clearly involves ex-

tensive coordination of inter- and intracellular mechanisms and cel-

lular skeletal elements that permit movement. These require bio-

chemical reactions and ultimately the transcription and translation of

genes.

Metabolism

All living organisms, including individual cells in the tissues of the

body, have to undertake biochemical, metabolic processes in order to

convert nutrient materials into useful cellular products and to process

waste by-products for excretion. In humans, this metabolic activity

requires oxygen uptake and utilisation, with carbon dioxide being

produced as a waste product, whereas plants take up and utilise car-

bon dioxide and excrete oxygen. This is one clear reason why we

are so completely dependent on our botanical co-inhabitors of this

planet. Cellular metabolism provides essential materials (molecules)

required for the correct functioning of the cell, tissue, or organ-

ism as a whole and for an individual cell to grow and increase its

mass or for cells to divide and multiply to increase the mass of a

tissue, that is, for tissue or body growth. It is relatively easy to see



P1: JPJ/FFX P2: FCH/FFX QC: FCH/FFX T1: FCH

0521622719c01 CB646-Potten-v1 February 12, 2004 17:26

DEAD OR ALIVE? 3

how these metabolic activities can be considered part of a defini-

tion of life for individual cells, as well as multicellular organisms like

humans.

Sensory perception

Another fundamental property of life is the ability to perceive and

respond to environmental signals. Plants respond to light, gravity,

temperature, nutrient and water supplies. Animal cells and organisms

respond to much the same types of stimuli. Therefore, both cells and

organisms must have mechanisms for detecting the environment (i.e.,

sensory cells or tissues) and an ability to respond to the changes that

they detect. Once again, these processes require the coordination of

complex intra- and extracellular programmes.

Reproduction

The ability of cells to reproduce themselves is fundamental to the

life of multicellular organisms and the ability of whole organisms to

reproduce (divide) is essential to the survival of all life-forms. Bacteria

may reproduce by simply dividing in two. In more complex organisms

such as mammals, cells reproduce in a similar way, by a process called

mitosis. Increasing cell numbers through division contributes to the

growth of tissues, along with increased mass and volume of individual

cells.

Most living organisms also reproduce sexually, by producing a

special form of reproductive or germ cell by a special type of cell

division, termed meiosis, which results in the production of male and

female germ cells, sperm and ova, each of which has half the normal,

full cellular DNA content (i.e., for humans a single copy of each of the

twenty-three chromosomes). When germ cells are brought together,

they fuse to form a new, single-celled organism (the fertilised zygote)

from which the highly complex multicellular organism will develop

via repeated acts of cell division. Before mitotic cell division can occur

the genetic material of the cell, the DNA, must be replicated so that
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immediately prior to mitosis, the cell contains a double complement

of DNA (four copies of each chromosome for humans).

In addition to sexual reproduction, there are other forms of veg-

etative or nonsexual procreation. These may involve the process of

budding off a new individual or other acts that amount to cloning,

where offspring are generated that are identical to the parent (i.e., the

growth of new plants or animals from severed segments (cuttings) of

the parent. Such asexual reproduction fails to generate genetic di-

versity and as a consequence is not beneficial in adverse or altered

environmental conditions where natural selection is advantageous.

As stated previously, for a cell to reproduce itself (i.e., divide) it

must first reproduce its genetic material, the DNA, and other essen-

tial, subcellular elements. Each human cell has about two metres of

DNA coiled within its nucleus. This amount of DNA can be accom-

modated within a cell’s nucleus by virtue of its specialised structure.

DNA has a double-helix structure and is complexed and coiled up with

other molecules (these include proteins called histones) to form chro-

mosomes. In humans there are twenty-three different chromosomes,

with most cells having one pair of each (i.e., forty-six chromosomes).

The genetic code relies on the appropriate arrangement of the DNA

bases, adenine, guanidine, cytosine, and thymidine (A, G, C, and T,

respectively), which form the coded messages of the individual genes

that control all cellular activity. To copy the genetic code of the DNA

the chromosomes must be uncoiled (an extremely complex and not

fully understood process). The synthesis, or replication, of DNA is

very complex and must be completed without errors, which would

otherwise be multiplied in the successive generations of cells: genetic

errors are the basis of diseases such as cancer. The DNA must then

be recoiled and condensed back into the chromosome structures that

may then be separated by the process of cell division or mitosis. These

sequential processes of DNA uncoiling, replication, recondensation,

and cell division are collectively termed the cell cycle and are described

in greater detail in Chapter 4 of this book.

The ability of a cell to reproduce itself via division (mitosis) is com-

monly used as a measure of cell viability in many studies where toxic

drugs, chemicals, or radiation are, for example, assessed for their
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ability to kill cancer cells. This cellular reproduction is alternatively

referred to as cellular proliferation. A cell may fail to divide success-

fully because the DNA, or other critical elements of the cell, have been

damaged in such a way as to prevent DNA replication or cell division.

The damaged cell may then undergo degradative changes. If the dam-

age is particularly severe the cell will swell and lyse, spilling out its

contents, a process of cell death called necrosis. Alternatively, the cell

may activate a programme of genetic and biochemical changes to

control its own death – suicide, if you like; this process is termed

apoptosis. This involves shrinkage of the cell and its fragmentation.

The fragments of the cell may then be engulfed and digested by other

cells. Genetically programmed and temporally controlled cell death,

termed programmed cell death, was well recognised in developing em-

bryos prior to the description of apoptosis in the scientific literature.

Apoptosis and programmed cell death are essentially variations on

a theme and the terms are used interchangeably throughout many

scientific publications.

It may be that a cell will attempt to undergo mitosis but because

of damage to the DNA (or other cellular structures) it is incapable of

exiting this phase of the cell cycle and by default dies by apoptosis.

This is a process we shall call here mitotic cell death (see ‘Mitotic

death’ in Chapter 2).

Finally, cells may also fail to divide when they switch from prolif-

eration to differentiation, that is, they mature and take on a specific

functional role. The fact that a fully differentiated, functional cell does

not replicate its DNA and does not divide means that a certain level of

DNA damage may be tolerated, as the stringent checks for DNA errors

that occur during the cell cycle are not applied or needed. Differenti-

ation can be regarded as the process, or series of steps, that leads to

the production of a functional or differentiated cell (defined in greater

detail in Chapter 4). Typical differentiated cells are red blood cells,

the cells on the outer surface of your skin, muscle and nerve cells,

and cells that secrete products such as mucus, enzymes, saliva, and

milk.

Full or terminal differentiation is usually incompatible with fur-

ther rounds of cell division. Cells that do not obviously fall into this
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category may, nevertheless, express a spectrum of limitations in terms

of their division potential. These may range from their ability to di-

vide once after exposure to a cytotoxic agent within a certain time

frame to being able to divide effectively indefinitely. To study this as-

pect of cell survival, compromises have to be made so that one can

define a series of criteria that can be used in an objective fashion.

Such compromises are common in scientific experimentation.

The convention that has been adopted here is that cells are said to

survive after a particular treatment (i.e., be alive), if they are capable

of undergoing about six cell divisions or are capable of producing a

minimum of fifty daughter cells within a prescribed time limit. An

obvious compromise here is that six divisions should in theory give

sixty-four cells, if each one divided on every occasion. For conve-

nience, this is commonly reduced to the figure of fifty daughter cells

produced. These studies are easy to perform using cell culture sys-

tems, where each daughter cell may remain attached to each other

and form a colony, which because they are derived from a single sur-

viving cell are also referred to as clones. The single cells that give rise

to the colony are called colony forming cells or clonogenic cells. Clones

here have a slightly different connotation from the current debate on

cloning animals such as sheep, mice, and humans, where the animal

is being derived from a single manipulated cell (as discussed), but

here it is required to generate a diversity of differentiated tissues and

many billions of cells.

These experimental approaches are essentially designed to study

cells that survive a particular treatment by the maintenance of their

reproductive potential and the cells that die, by definition, are those

that lose their reproductive potential or become sterilised. One issue

here is that, within limits of a set time frame, some cells may not

satisfy the criteria because they are reproducing too slowly but if a

longer time frame was used they also would be capable of producing

fifty cells. Another complexity is that the cells may not always divide

in a truly exponential fashion, that is, one cell producing two, two

producing four, and so on, but the tissue or colony may be organised

in a more complex fashion with cells entering differentiation and
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different categories of proliferating or reproducing cells (cell lineages

or cell hierarchies; see Chapters 6 & 7).

Cell death: human analogies

So, if metabolism, movement, sensory perception, and reproduction

are the basic features of life, death must be characterised by the ab-

sence of these features. Is it necessary for all these processes to cease

for death to be defined? Cells may stop movement but still be capable

of metabolism; they may stop reproduction and still be capable of

metabolism and movement; they may stop reproduction and move-

ment but still be metabolically active. The difficulty one encounters

here is very similar to the modern ethical and philosophical problems

associated with defining the point of death for a human. It might be

worthwhile to digress for a moment and consider these questions in

somewhat greater detail.

If an individual capable of movement suddenly ceases to move,

a concern might arise as to whether death has occurred; however,

the individual may simply be asleep (from a cellular point of view, in

a dormant state). Careful examination would reveal a persistence of

autonomic, involuntary movement, for example, the chest moving as

a consequence of breathing, evidence of blood circulation, and eye

movements. The presence of such movements somewhat alleviates

the immediate anxiety as to whether death has occurred. However,

the individual could be in a coma; now the situation is more serious.

Breathing still occurs, movement of the blood around the vascular

system continues, and the tests for whether life exists become some-

what more stringent. Does the individual respond to sensory percep-

tion? For example, does a person wake up if he or she is pricked with

a needle? Is the main sensory organ, the brain, functioning properly?

In fact, different levels of brain function may need to be determined:

cerebral activity, brain stem function, and so on. Such situations also

inevitably lead one to address the following question: ‘Can metabolic

activity still be demonstrated?’ Obvious food intake may have ceased

for the individual but questions arise as to whether the person is still
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taking up oxygen (breathing), still excreting waste (full kidney func-

tion), and so on.

Failure of any one of the major organs of the body can precipitate

death. The kidneys may fail and the levels of blood waste products,

most noticeably urea, will rise. The liver may fail and because it is

a major metabolic organ many other toxins can be built up in the

blood. The lungs may fail and the blood gas levels will change. All of

these are easily detected by appropriate blood tests but if not dealt

with can prove fatal. One can suffer an aneurysm of the main aorta

as a consequence of cholesterol buildup; effectively the aorta bursts.

There can be various defects associated with the heart, ranging from

ventricular fibrillation (where failure to pump blood properly results

in the brain not receiving enough oxygen) to coronary thrombosis

or myocardial infarction, which are essentially characterised by a

blocking of the blood supply to various regions of the heart, producing

the symptoms known as a heart attack. Some of these defects can be

detected by checking the pulse, using a stethoscope or, ultimately,

using an electrocardiogram (ECG), which analyses the contraction

of the heart. Finally, there are various problems associated with the

brain and the brain stem that can result in rupture of blood vessels

from head injury, or from infarction caused by clots in the blood

vessels supplying the brain. Both these events result in starving the

brain first of blood, ischaemia, and, consequently, oxygen (hypoxia).

The severity of brain injury depends on the size and the location of

the ischaemic area and the consequences are the symptoms known

as a stroke. There are a whole variety of levels of unconsciousness

or coma that can occur that are generally tested for by looking for

electrical activity in the brain using an electroencephalogram (EEG).

The most severe state would give little or no reading on an EEG for

the brain cortex, but if there is still brain stem function then breathing

and heart activity and one or two basic reflexes will continue to be

detected. However, such a person would be in a persistent vegetative

state and would require life support systems.

Now, a feature of all these defects in the human body is that, pro-

vided that the patient can receive adequate medical treatment and can

fairly rapidly be taken to hospital, many of them can be overcome in
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modern medical practice by the use of appropriate equipment: kid-

ney dialysis machines, heart-and-lung machines, and so on. So al-

though these individuals would have undoubtedly died if they had

not received appropriate treatment, they can be rescued from death

by modern techniques. People on dialysis machines, those fitted with

heart pacemakers, and so on, can lead a relatively normal life. The

most difficult cases are those in coma, particularly those in a persis-

tent vegetative state, and the question to what extent such individuals

can be regarded as alive remains a matter of some argument. Once

brain stem activity is lost, although a patient can be kept technically

“undead” on life support systems, switching off these systems will in-

evitably lead directly to death. Major legal and ethical questions arise

in these cases. The difficulties outlined here can also be considered

in relation to single cells in tissues or in a culture dish.

In modern medicine the ethical problems arise because a person

can lose many of the key functions of life and yet be kept “alive” by ap-

propriate machines. The kidneys may have failed, the lungs may have

ceased functioning, and the heart may even have stopped pumping

oxygen around the body, but the brain may still be capable of some

function and the individual cells of the body are clearly still alive. The

individual cells are still metabolically and reproductively active and

will function normally if transplanted into another individual. So, at

what point does one define death in this sort of situation?

One or two real-life examples may reinforce the difficulties to

which I allude. At the 1989 Hillsborough football stadium disaster

in the United Kingdom, many people were crushed and a few were

unconscious when taken into hospital, where they were kept in a per-

sistent vegetative state by intensive maintenance theory. Eventually

the courts ruled that in one case support systems could be switched

off, that is, the final stages of dying were permitted to occur. However,

another patient from the same accident in a similar vegetative state

continued to receive supportive treatment and eventually was able to

communicate again, at least to a limited extent.

An often-quoted case concerns a man from Minnesota involved in

a serious car accident in California in 1978. He required several blood

transfusions after the accident. He remained unconscious and could
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not maintain unaided respiration. No next of kin could be traced and

a transplant team was notified because his heart and kidneys were

undamaged. Appropriate consultations took place and in California

he was legally pronounced brain dead. However, some time later a son

arrived and legal action was taken, based on the fact that in Minnesota

brain death was not recognised. So in one state in the United States

he was legally defined as dead, whereas in another he was legally

defined as alive at the time the ventilator was switched off and his

organs were removed. Such cases illustrate the difficulties, both legal

and ethical, in defining death.

Similar complications arise when we define death as loss of repro-

ductive potential. Clearly for adult humans, the question of whether

they can still reproduce is not generally considered part of the defi-

nition of life or death. Women beyond the age of menopause are not

categorised as dead! But for cells this is a fairly common criterion

by which their full functional competence is assessed, and the loss of

reproductive ability is regarded as a serious marker of loss of cellular

functional activity and hence cell death.

These considerations apply also to individual cells, whether they

are free living or part of the tissues of the body, and one is forced to

consider the following question: ‘At what point does a cell die and

loss of which functions are most appropriate to use to define the loss

of life?’ Cells can clearly enter phases of dormancy or inactivation

during which most of the functions of life might be regarded as being

absent (extreme examples are seeds or spores). These cells can be

brought back to life after even long periods and harsh environmental

conditions by providing the right signals or environment. Cells can

become quiescent in tissues of the body when they do not continue to

progress through the sequential metabolic processes leading to cell

division. They may slow down or stop their movement, relative not

only to other cells in the tissue but also to the internal movement of

the cytoplasm. They might become much more resistant to various

changes in the environment (loss of sensory responses) and certainly

they may cease to reproduce.

It is therefore important to remember that death is not as simple

a state to define as we might at first imagine. Of course, once true
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death has occurred it may be very easy to recognise and we discuss

this further when we consider the appearance of dying or dead cells.

Again, it is necessary to think of the human situation – only when it

becomes very obvious that once death has really occurred is it easy

to recognise. The body starts to dehydrate, decay, and disintegrate.

Cell death is often characterised differently depending on the sci-

entific interests of those involved. To the biochemist, life may be de-

fined simply by the presence of metabolic activity, whereas to those

working on cancer drugs it may be defined by a cell’s ability to divide

not only once but many times.

Another interesting consideration arises from some insects and

higher creatures such as the North American wood frog, which can

be frozen solid in winter and by almost all criteria would be defined

as dead. However, with the advent of spring the animals thaw and the

heart is kick-started into pumping and the recognisable signs of life

return.

When looking at the frozen-solid North American wood frog, it

is difficult not to be convinced that the animal is dead. No signs of

life can be defined using the criteria oulined earlier. To reach some

conclusions about its status one has to know something about its

past and/or its future; that is, was it alive or dead when it was frozen?

Also, will it be alive or dead when thawed? It is clearly ‘undead’ when

frozen.

Another amazing example of animals appearing to be dead but are

able to come back to life is given by little animals called Tardigrades.

These creatures are approximately 0.05–1.2 mm long and live in the

moisture layers around soil particles. There are many species and

when viewed through a microscope they have a distinctly bearlike

appearance, with four legs with clawlike bristles and a very bearlike

face; as a consequence they are called water-bears. The surprising

fact about water-bears is that they can reduce their body water con-

tent from 85 to 3 percent; that is, they can dehydrate and then be

resuscitated by the addition of water (a process called cryptobiosis).

They can remain dehydrated for many years and in this state with-

stand extremes of temperature and also large doses of radiation. If

one was found in its dehydrated state, a person would conclude that
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it was dead because it exhibits none of the signs of life; however, expo-

sure to water brings it back to life. Some believe such creatures could

traverse interplanetary space on meteorites and may have arrived on

earth that way. There are several other species of worms and insects

that can survive freezing.

Another example of surviving freezing can be found in the re-

search laboratory. Most mammalian cells used in cell culture studies

are routinely frozen in liquid nitrogen for long-term storage. On re-

moval from storage, the cells can be thawed and placed in culture

medium in a warm incubator and will restart their metabolic pro-

cesses and proliferate. Sperm and eggs are also routinely frozen prior

to use for in vitro fertilisation. In some cases people who suffer car-

diac arrest can be resuscitated: The heart has stopped, brain function

and other signs of life are absent, but application of electrical stimu-

lation to the heart may result in the person being brought back to life.

So, the distinction between life and death can sometimes be difficult

to make; or, to be more specific, “death” may not be as permanent or

irreversible as it has always been thought to be.

It has been proposed that all the cells of our body are actually

programmed to die but are kept alive by a battery of signals and mes-

sages instructing them to survive, proliferate, differentiate, and per-

form their functions. These signals come from a variety of sources:

the molecular superstructure on which the cells sit (the extracellu-

lar matrix and the basement membrane), the cells in the supporting

connective tissue, and neighbouring cells in the tissue in question and

from cells at distant locations in the body. These signals may be de-

rived from physical contact or from secreted factors (e.g., polypeptide

growth factors and hormones). As stated above, some of these signals

are crucial survival signals that prevent the cell initiating the pro-

grammed series of events that result in apoptosis. During the course

of evolution and development of complex multicellular organisms

considerable redundancy has evolved so that if the primary signal

is damaged, deleted, or altered by mutation, other signals and sys-

tems swing into action to compensate for the loss. When all of these

signals are used up or absent or if other overriding messages are ac-

tivated, the cell may undergo its predetermined death.
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Consequently, the philosophical question that arises is not so

much ‘Who am I?’ or ‘Why am I here?’ but rather ‘Why am I not

dead?’ And it becomes more important to consider the precise defi-

nition of death rather than the definition of life, which could then of

course be simply ‘not dead’.

We have already touched on the difficulties of defining the mo-

ment of death for individuals and the fact that there are similar dif-

ficulties that are encountered when considering individual cells. An

interesting example to consider for a moment are the cell type called

fibroblasts, which are found in the supportive connective tissues of

the body. This tissue has been called the mesenchyme and fibroblasts

are mesenchymal cells. In the body they are responsible for produc-

ing molecules that provide strength and elasticity to the tissue (by

producing fibrous molecules such as collagen and elastin, amongst

others). In the body, they are characterised by the fact that they are

largely nonproliferative (i.e., they do not divide). Curiously, these cells

are extremely easy to grow in culture and are often annoying con-

taminants when other cell types are being prepared for culture. In

the culture environment, quite unlike the situation in the animal, fi-

broblasts proliferate rapidly and with ease. Because of their ease of

growth, these cells have been used to study a wide variety of basic

biological processes associated with cell division and apoptosis. It is

perhaps interesting that in both these processes their behaviour in

culture is much different from that in the tissue. This is a problem

associated with many cell types and in fact epithelial cells from the

epidermis in the skin can also be grown in culture, but with time and

repeated divisions they gradually lose the characteristics that define

them as epithelial in origin and may assume characteristics typical

of fibroblasts. Thus the use of cell culture systems to study certain

fundamental aspects of the behaviour of cells in tissues has to be

considered with some reservations.

Interestingly, from the point of view of intercellular communica-

tion, the epithelial cells from the skin (keratinocytes) grow well only

in the presence of fibroblasts (commonly referred to as “feeder cells”).

The feeder cells are generally irradiated with very high doses of ra-

diation to stop them dividing, but the cells remain intact (i.e., are
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metabolically active) and continue to produce the epithelial survival

and growth signals.

Fibroblasts in culture can be induced into a vegetative or quies-

cent state somewhat similar to that of a patient in a vegetative coma.

This can be achieved by growing the cells until they fill the culture

dish (the cells become confluent) or by altering the culture medium

or culture environment (e.g., by removing certain factors from the

medium). This can also be achieved, rather surprisingly, for example,

by irradiating the cells with X-rays. These so-called lethally irradiated

fibroblasts do not die in the morphological sense; that is, they do not

change their appearance and become obviously necrotic (swell and

rupture) or apoptotic (condense and fragment). Rather, they remain

static for protracted periods of time in a state similar to quiescence

but different in that they cannot be stimulated to proliferate. In this

respect, they are again behaving in a manner that differs from cells

in the tissues of the body. Are they dead or alive? Is a red blood cell

(erythrocyte) dead or alive? It exists as a mature functional cell for

about 40 to 45 days in a mouse, or 115 days in a human, perform-

ing its function of transporting oxygen round the body. It actually

lacks a nucleus in mammals, which it discards at the last stage in its

maturation from an erythroblast, and consequently lacks any genetic

regulatory activity while performing its differentiated function.

Thus all cells may have the programme for death present and it

may even be activated. However, they are prevented from executing

this programme in most cases by signals from the surrounding envi-

ronment. If it is desirable, the activated cell death programme may be

allowed to run its course. This may occur from stages as early as the

fertilised zygote. We know that up to 70 percent of human concep-

tions abort at a very early stage and this involves apoptotic cell death

and that this is apparently regulated by certain genes whose job it is

to monitor the genetic integrity of the embryonic cells. If these genes

are deleted, many of these spontaneous abortions are prevented and

many foetuses develop with congenital abnormalities.


