Chapter 12
Apoptosis

In any society, whether human or non-human, there are linkisiateractions be-
tween individual units. A possible method for investiggtthese links is to consider
what happens when they are severed. For instance, whatapitidn to an ant which
Is removed from its nest and kept in isolation in a place whutfars the same con-
ditions as the nest in terms of food, temperature, humidityg] other factors. Will
it have a shorter or longer life than the ants which remairharest? If, as may be
expected, its life is shortened, one would like to knmew muchit is shortened. Be-
fore answering this question (which we do later on in thisptég it is important to
realize its implications. This point can be illustratedaigh the followinggedanken
experiment. Suppose you are slicing bread and the knifs.sYipur finger is cut and
starts to bleed. You put a plaster and think nothing more. dfldwever, some skin
cells have been displaced down into the muscle tissue;yfdhesive and divide they
will produce skin cells in a location where no skin cells slloexist. Fortunately,
these displaced skin cells undergo self-destruction, enam@sm known as apopto-
sist. Other expressions such as programmed cell death (PCD)I@uieide (Raff

1998) are also used to designate the mechanism of selfudestr.

In order to establish a connection between our previoustounreabout ants kept in
isolation and the phenomenon of apoptosis one may wonderr lvelpgpens when a
skin cell is removed and kept in a test tube. Martin Raff, anp&r in the study of

apoptosis has performed numerous experiments of this kitedwas able to show

The term “apoptosis” comes from a combination of two Greekds@po which means “from” ancptosiswhich
means “falling”; in Greek the term apoptosis refers for amste to leaves falling from a tree.
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that whereas cells can survive for weeks in cultures at hedlidensity, they undergo
apoptosis at low cell density. This lead Raff to the condnghat the only thing that
stops living cells from ending their lives is the constamgipt of a biochemical sig-
nal saying “Stay alive, stay alive,...”. When living cell®gut to grow in low density
culture dishes they activate their death programme prgtiadsdause the “stay alive”

signals that they receive are too weak (Raff 1994, 1998).

In this chapter we first explain in what sense apoptosis isldamentally different
from necrosis which is another form of cell death. Then wengixa why apopto-
sis is an important function for all organisms. A questiorcehtral importance is
whether some form of apoptosis exists in populations whiemat organisms. The
very existence of organisms such as Dictyostelium diseordé&o which we come
back later on) shows that the borderline between populatmd organisms is not
clear-cut but rather fuzzy and porous; therefore one wooldoe surprised to find
apoptosis mechanisms also in populations. In a more gewasabne may conjec-
ture that mechanisms similar to apoptosis may exist in @hawg networks for the

purpose of eliminating links or nodes which are no longeviseable.

1 Apoptosisversusnecrosis

Cells can die in two different ways. (i) In necrosis the celkefls without any rear-
rangement of its internal components; eventually, the ntamdof the cell is rup-
tured; the nucleus, DNA, mitochondria and all other intéimailding blocks are
released and destroyed. Locally, the process results imflamimatory reaction.
(i) In apoptosis, the cell first shrinks, its internal conmemits are “packaged” in an
orderly way before being released, engulfed and “swalldvilgoheighboring cells.
In short, apoptosis is an elaborate programme of self-desbn which results in
orderly dismantling and reuse of cell components. Necras$ apoptosis can be
distinguished without ambiguity through microscopic alwagéion (Fig. 12.1). How

long does it take for the process of apoptosis describedgnlz.1 to be completed?
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The answer depends on the type of cell but an order of magnitutlO to 20 hours.

Recognition of programmed cellular death as a developmehanism dates back
well over 100 years (Clark et al. 1996). However, it is onlyhe last decades of the
twentieth century that significant progress has been maitteumderstanding. Much
of our current knowledge comes from work on Caenorhabdiigans, a small worm
about one millimeter in length which has 959 cells. In thersewf its development
1090 cells are produced of which 131 die by apoptosis. The& 20dbel prize in
Physiology and Medicine was awarded to Sydney Bremmer, lHeRd1orwitz and
John Sulston for their discovery concerning genetic regpria of programmed cell
death.

2 Role of apoptosis in the development of multicellular organ-
Isms

Apoptosis fulfills a number of important functions, but bef@xamining them more
closely it may be of interest to present an instance in whprbp#osis seems almost
purposeless. We already mentioned that because of itsisityC. elegans provides
an ideal testing ground for the mechanisms leading to apaptdt was found that
two specific genes control whether or nor a cell should serviwhen these genes
were inactivated the 131 cells which normally undergo apsigtwere able to survive
in an adult worm. It turns out that the fact of having 1090 elid not affect its
survival capability. Thus, in this specific case, we see dpaptosis has no clearly
defined function. However, there are many other cases inhwdyooptosis fulfills
essential functions. One can mention the following.

e The resorption of the tadpole tail at the time of its metarhosis into a frog
occurs by apoptosis. Similarly, the formation of the fingansl toes of the fetus
requires the removal by apoptosis of the tissue between.them

e One of the method by which lymphocytes eliminate virus-atdée cells is by

inducing apoptosis.
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e Cells which for some reason are moved away from their norotion dis-
appear by apoptosis.
e Cells which are damaged beyond possibility of being repleared restored are

eliminated by apoptosis.

It has been estimated that in a human organism from 50 to WOrbdells die each
day by apoptosis. It is interesting to compute the corredpmnannual death rate. A
human body has approximately 100,000 billion cells whiddto a rate o865 x

60 10?/(10'*/10°) = 21,900 per 100,000. This rate is about 1,000 times larger tha
the average annual suicide rate in human societies. Hoywegewill see that suicide

is only one of several mechanisms by which the functions atlynperformed by

apoptosis can be achieved in human societies.

3 Apoptosisin plants

For fruit trees there is a kind of apoptosis mechanism thinauigich fruits which are
damaged are eliminated at an early maturation stage. Asanpg let us consider
the premature drop of citrus. At first sight one may attribiltem to weather con-
ditions for instance rainfall or strong winds. However, asgr examination shows
that weather is not the real cause. A first indication is tled faat premature fall
does not necessarily affect fruits growing on high branchkieih are the most ex-
posed to wind gusts. Moreover, the fallen fruit reveal atsglithe navel end (that
Is to say the end of the citrus opposite to the stem end). Uptiimg the citrus one
sees that there is a black discoloration due to a fungal sga(Grafton-Cardwell
2005) which suggests that it is the invasion of the fruit byashpgen which pro-
voked the separation of the fruit from the tree in the same asgs virus-infected
cells are eliminated by lymphocytes. Other cases are regantthe literature which
confirm the idea that the fruits which fall from trees are nelested randomly. For

instance, it has been observed that prematurely fallereapmt average contain a
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smaller number of seeds than the apples which remain ongbéltirich 1944).

4 Apoptosisin populations

Does apoptosis also occur in populations of social insecterds of mammals (e.g.
herds of antelopes) or in human societies? The questionte difficult to answer
than for cells because one can no longer rely on the clearbsgrvational distinction
between necrosis and apoptosis. There are two ways to getchtbis difficulty.
The first is to observe entities such as social amoeba whicimearmediate between
populations and organisms. The second is to use Martin &Riafflation technique.

e Amoebae are small living organisms consisting of only orle ¢e ordinary
conditions they behave as individual and fairly independsmnities. However, un-
der specific circumstances, for instance when subject td tteprivation, they may
aggregate and form organisms of which they constitute ths. da the case of the
amoeba Dictyostelium discoideum one observes the formati@ slug-like organ-
ism in which the amoebae undergo a process of differentiatito spore and stalk
cells. The interesting point from our perspective is the that the stalk is composed
of dead cells that have undergone programmed death mucle isattme way as in
cellular apoptosis. The fact that apoptosis does not seaadar in populations of
more or less independent amoebae but appears as soon asbegity is formed
clearly shows that apoptosis capability is a property obglmrganisms. In a sense
it can be seen as the signature of a high level of interdeperedieetween the units
composing the organism. In the next paragraph we test timjgcture in the case of
populations of social insects.

e It may be remembered that in Raff’'s experiments, when cedgevgrown in
low density cultures the cells activated their apoptoseymm and died. In May-
July 1944, Pierre-P. Grasand Femy Chauvin performed similar experiments with
insects. Their outcomes are summarized in Fig. 12.2. To est knowledge, this

kind of experiments has not been repeated which is fairlprésing given the great
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interest in these questions in recent decades.

Gras® and Chauvin describe their experiments as follows. Beas the same bee
hive were captured on leaving the hive and were put into shaies (150 crhin
volume) fit with a wire mesh lid. Different boxes were prehvéth a single bee or
with 2, 3, 5 and 10 bees. All of them received plenty of foodha form of water
sweetened with saccharose. The authors say that they uséal aft250 bees but
they do not specify how many boxes of each sort were prepénedefore we do
not know the margin of error of the experimental points. A iamexperiment was
performed with ants. In this case a total of 105 worker amsnfthree different
nets of the specidseptothoraxwere used. The boxes consisted of small cavities in
a block of plaster whose humidity was maintained. The ant®weurished with
wood powder, saccharose and tiny bits of grasshoppers. éndeexperiment was
performed with ants of the speciésrmica rufa A total of 120 ants were captured
from the same nest and kept in groups of 1, 2, 3, 5 and 10. Everydays they
received fragments of a ripe apple. Similar experimentevperformed with wasps

(Polistes gallicuyand with termitesReticulitermes lucifugys

The life expectancy of the insects in the isolated subgr@igsscribed in Fig. 12.2.

Two observations can be made.
1) Inall cases the life expectancy of a single individualsioet exceed 20 days.

2) Except for the wasps, the life expectancy is greater fergiroup of 10 than
for the groups of 1 and 2 individuals. This suggests that dRafi's experiments,
the life expectancy is density dependent. As a conjectursuggest that it is in fact
a function of the strength of the interaction. When the itsace in their nest the
interaction is maximum, it subsists in weak form in group4.0fand it is minimum
for single individuals.

If the previous conjecture is correct, this kind of expenrheould give us a method

for measuring the strength of the interactions in a popaitatirhanks to the studies
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of entomologists and ethologists in the past 50 years weedargood understanding
of the means of communication of social insects. Yet, welstibw very little about
the strength of the interactions. There are certainly nddi#erences in interaction
strength between different species of ants but we are unialdstimate them. For
instance, we know that the exchange of food between indalsgjan interaction that
entomologists call trophallaxis, is an important way of coumication. We also
know that trophallaxis is more important for termites andsathan for bees. Yet,
the results in Fig. 12.2 show that of the five species, beetharenost vulnerable
to isolation. This would suggest that apart from trophaidoees have other ways
of communication which are as importantAnother intriguing question concern
the results obtained for the wasps. GEassd Chauvin say that they repeated this
experiment four times and that the results consistentlysldahat a larger subset is
not conducive to a longer life expectancy. How can one undeddtiais exception?
Gras® and Chauvin left the question open until additional experits provide some
clues. For instance, it would be of interest to know if thesguits hold for other

species of wasps or if they are specifidmlistes gallicus

Although the pioneering work of Grassand Chauvin is cited in some recent re-
search papers, it is not seen as opening an avenue of reseairshould be pursued.
This attitude is probably due to the fact that there has beeatable shift in the
interest of researchers. Nowadays, the emphasis is onetktiscriptions of in-
teraction mechanismgather than on the kind of comparative studies initiated by
Gras® and Chauvin. From a system science perspective this natgdal choice
appears perplexing. Are detailed descriptions really cane to a better under-
standing? History provides myriads of detailed descrigifsom which little overall
understanding can be gained unless the information is aedlifom a comparative

perspective. In sociology, the fact that we are able to knowas interactions in all

2We know that bees have elaborate communication technigusbéring information about floral patch feeding sites,
but it is not clear if these ways of communication are alsaldeeother purposes.
3The papers by Boulay et al. (1998, 1999, 2000) are repretbantd the this approach.
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their minute details proves more an embarrassment thansan. da all these fields
choosing the “right” level of description is a crucial stephysicists and chemists
restricted themselves to a fairly schematic view of the cempechanisms of in-
teraction at the molecular and atomic level; in contrasthalir efforts were devoted
to developing a comparative analysis of physical phenomadneh highlighted the
central role of a few simple mechanisms. As one knows, thsageh proved highly

successful.

5 Apoptosisin groupsof mammals

What is the effect of social isolation on life expectancy mwps of mammals. As
a preliminary observation it can be noted that many mammadb as gazelles or
antelopes live in fairly small groups of 10 to 15 individuaisd form large herds
only in specific circumstances for instance during theirnaigns. The same obser-
vation applies to birds. The large groups of birds that casd®n in nesting areas
are gatherings of individuals rather than societies of lyighterconnected entities.
The colonies of prairie dogs in the United States or Mexi@are of the few groups
of mammals which compare with colonies of social insectd, &een large “towns”

of prairie dogs contain less than 5,000 individuals wheressts of ants or termites
may contain several million individuals. Moreover, theg an assemblage of inter-

connected family units rather than wholly integrated stese

There are reports of high death rates for dolphins kept inmaarespecially during
the first months of captivity. However, it is difficult to knamhether these deaths are
due to social isolation or rather to the small size of the poGIne should remember
in that respect that dolphins swim up to 80 kilometers a day dive at depths of
200 meter&

4As a matter of comparison, dolphins can legally be kept ilksamith an area of 8 meters 8 meters and a depth of
only 2 meters.
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6 Apoptosisin human societies

The main message of the previous sections is that the margrated an organism
the more important it is the eliminate “anomalies”, a wordetishould be taken in a
broad sense which includes for instance (i) a cell which le@nlalisplaced to a wrong
place (ii) a cell which has been damaged beyond repair (ing¢lawhich has been
penetrated by a virus or an ant which has been infected byasipar We underlined
Martin Raff’s interpretation in which “stay alive” signatge received permanently
by any cell. The experiments performed by Gaasnd Chauvin suggest that there
are similar mechanisms in populations of social insectshiglast section we wish

to discuss briefly the possible implications for human siese

Itis not unreasonable to suppose that the existence ofyhigielgrated organizations
such as churches, armies or firms would be imperiled by thesmee and growth of
“anomalies”, but what precise meaning should we give towusd? In the context
of a church, a person who does not share the common creethbergpresents an
“anomaly” which should be removed. The removal can occuifient ways.

e Excommunication is the most common way. For instance, inshrétommu-
nities the concept of church discipline plays a key role. Wherepentant dissidents
are excommunicated they are shunned and rejected by thamaaity even in or-
dinary life. Some Amish have even be calling for the suspmnsi the marital tie
when one of the partners has been excommunicated; in tleew ¢hurch discipline
should have precedence over the sacrament of marriagerddoed to such a broad
ostracism dissidents have no other choice than to leavedttmencinity. In this case
apoptosis takes the form of exclusion (Nolt 1992).

e Back in the 16th, 17th and 18th centuries, when religion gdag key role
in Western societies, the removal of dissidents often leatheir execution. Apart

from the case of the Papal inquisition which is well known caa also mention the

5The Amish are Anabaptists, a radical wing of the ProtestafbRnation movement; their main implantation is in
Pennsylvania.
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Penal Laws in Britain. Enacted between 1559 and 1580 theyided the penalty
of high treason for the third offense which means that unmep# dissidents were
dispossessed of all lands and goods before being executedeoler, from 1563
to 1736 witchcraft was an offence punishable by death inaBrjtas an example of
this kind of episodes one can mention the witch hunt that fake in East Anglia
between 1643 and 1647 and resulted in the execution of aloeutendred witches
(Gaskill 2005). For the whole of Europe the total number ofctvitrials which
are known to have ended in executions is around 12,000 (\&tkap article “Witch
trial”).

e As a striking illustration of the religious climate in the daile of the sixteenth
century, one can mention that a choral in a cantata by J.3 @V 126: Erhalt
uns, Gott, in deinem Wartte. “Lord, keep us in your word”) contains the following
prayer (my translation): “Lord, keep us in your word and dirdeath at the Pope

and Turks who try to tear from his throne Christ Jesus youri $an

e Military discipline is fairly harsh because “dissidentstist be removed before
they are able to contaminate the rest of the unit. The fatithiane of war the death
penalty has been commonly used should not come as a sur@fesarly, in such a

situation exclusion or imprisonment would not be an effectieterrent.

e In contrast, firms and corporations can rid themselves dagsidents” simply
by discharging them.

e The issue is much more difficult for schools. One of the mairppses of
schools is to give a degree of cultural homogeneity. Of acaugsrepentant “dissi-
dents” can be expelled from their schools but they cannotdmeptetely excluded
from the education system at least not until they are old ghda work. This im-
plies that the education system must develop institutibasare able to handle “dis-

sidents”. The less homogeneous the audience, the moreesfrethe manifestations

5The text, which is due to Martin Luther, reads in German al®¥ed: Erhalt uns, Herr, bei deinem Word, und steuer
des Papsts undiirken Mord, die Jesum Christum, deinern Sohiéirzn wollen von seinem ThroBach'’s cantata was
played for the first time on February 4, 1725.
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of dissidence and the more important the institutions wiaiehin charge of “dissi-

dents”’.

In short, for institutions the phenomenon of dropout, wketioluntary or forceful,
plays the same role as apoptosis in multicellular organistas one apply the same
kind of argument to the society? An illustration based on acoete historical ep-
isode may give us an insight. Consider communities of Ghanstin Japan around
1600. Historical accounts show that Christians were not aegepted by the rest of
the population. In such a situation there were several plesssutcomes depending
on the specific situation.

1) In the face of growing hostility, Dutch or Portuguese &egdor settlers may
decide to leave Japan and return to Europe.

2) Japanese Christians may be tempted to move to isolateel atal form closed
communities which will have minimal contact with non-Chias Japanese.

3) In 17th century Japan the religion of the people was to gelaxtent deter-
mined by the religion embraced by their lord. As a result,dafeat and overthrow of
a Christian warlord had the likely effect that his subjectand return to Shintoism.

4) In contrast to what happened in Europe for Puritans, Quakenabaptists
and many other religious minorities, emigration does nens¢o have been a real
option for Christian Japanese. Thus, if none of the prevemistion was adopted,
there remained the possibility of committing suicide.

5) Finally, persecutions and pogroms may occur to the etfeetiminating the
Christian dissidents. History tells us that there were sapisodes of this kind in
the early 17th century, for instance in 1614, 1626, 1637 dQ997, p. 1277).

The previous discussion shows that suicide is only one gbtissible responses to a

situation of social isolation. Earlier in this chapter weeaobthat in a human organism

’As an illustration one can mention the fact that for 15-17ry#d youths the dropout rate is 16% for recently arrived
immigrants and 5% for immigrants who arrived in the U.S. dgrearly childhood (Fry 2005).
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the apoptosis rate is about 20,000 per 100,000. A sociallgboh this rate would
include all mechanisms through which “anomalies” can bmielated; for instance
in the case of 17th century Japan one would have to sum uptéegarresponding

to the five previous mechanisms.
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Fig.12.1 Necrosis versusapoptosis. Necrosis is an explosive cell death that results from sevguey and is
characterized by swelling, cell rupture and release of tlecomponents in a way which can damage nearby
healthy cells. Note that the DNA remains dispersed througtie nucleus. Apoptosis (also called cell suicide)
is a controlled death process in which the cell componertSpackaged” and ingested by nearby cells.
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Fig.12.2 Effect of removing insects from their colony. Several groups of 1, 2 and 10 insects were removed
from their nest and kept in isolation. They received plerftfood and were kept in conditions which matched
as closely as possible those in the nest. The vertical sbal@ssthe percentage of surviving insects in each
group. The thick solid lines represent the single insetis,lroken lines represent the groups of two insects
and the thick solid line represents the groups of 10 inséoiated in 1944 by P. Grassé and R. Chauvin this
kind of experiment may provide a methodology for gaugingdtiength of the interactions in the colopis
designates a species of belesptothoraxandFormicaare two species of antReticulitermesare termites and
Polistesare wasps. The insects in isolation received plenty of fowth@ere kept in conditions which matched
as closely as possible those in the n&iurce: Grass and Chauvin (1944).



