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1 VBL, a numerical model of tumour
growth

A variety of theories has tried and tries to model the biology of the tumours. In the history
of cancer research, there have been many attempts to model tumours and their features:
models of carcinogenesis [Vinesis et al., 2010], epidemiological surveys [Zeise et al., 1987],
single-cell biochemical pathways studies, investigations on the development of neoplasia
[Frank, 2007; Knolle, 1980].

In recent years computational models of cancer have also contributed to our understand-
ing of the disease, and this thesis has been carried out in the framework of the Virtual
Biophysics Lab (VBL), a numerical model of avascular solid tumours [Chignola and Milotti,
2005; Milotti and Chignola, 2010], with the aim of extending the model with a better char-
acterisation of the DNA damage-repair dynamics. VBL is based on a model of individual
cells, and it has already been used to produce successful simulations of populations of dis-
perse tumour cells and of multicellular tumour spheroids (MTS), which are solid in vitro
tumours. The MTS are excellent laboratory models of solid tumours in their pre-vascular
phase, they are characterized by a regular, almost spherical structure, and they reach a
maximum size of about 1 mm diameter – which corresponds to about 1 million cells. The
MTS also display a remarkable structural organisation which is very close to that of in
vivo solid tumours, with a growing necrotic core, an extracellular matrix, convective cell
motions, and heterogeneous response to chemotherapics.

The complexity of this structural organisation is due to the close interdependence and
nonlinearity of biochemical and biomechanical processes, and a numerical model such as
VBL yields both a mathematical description of the macroscopic behaviour of the tumour
and affords a view of the driving microscopic processes such as flows and motions of nu-
trients, metabolites and cells, that are otherwise unobservable with current experimental
techniques. This is quite important, since small and widespread tumours cannot be man-
aged surgically, and our only hope of controlling them lies on our understanding of how
microscopic processes determine their growth. Thus, the VBL simulator allows an in silico
investigation of the biophysical laws governing tumour growth dynamics and the response of
the cell clusters to the anti-tumour treatments; discovering the organisation of tumours at
the critical vascularisation phase of their development may hint at future therapies.

To this end, VBL integrates the behavior of individual cells and their interactions with
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1 VBL

Figure 1.1: Simulated cell aggregate with the underlying disordered network of nearest-
neighbour links.

other cells and the surrounding environment. The structure of the cell cluster is heavily
dependent on the diffusion of different chemical species as well, and therefore also on the
transport and reaction processes of individual cells. These diffusion processes need the
extracellular spaces to proceed, and for this reason two-compartment objects have been
conceived: the inner compartment is the cell proper, while the outer compartment is the
extracellular space around the cell.

Thus, VBL presents a working model of single cells as a basic core. It is based on a
quantitative description of metabolism, growth, proliferation and death of single tumour
cells. Practically, it takes into account the topology of the cell metabolic network: the
nucleus and the mitochondria intervene in the actual measured metabolic steps of glucose
and glutamine metabolism, oxygen consumption, ATP and lactic acid production; then the
cell metabolic network is integrated into a model of the cell cycle.

At the same time, VBL is based on equations that model biochemical and biomechanical
cell-cell and cell-environment interactions. The cells are modelled as stretchable spheres,
characterised by their radius and a few other parameters that specify their viscoelastic
properties. The cell-cell contacts define the set of neighbours of each cell, and therefore
the global problem of computing the pairwise interactions between cells can be reduced.
The simulator provides a full 3D lattice-free calculation of cell motions, as they are pushed
and pulled by the forces exerted by dividing cells, by the growth of other cells, and by the
shrinking of dead cells. Furthermore, the mathematical description involves a fine-grained,
multiscale model: therein the concentration gradients of important molecular species, that
depend on the structure of the extracellular space and on the facilitated transport processes
into and out of individual cells, and the mechanical forces that push and pull cells, as they
proliferate with repeated mitoses and then shrink after death, have a fundamental role;
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Figure 1.2: The metabolic network of the VBL cells and its interaction with the environ-
ment.

so as to let the cells communicate with other cells and the environment in a proper way.
This results in virtual tumours where the growth curves of the spheroids and their internal
chemicals distribution and structures, such as the necrotic core, are in agreement with the
corresponding ones tested in vitro.

These processes mix with complex nonlinear interactions between the biochemical and
biomechanical parts by means of parameters which are either derived from experiment or
are deduced from reasonable theoretical arguments; so that, essentially, there are no free pa-
rameters and the model results are truly quantitative and predictive. This is possible since
certain molecular pathways, whose fine details are not directly relevant to cell behaviour and
to cell-environment interactions, are left out. Although a consequent drawback concerns
the inability of drawing all the biochemical and biophysical processes in detail, a reduced
model is justified by a variety of reasons. From the experience with large statistical en-
sembles in thermodynamics and statistical mechanics, we know that many fine details of a
complex physical system may be skipped without sacrificing precision in the description of
its macroscopic behaviour. Such an approach guarantees a simpler parameterisation and a
streamlining of the processes from the computational point of view. While the differential
equations capture the basic biology, the values of theirs effective parameters conceal the
deeper cellular complications. In this way, there is a bridge between the microscopic level
and the experiments where tumours are attacked with chemotherapeutic drugs: without
this clear connection to the underlying, complex biology a model should result useless.

The randomness of cellular events also plays an important role, and some of it is associated
to the DNA damage and repair events: the main aim of the present thesis is to gain some
understanding on how to include this randomness within a simplified model of DNA damage
and repair. This is specially important when dealing with the cell cycle desynchronisation
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1 VBL

that is observed in actual cell populations and with damage induced by external agents
such as chemicals and ionising radiation.

Initially, I review the relevant biology (chapter 2): the role of DNA in genetic/hereditary
information and the consequences of its alterations on the ordinary life of a cell; how these
alterations are produced and how the cell responds in order to keep the survival, overall
in respect to the interaction with ionizing radiation. A considerable part is dedicated
to the study of what the scientists have done in the attempt to describe quantitatively
these phenomena (chapter 3): some aspects of the modelling of DNA damage, repair, and
misrepair are emphasised, especially in regard to the development of their historical context;
then, the one-by-one analysis of the single models follows. Finally, in chapter 4, I present
the most promising models of cell cycle desynchronisation and carcinogenesis that I have
studied during my three-year work – although I studied several others as well – together
with some experimental and data analysis work to validate the models and fix the model
parameters.
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2 The biology of the cell cycle and of the
DNA damage, repair, misrepair
mechanisms

Proliferation is one of the hallmarks of life: “. . . le rêve de la bactérie: produire deux
bactèries . . . ”, François Jacob wrote back in 1965 [Jacob, 1965]. Indeed, proliferation is a
basic goal of cells, and they utilise a complex machinery to achieve it: from a physical point
of view, cells are organised dynamical systems that absorb raw energy and materials from
their surroundings and duplicate themselves. In populations of proliferating human cells,
the mean duplication time is close to one day, however the duplication time fluctuates at
each division, and part of this variability is due to DNA damage and repair mechanisms. It
is also well-known that radiation damage – as well as any other damage to DNA – induces
delays in the cell cycle duration, in addition to potentially harmful mutations. This indicates
that cell cycle variability because of DNA damage and the steps towards carcinogenesis are
closely related, and therefore in this chapter I review the essential biology of the cell cycle
dynamics and the DNA damage and repair mechanisms.

2.1 The cell cycle

The proliferation of cells requires a doubling of their mass and organelles, the accurate
duplication of DNA in chromosomes and finally the segregation of the copies into genetically
identical daughter cells. These processes roughly define two major steps: the interphase,
where cells duplicate their whole content, and the mitosis, i.e., the actual division into two
daughter cells.

DNA duplication occupies the central part of the interphase. To allow more time for
the growth of the rest of the cell, extra gap phases are inserted in the interphase, before
and after the DNA duplication. Furthermore, the two gap phases serve not only as time
delays to allow cell doubling: they also provide time for the cell to monitor the internal and
external environment, to ensure that conditions are suitable and preparations are complete.
Thus, the cycle of a proliferating eukaryotic cell is traditionally divided into four sequential
phases (figure 2.1):
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2 Cell cycle and DNA damage/repair mechanisms

• G1 or Gap 1 phase, wherein a newborn cell begins its life, is characterised by the
restart of the biosynthetic activities, oriented to the cell growth. Generically it lasts up
to 8 hours in mammalian cells, but this can vary considerably depending on external
conditions and extracellular signals from other cells. If extracellular conditions are
unfavourable, for example, cells delay progress through G1 and may even enter a
specialised resting state known as G0, in which they can remain for days, weeks, or
even years before resuming proliferation; indeed, many cells remain permanently in
G0 until they or the organism dies. If extracellular conditions are favourable cells are
committed to DNA replication.

• S or Synthesis phase, during which the duplication of the whole DNA occurs, occupies
about half of the cell-cycle time, usually in the range of 6–12 hours for a mammalian
cell. At its end all chromosomes are duplicated as two identical copies of chromatids.

• G2 or Gap 2 phase, throughout which chromosomes condense and become conspicuous
so that they become visible with the optical microscope, and the building of cytoplasm
organelles, like mitochondria, lysosomes, centrosomes and centrioles occurs, presents
a duration in the range of 2–4 hours in a mammalian cell.

• M or Mitosis is the phase that involves a series of dramatic events that begin with nu-
clear division, chromosome segregation, cytokinesis and finally cell division; nonethe-
less, and yet this is the shortest phase, as it lasts less than one hour in a mammalian
cell.

Figure 2.1: Cell cycle of a eukaryotic cell [Alberts et al., 2008].

Therefore, the cell division cycle has a total cycle lifespan in the order of 16 – 24 hours
for a typical mammalian cell, during which a carefully orchestrated series of events occur
in a timely and orderly fashion.
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2.1 The cell cycle

2.1.1 Control system and checkpoints

The cell cycle progress is monitored by the cell cycle control system which operates almost
like a timer that triggers the events of the cell cycle in a set sequence [Reynolds and Schecker,
1995; Sancar et al., 2004; Alberts et al., 2008]: it is independent of the events it controls, but
it responds to specific intracellular and extracellular signals. Basically, the control system
operates through the mechanisms of protein phosphorylation and dephosphorylation of
cyclin-dependent kinase (Cdk) enzymes, which are the main control elements. The cyclical
changes in Cdk activity are controlled by a complex array of regulators, collectively known as
cyclins. There exist different types of cyclins which intervene in the regulation of the various
phases, allowing the passage through some regulatory transitions, called checkpoints.

Checkpoints are biochemical pathways that maintain the orderly progression of the cell
cycle events and that prevent the initiation of certain biochemical reactions before comple-
tion of the others within the cell. They ensure the completion of one step before the next
one can begin, overall checking DNA and delaying or arresting the cycle if problems are
detected, as those that arise when DNA replication fails or when DNA is damaged. The
checkpoints generically identified are three (figure 2.2).

• G1/S checkpoint, known as start (in yeasts) or the restriction point (in mammalian
cells), prevents cells from entering the S phase verifying the conditions for the DNA
duplication, such as the integrity of the chromosome: in the presence of DNA damage
inhibits the initiation of replication of a potentially dangerous DNA.

• G2/M checkpoint, also referred to as postreplication checkpoint, monitors the com-
pletion of DNA replication and the absence of chromosomal damage: it prevents cells
from undergoing mitosis while DNA replication is ongoing or blocked.

• Metaphase-to-anaphase transition or spindle checkpoint is an important control that
acts during M phase: it is used to check the correct alignment of the chromosomes
and allows suspension of the cell cycle prior to chromosome segregation.

However, DNA is constantly monitored: for instance, during the S phase, damage encoun-
tered during DNA duplication or unrepaired damage that escapes the G1/S checkpoint lead
to the decrease or even stop of the DNA synthesis rate.

2.1.2 Cell cycle desynchronisation

Cells are not deterministic machines, and as they proceed through their cycle they are
subject to many random events, and eventually the cell cycle duration differs from cell to
cell. This means that a synchronised cell population, i.e., a set of cells that start from the
same exact position in the cell cycle, gradually desynchronise. If the cell cycle duration
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2 Cell cycle and DNA damage/repair mechanisms

Figure 2.2: Illustration of the checkpoints as a control system [Alberts et al., 2008].

were exactly and rigidly determined, the population count would increase exponentially
taking discrete steps (figure 2.3a). This is not the case and the discrete steps become
increasingly fuzzy and the growth curve becomes eventually a true exponential (figures
2.3b and 2.3c).
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(c) Parasynchronous

Figure 2.3: Different idealizations of population growth curves.

In other words, if all cells were to go through the proliferative cycle at the same speed,
then cells synchronous at start will be synchronous at any later time. Hence, the time
evolution of the fraction of synchronised cells which is going through a particular cellular
phase, let’s say S, will display a regular, periodic plot (figure 2.4a). The actual experimental
curves show this behaviour only at the very beginning (figure 2.4b): the second peak, when
detectable at all, is much less pronounced than the initial one: eventually, all traces of
periodicity are lost. Synchronicity of cells in rapidly growing tissues generally tends to
disappear within one or two generations, which is mostly due to randomness in the cell
cycle of the proliferating cells.

This randomness can be counteracted with external perturbations, like chemicals, ra-
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2.2 DeoxyriboNucleic Acid (DNA)
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Figure 2.4: Idealisations of the time evolution after irradiation of the fraction of originally
synchronised cells in S phase: time unit corresponding to S phase duration.

diation, temperature. These external agents involve the activation or the deactivation of
the internal checkpoints, that is they can promote or repress the progression along the cell
cycle, in the end resulting in a synchronisation over all the population. However, after a
synchronising event, desynchronisation follows.

2.2 DeoxyriboNucleic Acid (DNA)

Nucleic acids are macromolecules produced by the polymerisation of nucleotides. In turn,
each nucleotide is composed by a phosphate group, a pentose and a nitrogen-containing
nucleobase. DeoxyriboNucleic Acid (DNA) is a nucleic acid where the pentose, a monosac-
charide sugar with five carbon atoms, takes form of a deoxyribose. The nucleobase is an
heterocyclic aromatic hydrocarbon where the nitrogen replaces some carbon atoms. There
are two kinds of nucleobases: the purines, like adenine (A) and guanine (G), belong to the
double-ringed class, while the pyrimidines, like cytosine (C) and thymine (T), are made up
of only one ring. The backbone of DNA strips is formed by the alternate chain of phosphate
groups and pentoses, which are covalently linked by the formation of phosphodiester bonds:
the phosphate group of one nucleotide is attached to the hydroxyl group of the next nu-
cleotide’s sugar; thereby, the presence of the sugar-phosphate strand, which is rather rigid,
connects the bases.

DNA is double-stranded, or, more precisely, a set of two entangled polymers. DNA
molecules therefore consist of two long polynucleotide chains, each one known as DNA
strand. The two strands of DNA twist around each other drawing the three-dimensional
structure of DNA, that is a double helix shape. The two strands are connected to one
another through their complementary nucleobases-pairing: in the sense that each nucleobase
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2 Cell cycle and DNA damage/repair mechanisms

of a strand is located in fornt of the nucleobase of the other strand which corresponds to
it, so as to be packed in the energetically most favourable arrangement in the interior of
the double helix. Thus, in normal helical DNA the nucleobases form pairs between the two
strands, called basepairs (bp). Purines pair with pyrimidines – A with T and C with G –
mainly for dimensional reasons, since only this combination fits the constant width geometry
of the DNA spiral. The A-T and C-G pairings are required to match the hydrogen bonds
between the amino and carbonyl groups on the complementary bases: A-T pairs are joined
by two hydrogen bonds, while the C-G pairs by three.

As a consequence, there is a hierarchy of chemical bond strengths in a DNA strand
[Peyrard, 2004]. The connections along a strand backbone have strong covalent bonds,
which lend a certain solidity to the structure: as an example, a typical covalent bond has
a length of 0.154 nm, a bond energy of 3.6 eV, and can be stretched 0.01 nm expending an
energy of 0.14 eV. Instead, the link between the opposite nucleobases of the two strands
are weak hydrogen bonds, so that base pairs are easy to open: a typical hydrogen bond has
a length of 0.275 nm, an energy of about 0.1 eV, and can be extended 0.01 nm expending
only 0.004 eV. Hence, DNA is not a static structure: it is a highly dynamical entity and its
structure is not frozen, but undergoes large conformational changes.

The order of the base pairs along the double-stranded helix determines the genetic in-
formation that encodes the protein structures, and it consists of triplets of nucleotides,
called codons, each one corresponding to one of the 20 basic amino-acids; the set of codons
which corresponds to a specific protein, defines a gene. The genome of a cell, that is the
set of all genes, dictates not only the nature of cell’s character, but also the timing of the
specific genetic instructions. The readout of the genetic code is necessary in the replication
of DNA, which transfers hereditary information to daughter cells, or in the transcription of
DNA, which is the first step in protein synthesis: it is a complex operation, during which
the access to the code requires large distortions of the structure of DNA, and exposes the
bases to the cell’s environment.

In the standard form of nuclear DNA [Peyrard, 2004], the basepair length is 2.30 nm,
and the basepair height is 0.34 nm, meaning that the pitch of the DNA helix – which
corresponds to 10 base pairs – is about 3.40 nm. Since the quantity of stored information
is huge – a human being uses 24000 genes – DNA can contain also billions of basepairs
– ∼ 3.2 · 109 bp in case of a human being. Thus, the whole DNA chain in a human cell
is about 2 m long: this is much larger than the typical size of a human cell, which is of
the order of 10 – 100 µm, and the DNA chain must be folded over and over to fit into the
cell’s nucleus. The histones – proteins present only in the eukaryote cell nucleus – play
a key role in this folding; on the outside the histones are positively charged because of
the aminoacid residues (especially lysine and arginine), whereas DNA is negatively charged
because of the phosphate oxygens. Eight joined histones with the very tightly wrapped
DNA around them constitute a structure called nucleosome (diameter 11 nm, thickness 5.7
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2.3 DNA damage

nm, 136 bp coiled around each nucleosome): all together, they constitute the chromatin
fiber (30 nm diameter). In turn, in somatic cells the DNA chromatin aggregates as two (or
more) sets of clumped chromosomes (∼ 0.1–1 µm, each one made by a single 4–10 cm long
DNA molecule), referred to as diploid or 2N (2 · 23 = 46, for human being), where ∼ 6.4
·109 bp are wrapped around ∼ 3.2 ·107 nucleosomes; the chromosomes are clearly visible
only during the cell division phase.

2.3 DNA damage

The DNA chain stores a large amount of information – about 1015 GB/mm – and although
it is protected and repaired, it can still change because of errors in DNA duplication, and
because of mutations induced by internal or external agents.

2.3.1 Damage processes

It is estimated that each cell in a human body must sustain a rate of about 50000 DNA
damage events/day. Most of these damages involve a single base, however some of them
involve a whole section of DNA and are more difficult to repair. Here I briefly review the
different types of DNA damage.

DNA is subject to attack from many chemical reactive species, which are able to modify
and even break the double helix structure. The most insidious of these attacks comes form
the very environment of cells: in aqueous solution, DNA is subject to oxidation and acid
hydrolysis damage from reactive oxygen species derived from water molecules.

The main routes of chemical attack are the following ones (figure 2.5) [Bont and van
Larebeke, 2004; Jaenish and Bird, 2003].

• Hydrolysis is a chemical reaction in which a molecule of water is added to a substance:
the addition of water causes the cleavage of chemical bonds, so that both substance
and water molecule split into two parts.

• Glycosylation is the reaction in which a carbohydrate, i.e. a glycosyl donor, is attached
to a hydroxyl free radical or other functional group of another molecule (a glycosyl
acceptor).

• Alkylation is the transfer of an alkyl group from one molecule to another.

• Methylation is a form, the most common one, of alkylation: it denotes the addition
of a methyl group to a substrate or the substitution of an atom or group by a methyl
group, replacing a hydrogen atom.
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2 Cell cycle and DNA damage/repair mechanisms

• Oxidation of nucleobases and strands is referred to as oxidative DNA damage: it is
very impacting on DNA and it is implicated in the development of a variety of cancers,
therefore it is examined more in depth hereafter.

Figure 2.5: The sites on each nucleotide that are know to be modified by spontaneous
oxidative damage (red arrows), hidrolytic attack (blue arrows) and uncontrolled
methylation (green arrows) are shown with the width of each arrow indicating
the relative frequency of each event [Alberts et al., 2008].

Reactive Oxygen Species (ROS), oxidative stress and aging

The most important electron acceptor in the biosphere is molecular oxygen; by virtue of
its bi-radical nature, it takes up single unpaired electrons and gives rise to a series of
partially reduced species: these reactive molecules and free radicals derived from molecular
oxygen are collectively known as reactive or reduced oxygen species (ROS). These ROS
include hydroxyl radical (OH·), hydrogen peroxide (H2O2), superoxide anion (O·–

2 ), singlet
oxygen (1O2), nitric oxide (NO·), hydroxyl ion (OH–), and peroxyl (ROO·) and alkoxyl
(RO·) radicals [Riley, 1994]. ROS react with all biological macromolecules; thus, they can
oxidise also DNA and lead to several types of DNA damage, such as oxidised bases and
strand breaks, which are the most frequently occurring damage. Schematically, the initial
oxidative reaction generates a second radical, which can react with a second macromolecule,
thereby prolonging the chain reaction. Looking at the timescale of persistence of ROS, their
different stability and so their potential diffusion ranges are emphasised. ROS such as O·–

2
and H2O2 are relatively stable and ultimately their significance from the point of view of
cellular damage is connected with their potential to give rise to OH·. In particular, H2O2 is
the most persistent product and it is able to diffuse freely in the cell environment: it serves
as a diffusible, latent form of OH·. The most reactive and therefore potentially hazardous
oxygen-derived radical is the OH·: it produces a number of adverse biological reactions
by attacking structural and functional molecules and causing biological damage as it can
extract an electron from DNA leaving a highly reactive site. The reactivity of OH· is so
great that it does not diffuse more than one or two molecular diameters before reacting
with a cellular component.

A large number of these highly reactive species are generated by normal cellular processes:
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2.3 DNA damage

endogenous ROS production leads to 150000 oxidative adducts and 30000 DNA modifica-
tions per cell and day [Bont and van Larebeke, 2004]. The main source of ROS concerns
the aerobic respiration by the mitochondrial electron transport chain where cells generate
energy by reducing molecular oxygen to water; moreover, ROS carry out an important role
in cell signalling, also as intercellular messengers. Instead, the external sources of ROS
are radiation (ultraviolet light, ionising radiation), drugs and toxic chemicals (adriamycin,
bleomycin and paraquat).

Oxidative stress is a condition characterised by the presence of elevated levels of intracel-
lular ROS which the cell is unable to counterbalance. Indeed, cells possess a wide variety of
antioxidants, which under normal conditions, are able to minimise the damaging actions of
oxygen free radicals: they are superoxide dismutase, catalase, glutathione peroxidase, and
other detoxification proteins, such as thioredoxin [Held, 2012]. However, these conversions
are not 100% efficient and residual peroxides persist in the cell; accumulating oxidative
damage can then affect the efficiency of mitochondria and further increase the rate of ROS
production [Richter et al., 1994].

Oxidative stress is also involved in the complex biology of aging. Aging is impacted
by both genetic and environmental factors: while genetics determines the rates of damage
accumulation, stochastic DNA damage causes the decline of the biological functions and
the cellular senescence. It remains to be determined if DNA damage is purely a result of
the aging process or part of the cause.

The oxidative stress theory of aging states that aging is associated with a progressive
accumulation of ROS; even more, organism senescence is thought to depend, in part, on
progressive oxidative damage to long-lived macromolecules. In turn, the build up of free
radicals induces physiological dysfunctions, irreversible cellular damages, and an increased
vulnerability to disease. Specifically, mitochondria have been extensively studied as a source
of age-associated free radicals [Richter et al., 1994].

2.3.2 Mutagens

The processes of damage are conveyed by specific mutagens, the agents of DNA damage,
which can interact with DNA by means of various and sometimes indirect ways. Mutagens
differ in their action: they may act directly on the DNA, causing direct damage to the DNA,
and most often result in replication errors; some may act on the replication mechanism
and chromosomal partition; some of them are not mutagenic by themselves, but can form
mutagenic metabolites through cellular processes. DNA may be modified naturally or
artificially as a result of the normal cellular processes or the presence of environmental
mutagens, respectively.
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Physical Ionising and ultraviolet radiation
Thermal stress

Chemical Compounds that affect the DNA damage processes (2.3.1)
DNA adducts able to modify DNA structure
Clastogens that can cause breaks in chromosomes

Biological DNA e cellular normal activity
Horizontal gene transfer
Virus, bacteria, toxins

2.3.3 Endogenous and exogenous damage sources

In this section I focus the attention on the mutagen’s origin, because the sources of the DNA
damage may be due to an external cause or be attributable to the organism itself.

Endogenous sources

In a sense, not all mutations are caused by mutagens; that is, they arise as spontaneous mu-
tations when the mutagenesis is endogenous: for example, through spontaneous hydrolysis,
or through normal cellular processes that can generate ROS and DNA adducts, or through
errors in DNA replication, recombination and repair. The majority of mutations in human
tissues are likely to be endogenous.

Metabolism. In a cell, free radicals are mainly produced inside the organelles by the
normal aerobic metabolism at a low but continuos level. Although most of the reactive
metabolites, once released toward the cytosol, are destroyed by the normal cellular protec-
tion mechanisms, DNA is occasionally damaged by the encounter with these species [Bont
and van Larebeke, 2004; Marnett and Plastaras, 2001]. Then, spontaneous hydrolysis and
glycosylation, methylation, oxidative adducts, reactive carbonyl species interactions can
take place.

DNA replication. The ordinary life of a cell is not without problems: the very same
control system of DNA replication fails sometime. Approximately 107 cells divide per
second and estimates suggest that spontaneous mutations arise in about 1/3 of those cells;
DNA replication contributes about 1 nucleotide change per 109 nucleotides and 10 double
strand breaks per cell cycle in the form of stalled or blocked replication forks [Marnett and
Plastaras, 2001].

• DNA recombination and replication errors can cause DNA mutations.
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– Genetic recombination is the breaking and rejoining of DNA strands to form
new DNA molecules encoding a novel set of alleles in the genetic information; it
acts on genome but it should be considered alternative to DNA damage.

– Mismatches of bases happens in DNA replication: in the newly forming DNA
strand, a DNA nucleobase may be skipped over or a wrong one may be mistakenly
inserted, so that a nucleobase is not coupled with the correct counterpart.

– Slipped strand mispairing is a mutation process which occurs during DNA repli-
cation: it involves denaturation and displacement of the DNA strands, resulting
in mispairing of the complementary bases.

• Checkpoint kinases, if mutated, can ultimately lead to decreased DNA repair and
increased susceptibility to cancer.

• DNA repair mechanisms exist for the DNA protection, but still they themselves can
generate mutations in DNA; if not correct as in the original version, DNA sequence
shows a more or less dangerous or favorable misrepair.

Intracellular mobility of genetic elements. Fragments of DNA can move around within
the genome, so that they are also referred to as the mobilome.

• Plasmids are small DNA molecules within a cell which are physically separated from
the chromosomal DNA and can replicate independently.

• Trasposons are sections of DNA that undergo autonomous relocation/multiplication.

• Introns are any nucleotide sequence within a gene that is removed by RNA splicing
while the final mature RNA product of a gene is being generated.

Exogenous damage.

Altogether the external damage agents can be physical, chemical, biological.

Radiation. See section 2.6.

Other physical agents. Physical parameters of the surroundings are able to condition the
regular DNA status.

• Heating and thermal disruption: oxidation and acid hydrolysis damage speed up as
the temperature increases (which is why DNA is stored at low temperature).
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• Desiccation: breaks and nicks, as well as nucleobase oxidation, can also be caused by
harsh drying of DNA: this was shown under particularly harsh experimental condi-
tions, in which samples were dried rapidly in silica.

Environmental chemicals. The majority of dangerous mutagens are chemicals in the hu-
man environment.

• Aromatic hydrocarbons include a great assortment of dangerous agents of damage,
such as bulky aromatic adducts, benzene, phenol, heterocyclic amines and polycyclic
aromatic hydrocarbon: they mainly cause intercalation, oxidation, replication block,
mutations and cancer.

• Metals, such as arsenic, cadmium, chromium, nickel, beryllium and their compounds
may be mutagenic via different mechanisms: in particular they may be associated
with the production of ROS, and some may also alter the fidelity of DNA replication.

• Other chemical compounds are clastogens: asbestos, phosphine and mimosine.

• Other alkylating agents: ethylnitrosourea, nitrosamines, mustard gas, vinyl chloride,
nitrosoguanidine, ethyl methanesulfonate, ethylene oxide.

Biological mutagens. Biological sources of damage are all those biomolecules or living
things that, coming from the outside, are able to interfere with native DNA of the cell.

• Mobile genetic elements moving among different cells [Frost et al., 2005].

– Plasmids as small DNA molecules within a cell, may be transmitted from one
bacterium to another.

– Phages are viruses that infect and replicate within a bacterium.

• Viruses and bacteria may be inserted into the genome and disrupt genetic functions,
reducing efficiency of DNA repair systems, and thereby increasing mutation.

• Aflatoxins are naturally occurring mycotoxins among the most carcinogenic sub-
stances known: they can intercalate into DNA and alkylate the bases.

Medical research and chemotherapy. Therapeutic agents are studied and adopted to
damage DNA in tumour cells.

• Nucleic acid or base analogues are chemicals that can substitute for normal nucle-
obases in nucleic acids: these external molecules are confused for DNA nucleobases,
but couple in a different, wrong way, inducing point mutations through a base sub-
stitution.
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• Intercalating agents, such as ethidium bromide and proflavine, are molecules that may
insert between bases in DNA, causing frameshift mutation during replication; some,
such as daunorubicin, may block transcription and replication, making them highly
toxic to proliferating cells.

2.3.4 Kinds of damage

Since DNA is susceptible to a so great variety of damage causes, the effects on its structure
are multiple. Genetic mutations entail the modification of the genome sequence, schemati-
cally by means of two channels: chromosome mutations, over approximately 50 bp; pointlike
mutations, until approximately 50 bp.

First, I will consider large-scale damage, namely the induction of chromosomal aberra-
tions and mutations; hence, these damages are peculiar of higher eukaryotic cells and not
available to less complex cells. Some forms of aberrations leave the cell inviable, whereas it
is not so for some others. In particular, some of them correspond to specific conditions and
we can observe them when the experiments are set in a certain way: mostly they consist of
the counting of chromosomal aberrations during anaphase.

• Chromosome abnormality or distortion

– Amplifications or gene duplications lead to multiple copies of genes located in
chromosomal regions.

– Insertions and deletions are the same as indels (hereinafter) at large scale.

– Translocation happens when a portion of one chromosome is transferred to an-
other chromosome.

– Inversion occurs when a single chromosome undergoes breakage and rearrange-
ment within itself.

• Karyotypic mutations: changes in chromosome number may involve even larger mu-
tations.

– Polyploidy is a condition wherein organisms have three or more pairs of the same
chromosome.

• Diffuse centromeres: in particular, dicentrics are single structures with two cen-
tromeres formed by an asymmetrical exchange between two chromosomes..

At small scale, the distinction among the kinds of lesions can be done taking into account
which part of DNA results damaged: a single nucleobase, more nucleobases or the strands.
In the first case, the loss of the correct nucleobase makes it impossible the pairing with the
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complementary one; whereas when entire fragments of the DNA double helix are involved,
the genetic information risks to be compromised.

Base alterations. The modification or the substitution of the nucleobases alter the DNA
sequence [Alberts et al., 2008].

• Transitions α are he replacement of a purine base with another purine or the replace-
ment of a pyrimidine with another pyrimidine.

• Transversions β are the exchange of a purine for a pyrimidine or the exchange of a
pyrimidine for a purine.

• Deamination converts one original nucleobase to another atypical one containing a
keto group in place of the original amino group: usually the nucleobase interacts with
a water molecule by hydrolysis, releasing an ammonia molecule.

Abasic sites. DNA molecules are subject to base loss because of spontaneous reactions due
to thermal fluctuations [Sancar et al., 2004; Alberts et al., 2008]. Apurinic/apyrimidinic site
(AP site), also known as an abasic site, is a location in DNA that presents neither a purine
nor a pyrimidine base, although the sugar phosphate backbone remains with a hydroxyl
group in the place of the nucleobase. Loss of DNA bases can be particularly mutagenic
and, if let unrepaired, it can inhibit transcription. Loss of pyrimidine bases (cytosine and
thymine) occurs similarly to depurination, but at a substantially lower rate.

• Depurination is an alteration of DNA in which the purine base (adenine or guanine)
is removed from the deoxyribose sugar by hydrolysis of glycosidic bond between the
base and the sugar. Iis by far the most frequent type of damage suffered by DNA:
the DNA of each human cell loses about 50000 purine bases every day. Eventually,
each one of these mechanisms forms a single strand break.

Interbase alterations. A damaged nucleotide can erroneously interact with the neigh-
bours, and different cases are possible [Sancar et al., 2004].

• Dimerisation or pyrimidine dimers consist of molecular lesions formed by thymine or
cytosine mainly via photochemical reactions, due to normal exposure to sunlight.

• Cross-linking occurs when mutagen agents induce a strong interaction between close
nucleotides: this can happen either along the same strand (intrastrand crosslink) or
between the opposite strands (interstrand crosslink) of the DNA sequence. The oc-
currence of cross-linking blocks the progression of replication or transcription, causes
chromosomal breakages and rearrangements and implies cell death.
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• Intercalation occurs when ligands, namely molecules with an appropriate size and
chemical nature, fit themselves in between base pairs of DNA, interacting with DNA
by covalently or electrostatically binding. Thereby, they introduce structural distor-
tions which can lead to functional changes, such as the inhibition of DNA transcrip-
tion, replication, and repair processes, thus making the intercalators potent mutagens.

• Indels result in a colocalised INsertion or DELetion and a net gain or loss of nu-
cleotides; unless the length of the number of inserted or deleted nucleotide is a multiple
of three, indels produce a genetic mutation known as frameshift.

Strand breaks. Strand breaks are the most dangerous kinds of damage, since they involve
the integrity of the DNA structure itself.

• Single Strand Break (SSB) occurs when only one of the DNA strands results broken.
SSBs form upon oxidative attack on the deoxyribose sugar: the radical attack initiates
the rupture of the sugar unit, leading to the release of the attached nucleotide from
the DNA molecule; they also arise as intermediates during excision repair of base
damage. This type of damage is very frequent and rather easy to repair, given that
the opposite DNA strand remains intact. The endogenous rate of production of SSBs
in vivo is estimated to be ≈ 600 per hour, an amount equivalent to that induced by
radiation delivered at a dose rate of ≈ 0.5 cGy/min. Despite the vast majority of
the single damages are repaired by error-free mechanisms, at least 1% of them escape
repair without being bypassed. SSBs cause collapse or stalling replication forks and
are the major source of endogenous double strand breaks [Polo and Jackson, 2011].

• Double Strand Break (DSB) is an especially dangerous and mutagenic type of DNA
damage. They occur when both strands of the double helix are completely broken,
leaving no intact template strand to enable accurate repair: thus, DSBs pose problems
for transcription and replication; but also DSBs entail the breakdown of chromosomes
into fragments which may be prone to rejoin incorrectly, forming chromosomal aberra-
tions. A DSB is produced as a simultaneous break of the two strands or it results from
the interaction between two sufficiently close single damages in opposite strands, gen-
erated at sufficiently close times. Since the chemical bonds involved along the strands
are the most solid of the DNA molecule, only the most energetic sources of damage
are able to cause these breaks, such as ionising radiation, chemicals, or metabolites,
that is each ROS enhancers. So, DBSs have an endogenous origin, too. In normal
human cells ≈ 1% of SSB are converted to ≈ 50 endogenous DSBs per cell per cell
cycle; this rate of endogenous DSB production is estimated as approximately equal
to that generated by 1.5 Gy of ionising radiation. Endogenous DSBs are produced at
a rate of approximately 1 per 108 bp per cell cycle and repaired at a probable rate of
at least 95%, over a broad range of organisms [Vilenchik and Knudson, 2003].
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• DNA fragmentation or shearing are caused by various environmental factors.

2.4 Cell response

Cells have varied and powerful mechanisms to maintain the integrity of DNA, and a complex
repair machinery starts right after the occurrence of damage. In order to re-establish the
correct working, the response of the biological systems involves globally about 130 genes,
many thousands of proteins and enzymes.

The damages are counteracted by two main mechanisms: accurate DNA replication and
steady DNA repair. The fact that the damage detection and repair systems are as complex
as the replication machinery itself highlights its importance [Gauthier and Bechhoefer,
2009]. When a damage occurs along the DNA molecule, first of all it must be detected.
Site-specific DNA-binding proteins finding their targets searching through meganucleobases
of non-target DNA. Various mechanisms are implicated in this search, but essentially it
happens by diffusive processes: proteins bind to DNA at random and then translocate to
the target site [Stanford et al., 2000, 2004]. The nature of the double helical structure
of DNA facilitates the distinction between what is undamaged and what is damaged by
several multistep strategies during DNA damage recognition [Sancar et al., 2004; David,
2005].

Upon sensing DNA damage (or stalls in replication), the cells try to concentrate their
own activity towards the lesions in order to allow time for repair before the damage is
passed on to daughter cells: they delay the progression in the cell cycle until DNA repair
is complete. As a response to DNA damage detection, the cell works mainly in two ways.
The accumulation of genetic damage in cells lacking the DNA damage response leads to
an increased frequency of cancer-promoting mutations; therefore in cases of irreparable
damage, the cell prefers to undergo a programmed cell death.

First of all, the cell alerts its vital functions through the cell signalling so that all processes
are carefully coordinated. This step includes the activations of a specific DNA damage
control system which is accountable to slow down, delay, arrest or stop the cell cycle. The
DNA damage checkpoints act to halt cell cycle progression when the cell is subject to either
endogenous or exogenous genotoxic stress. However, DNA repair pathways are functional
in the absence of damage-induced cell-cycle arrest, and death can occur independently of
the cell-cycle arrest machinery.

Checkpoint pathways are characterised by cascades of phosphorylation events that alter
the activity, stability, or localisation of many proteins that, until DNA damage is repaired,
serve as important barriers to cell cycle progression under stress conditions. There is not
an absolute demarcation among the various components of the DNA damage checkpoints
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but conceptually they are sensors, signal transducers, effectors, and mediators [Sancar et
al., 2004]. The damage is detected by sensors that, with the aid of mediators, transduce
the signal to transducers; the transducers, in turn, activate or inactivate other proteins, the
effectors, that directly participate in inhibiting the cell cycle progression.

The key regulators of the checkpoint pathways in the DNA damage response are the
ATM (ataxia telangiectasia mutated), ATR (ATM and Rad3-related) protein kinases and
the DNA-dependent protein kinase complex DNA-PK. These proteins belong to an unique
phosphatidylinositol 3-kinase-like kinase (PIKK) family of serine-threonine kinases and are
central to the entire DNA damage response, in particular for the radiation induced damage,
specially DSBs. Organism with lack these proteins are hypersensitive to agents that cause
such damage. For example, cells lacking ATM or with a mutation in ATM have major
problems in repairing DSBs and sustain major chromosome instability.

Furtermore, the p53 tumour suppressor protein is a multi-functional transcription factor
that regulates cellular processes affecting proliferation cell cycle checkpoints, and triggers
apoptotic pathways. In normally growing cells, p53 levels are present at very low concen-
trations; but in response to genotoxic stress signals or DNA damage, p53 is phosphorylated
and accumulates in the nucleus. The damage of DNA caused by mutagens like chemicals,
radiation, and so on induces the synthesis of the p53 protein which initiates the repair
process or brings the cell to death if the damage cannot be repaired. The importance of
p53 is underscored by its mutation in over 50% of human cancers.

Simultaneously to the control of checkpoints, the DNA damage response leads to the
induction of transcriptional programs for the enhancement of DNA repair pathways, which
are specific mechanisms that attempt the correction. When the lesion is repaired, the arrest
signal is extinguished, and cells re-enter the cell cycle. Most DNA damage is removed by
DNA repair enzymes, but these repair processes are not completely efficient: whereas, the
level of damage is severe and the lesion is not repairable, then the cell takes the path of
programmed cell death, thereby preventing propagation of the lesion and potential muta-
genesis.

2.4.1 DNA repair

Spontaneous or stimulated random changes in DNA occur frequently: every day thousands
of damages in the genome of a human cell are created because of various factors. However,
only a few, fewer than 1 in 1000, accumulate as permanent mutations in the genetic se-
quence thanks to DNA repair which eliminated the rest errors, that is the great majority,
by remarkable efficiency. DNA repair shows that the fate of the cell is not irrevocably de-
termined after damage, but that the cell can eliminate some of the lesions; the information
content of the DNA double helix is preserved by a set of DNA repair enzymes that defend
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the genome from the harmful effects of DNA damage. DNA repair is so crucial that a di-
minished capacity for repairing is linked to a variety of diseases: as a consequence, defects
in a gene destined for DNA repairing can lead to an inherited predisposition to certain
cancers, reflecting an increased mutation rate; if uncorrected when the DNA is replicate,
the mutations would then be propagated throughout subsequent cell generations.

The DNA double helix is ideally suited to repair because it carries two separate copies
of all the genetic information, one for each strand: thus, when one strand is damaged, the
complementary strand retains an intact copy of the same information, and this undamaged
copy is generally used ad a template to restore the correct nucleotide sequences to the
damaged strand. A more serious problem arises when the strand breaks occur: if the copy
of genome is not yet synthesised in S phase, the information might be lost. Indeed, DNA
rejoining and DNA repair are not the same: rejoined breaks may lose the complete genetic
information, if the gene fragment are not adequately recomposed.

The cell spends great efforts in the repair, given that biochemistry processes cover several
orders of magnitude in time and space. Time has a fundamental role in the progression of
the DNA damage repair, since many different steps are involved in the various pathways.
Space has a fundamental role in the progression of the DNA damage repair, since

• the clusterisation of the DNA damage complicates the restoration of the strucure;

• the modification of the chromatin is needed in order to allow the correct repair: some
DNA parts are less accessible than others, as it happens for the heterochromatin,
which is more condensed in respect to the euchromatin, so that DNAmust be unwound
to let the repair enzymes reach the damage, slowing down all the process;

• the folding of the protein invading the DNA strand: a variety of compounds have
been found to interfere with the processing of DNA damage, and it can also happen
that the same repair mechanisms introduce hindrances.

All of a cell’s DNA is under constant surveillance for damage, and the repair mechanisms
act on all parts of the genome. However, the cells have a way of directing DNA repair to the
DNA sequences that are most urgently needed. DNA repair actually refers to a collection
of multistep processes: there is a large number of repair subsystems which act with a
large number of enzymes. The various repair pathways may share enzymes and reaction
intermediates; conversely, particular lesions might be repaired by more than one pathway
[Sancar et al., 2004]. Depending on the type of damage inflicted on the DNA’s double helical
structure, a variety of repair strategies have evolved to restore lost information. But there is
a common framework which considers the following ideal steps (in part overlapping the cell
general response): recognition, removal, repair synthesis, re-connection (ligation).
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Direct (reversal) repair

There are two major direct reversal repair mechanisms in the majority of organisms [San-
car et al., 2004]: photolyase is a monomeric protein that repairs UV-induced pyrimidine
dimers and photoproducts using blue-light photons as an energy source; methyluanine DNA
methyltransferase is a small protein involved in the repair of the highly mutagenic alky-
lation lesion O6-methylguanine by the product of the MGMT gene. In addition to these
relatively ubiquitous direct repair enzymes, there are some other direct repair enzymes with
more limited phylogenetic distribution.

Excision repair

Two of the most common pathways for DNA repair are based on the excision of the damaged
DNA; after that the original DNA sequence is restored by a DNA polymerase and finally
sealed by DNA ligase. One crucial feature of all excision damage repair mechanisms, is that
while the repair is taking place, one section of the DNA molecule becomes single-stranded:
if there is another damaged base on the opposite strand and close enough to a base which
is currently being repaired, then repair may start at this other base before the repair on the
opposite base has been completed; the result is the creation of a DSB. Thus, the excision
repair mechanism itself is largely responsible for killing cells subject to DNA damage: this
fact is of the utmost importance for properly understanding the dynamics of this process,
and it is often forgotten in mathematical models of mortality resulting from DNA damage
[Karschau et al., 2011].

Base Excision Repair (BER). Base Excision Repair (BER) plays a primary role in rec-
tifying base damage when the DNA damage concerns single base corruptions [Sancar et
al., 2004; David, 2005; Alberts et al., 2008]. It is responsible primarily for removing small,
non-helix-distorting single nucleobase lesions from the genome; in addition, the downstream
steps of BER are also utilised to repair SSBs. BER is a multi-step process and presents two
subpathways: either the short patch (1 nucleotide) or the long patch (2−10 nucleotides)
repair. Deletion of BER genes increases the mutation rate in a variety of organisms, pre-
dicting that loss of BER could contribute to the development of cancer.

Nucleotide Excision Repair (NER). Nucleotide Excision Repair (NER) is involved in
damage caused by almost any large alteration in the structure of the DNA double helix
concerning both a helical distortion of the DNA duplex and a modification of the DNA
chemistry [Sancar et al., 2004; Alberts et al., 2008; Guo et al., 2005; Karschau et al., 2011].
While the BER machinery can recognize specific punctual damage in the DNA and can
correct only damaged nucleobases, the NER enzymes recognize bulky distortions in the
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shape of the DNA double helix: it is perhaps the most flexible of the DNA repair pathways
considering the diversity of DNA lesions it acts upon.

MisMatch Repair (MMR). DNA MisMatch Repair (MMR) is a major mechanism for
guaranteeing the fidelity of DNA replication but it is also peripherally involved in damage
repair [Sancar et al., 2004].

Strand break repair

Although strand breaks can be categorised as unique group, the range of their dangerous-
ness and the spectrum of the possibile repair mechanisms are very wide. So, we have to
distinguish them in two phenomena, since a cell faces them in very distinct ways.

• SSB repair deals with very frequent but essentially harmless damage. SSBs are easily
repaired in a manner similar to BER.

• DSB repair counters instead the most dangerous form of DNA damage. Indeed, when
both strands of the double helix are broken, no intact complementary strand remains
as a template for DNA repair, with the breakdown of chromosomes into smaller frag-
ments as a consequence. To counteract the detrimental effects of these potent lesions,
cells have evolved two main and distinct mechanisms, while the relative contribution
of other repair mechanisms seems to be less important. The balance between the util-
isations of the two pathways within cells can change; nonetheless, the loss of one can
be partially compensated by the other: these pathways are complementary and op-
erate optimally under different circumstances. In mammalian cells, non-homologous
end-joining has a dominant role in repairing DSBs in the G1 phase of the cell cycle,
whereas homologous recombination is used predominantly in S and G2 phases, con-
comitantly with the appearance of the sister chromatid template [Polo and Jackson,
2011].

Non-Homologous End-Joining (NHEJ). The DSB repair through Non-Homologous End-
Joining (NHEJ) is relatively fast but error prone process [Lieber et al., 2003; Lieber and
Wilson, 2005]. For this reason, NHEJ can be also considered as an emergency solution to
DSB damage, which entails the loss of some genetic information. In fact, an homologous
template is not required since NHEJ involves the direct religation of broken DNA with min-
imal processing of sequences near the ends: the break ends are juxtaposed and rejoined by
DNA ligation without taking into account that at the site of joining one or more nucleotides
could be lost due to degradation: this may lead to a mutation. The NHEJ DNA repair
pathway is the dominant DSB repair mechanism in eukaryotic cells and, in mammalian
cells, this mechanism is very common because so little of their genome codes for proteins:

24



2.4 Cell response

as a consequence, NHEJ results an acceptable solution to the problem of keeping chromo-
somes intact, despite a change in the DNA sequence. Therefore, NHEJ is the principal
mode for repair of ionising radiation-induced and ROS-induced DSBs, since a great amount
of breaks must be repaired in a short time. As well as speed, another advantage of NHEJ is
that it operates in all phases of the cell cycle; particularly NHEJ is optimal and necessary
for DSB repair during the cell-cycle stages (i.e., G0 and G1) when sister chromatids are
not available to guide more accurate repair by HR. What’s more, NHEJ is also incredibly
flexible, and not only in terms of its substrates and repair mechanisms: the wide range of
lesions on which NHEJ operates requires diverse mechanisms to join these breaks, so that
the possible outcomes at the repaired junctions are various. Moreover, when the classical
NHEJ pathway is impeded, other cellular repair factors can substitute for it.

Microhomology-Mediated End Joining (MMEJ). The substitution of usual NHEJ repair
pathway is called Microhomology-Mediated End Joining (MMEJ), alternative End joining
(alt-EJ) or backup NHEJ: it is activated mainly by radiation [Taleei, 2013].

Homologous Recombination (HR). Cells employ Homologous Recombination (HR) for
various types of complications including radiation induced DSB repair, recovery of stalled
replication forks, and few others [Vilenchik and Knudson, 2003; Sancar et al., 2004]. Al-
though present in humans, this type of DSB repair predominates in bacteria, yeasts and
Drosophila, that is in all organisms with an ineffective NHEJ. The distinguishing property
of HR is that DSB defects are corrected in an error-free manner, exploiting the fact that
the cells are diploid, namely they contain two copies of genome: hence, when a nucleotide
sequence is destroyed by a damage, the information lost is retrieved through the other un-
damaged chromatid, used as a template for transferring the genetic information. In cells
that have replicated their DNA but not yet divided, this type of DNA repair can readily
take place between the two sister DNA molecules. On the other hand, HR cannot occur
before the DNA duplication, because there is not any undamaged sister chromatid available
for use as repair template to copy. Hence, HR is used only during and shortly after DNA
replication in S and G2 phases, whereas it does not work during G1 (and roughly early S)
phase, when only the NHEJ repair can be activated. Non-allelic homologous recombination
(NAHR) is a special variant of HR repair which may lead to large deletions in the case of
finding the wrong intact template pair [Taleei, 2013].

Single-Strand Annealing (SSA). A transitional pathway between HR and NHEJ, operat-
ing principally in repair of lesions in repetitive DNA sequences, is Single-Strand Annealing
(SSA) [Vilenchik and Knudson, 2003; Sancar et al., 2004; Taleei, 2013].
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2.5 Cell death

When DNA repair is unsuccessful the cell can either survive with the misrepaired DNA or
die. Cells with DNA misrepairs can survive: when this happens, misrepairs can be incon-
sequential, but they can also lead to relevant mutations. An accumulation of unfavourable
mutations can lead to cell senescence or cancer.

Instead, the end point of a cell is sometimes referred to as reproductive death, as distin-
guished from the true survival, which is the continued functional and metabolic existence
of one cell [Alpen, 1997]. Indeed, the cells are generally considered hit by DNA damage
if they have lost reproductive integrity, not whether they physically survive in the popula-
tion. Senescence or replicative senescence is not a real death, rather it is a state wherein
the cell permanently loses the ability to divide. Loss of reproductive integrity can occur by
means of different types: in fact, cell death can be classified according to its morphological
appearance, functional aspects and enzymological criteria [Kroemer et al., 2009].

• Apoptosis is a form of controlled cell death with peculiar morphological features, ini-
tiated or inhibited by a variety of environmental stimuli [Kerr et al., 1972]. Decreased
apoptosis makes an important contribution to many tumours: in example, when the
gene encoding the tumour suppressor protein p53 is mutated, it no longer promotes
apoptosis in response to DNA damage.

• Autophagic cell death consists of the digestion of parts of cytoplasm to generate basic
nutrients and to eliminate damaged proteins and organelles: autophagy can take part
in both promoting cell survival or cell destruction.

• Cornification is another kind of programmed cell death: it is a very specific form of
programmed cell death that occurs in epidermis, morphologically and biochemically
distinct from apoptosis.

• Necrosis, instead, is an early form of single cell death due to extremely unfavourable
conditions. The characteristics of apoptosis, which is non-inflammatory, contrast with
those of necrosis, typified by inflammatory response.

Ultimately all these mechanisms result in the physical loss of the cell within a short time.
Still, if cells are observed under the microscope during the few hours after the exposure to
damage agents it appears that they do not die immediately. Mitotic catastrophe may not
happen until several divisions have taken place since this death comes after aberrant mito-
sis. Indeed, the cells often proceed to mitosis anyhow, although at division chromosomal
abnormalities become visible; cells that divide successfully – even through a number of cell
cycles – may still die at a subsequent mitosis.

Cells which have the ability to perpetuate itself are called clonogenic. This property does
not describe the continued existence of only a single cell: more precisely, the term clonogenic
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survival is referred to as the ability of a single cell to give rise to a significant colony of
genetically identical cells. The word significant in the definition is essential, since a cell is
often able to divide two or three times before finally failing to divide further; for this reason,
an operational definition of clonogenic survival has become common to radiation biology:
the accepted gold standard for measuring the mitotic intactness or clonogenic survival is
the ability of a cell to undergo more than 5–6 cell divisions and produce a viable colony
containing at least 50 cells [Alpen, 1997].

2.6 Ionising radiation and DNA

2.6.1 DNA as radiation target

Exposure to radiation induces a variety of biological effects, and damage to nuclear DNA is
one of them. The idea that the radiation-sensitive part of a cell is the chromosomal DNA
is supported by a number of differing sources of evidence, the first of which occurred 1961:
Munro’s experimental assessments showed that the mean lethal dose of ionising radiation
absorbed by the nucleus is 1.5 Gy, against 250 Gy delivered to cytoplasm with no effect
upon cells proliferation [Munro, 1961].

Radiation is a physical external cause of DNA damage, whose action results in a distortion
of the DNA base sequence. Radiation affects DNA in an increasing way with the photon
energy. Non-ionising radiation is harmful to organisms only in proportion to the thermal
energy deposited, and is conventionally considered harmless at low powers which do not
produce significant temperature rise.

Between ionising and non-ionising radiation, the ultraviolet radiation in some aspects
occupies a middle ground, in having some features of both ones. It provokes far more
damage to biological molecules than is accomplished by heating, because of the ultraviolet
capability to alter chemical bonds, even without having quite enough energy to ionise atoms.
The major effects of ultraviolet rays are crosslinks and the pyrimidine dimers caused by the
sunburn: the formation of a cyclobutyl ring between adjacent thymines produces a covalent
linkage between two adjacent pyrimidine bases so as to form thymine dimers. This damage
is usually repaired by excision repair but it can also lead to the formation of a SSB.

Ionising radiations (IRs), in all their forms,

• charged particles: electrons, protons, α particles, ions;

• neutrons;

• electromagnetic radiation: γ photons, X photons, ultraviolet photons.
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are quite harmful to living organisms. The biological effect of IRs is due not to the amount
of the energy absorbed, but to the fact that this energy is concentrated in a very small
volume, i.e. the packet photon-particle size: indeed a 3 mL cup of 60℃ hot coffee contains
67 cal, that is it has the same energy of a 4 Gy dose of X-rays for a person of 70 kg which
contains indeed 67 cal. Anyway, a key features is how the radiation energy is deposited,
since IRs release energy both on DNA and in the cellular environment.

If IR interacts with the atoms of the DNA by ionising or breaking the molecule, it
is referred to as a direct action or effect. But when a cell is exposed to radiation, the
probability of the radiation interacting with the DNA molecule is very small, since these
critical components make up such a small part of the cell. In fact, each cell is mostly full of
water: about 70% for the human body up to 85% for mammalian in general. So, there is a
much higher probability of IRs interaction with the water, that makes up most of the cells
volume, than with DNA. As a consequence, when radiation interacts with water, it ionises
water producing chemical fragments or radicals, such as ROS, which in turn could combine
to form toxic substances: all together these chemicals contribute to the destruction of the
cell hitting sensitive targets and producing damage. Therefore, the indirect action or effect
of DNA damage consists of the interaction between DNA and chemical species generated
during water radiolysis: actually the energy is released away from the DNA double helix,
but the increased oxidative stress due to free radicals is able to produce also DNA strand
breaks (figure 2.6).

Figure 2.6: Direct action and indirect action of ionizing radiation on DNA.

Since water absorbs most of the energy, the proportion of DNA damage resulting from the
indirect action of IRs is estimated to be ∼2/3 of the total radiation damage, even though
this proportion depends on radiation type and energy. Anyway, ROS are also generated as a
byproduct of cell metabolism. But the common characteristic of the IR-induced damage is
that, besides isolated damages, multiply damaged sites consisting on two or more elementary
damages within a few helical turns of the DNA are produced. Small-scale clustering of DNA
damage sites is therefore one of the hallmarks of IR especially, in case of high-LET. On
the other hand, the single damage induced by IR is not easy to characterise, reflecting the
greater variety of lesions produced, such as base exchange or other multi-nucleotide lesions;
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however, the dangerousness of IR induced damage is mainly due to the strand breaks.

Moreover –leaving aside endogenous causes – an underlying production of strand breaks
is due to the fact that IR is ubiquitous. Indeed, natural background radiation is ≈ 0.01
mSv/day, although there are areas on Earth surface with values 5-fold higher.

The threshold over which cells cannot enter mitosis and do not reproduce any more is
called high-dose radiation. Acute exposures >150 mSv have measurable and often serious
immediate effects on humans; but the meaning of high dose is different for different species.
It is interesting to note that for some other very radioresistant living forms, the threshold is
very much higher: for tardigrades 2500 Gy, but the champion of extreme radiation resistance
is the bacterium Deinococcus Radiodurans which still lives over 5000 Gy, up to more than
10000 Gy [Cox and Battista, 2005; Krisko and Radman, 2013]. It is best known just for
its biological robustness that involves an extremely efficient DNA repair system, but that
could be accounted for by a highly efficient protection against proteome, but not genome,
damage.

Between natural background and high-dose radiation there is the range of exposure known
as low-dose radiation [Bonner, 2003]. Low-dose radiation has no immediately noticeable
effects on humans; nevertheless, there is great interest in its long-term biological effects,
which may include cancer in exposed individuals and genetic defects in their progeny [Cu-
cinotta and Durante, 2006; Turner, 2007]. Various theories exist on the role of ionising in
regard to low doses: the linear nonthreshold model postulates that low-dose radiation is
just as harmful per Gy as high-dose radiation, thus any dose, no matter how small, is poten-
tially harmful; whereas, the threshold model postulates that low-dose radiation is harmless
below a certain level [Bonner, 2003; Belyakov]. Some quantities, shown here below, become
therefore indicative. The lesions per cell caused by γ radiation are:

5 mGy 1 Gy
ROS 750 150000
ionisations in the cell 50 10000
ionisations in DNA 10 2000
SSB 5 1000
DSB 0.1−0.2 20−40

In mammalian cells low-LET IRs causes:

incidence (1/Gy) relative lethality (%)
base damage 103 − 104 1
SSB 103 1
DSB 40 95

It is easy to note that SSBs are very frequent damage, considerably more numerous
than DSBs; at the same time, they get repaired continuously and very rapidly. But, while
base damage and SSB are promptly repaired, instead DSBs are potentially not reparable
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or anyway not so promptly, turning out as lethal lesions to cells: even a single DSB left
unrepaired or misrepaired inactivates the cell [Frankenberg-Schwager et al., 1980]. The
probability that two DSBs interact in pairwise fashion decreases as time between DSB
formation increases, because one DSB may be rejoined before a second one is created. DSBs
formed by the same radiation track, called intratrack, are created at the same time and
are, on average, more likely to interact in pairwise fashion than DSBs formed by different
tracks, called intertrack, that, depending on dose rate, may be separated by larger time
intervals. This complex relationship between radiation exposure, DNA damage and cell
killing [Rydberg et al., 2005] is shown by the fact that irradiated cells display a variety
of chromosomal aberrations: these ones can be stable, meaning that they do not lead to
cell death and therefore persist through a number of cell generations, or unstable, namely
lethal.

Therefore, the most considerable repair pathways involved after IR are obviously those
ones relative to DSB repair. In mammalian cells NHEJ repair is the prevalent pathway for
repairing DSB, however it is still not definitely known in which circumstances other repair
pathways, such as HR or MMEJ, are activated. The choice of the DSB repair process is
influenced by many factors.

• When the damage happens: that is the position in the cell cycle, since not all mech-
anism are accessible all along the cell life.

• Where the damage occurs: this depends on the complexity and on the topography of
damage.

– The complexity of damage involves the proximity of DSB to other lesions within
10 base pairs. Clustered DNA lesions, containing mixtures of two or more various
types of damage such as DSBs, SSBs and base damage, are more difficult to repair
and even irreparable [Li et al., 2012]. Indeed, when several non-DSB lesions are
clustered within a short distance from a DSB, they may interfere with the repair
of DSBs [Karlsson et al., 2008]. Complex damage is uncommon for endogenous
damage or low-LET radiation, while it has been associated with the increased
relative biological effectiveness of densely IR [Cucinotta and Durante, 2006].
Under the same dose, high LET IR causes more clusters of DSBs leading to short
DNA fragments (40 bp), which are likely related to increased efficiency for cell
death and mutation compared to low LET IR. Since the the complexity increases
with LET, that is with the quality of IRs, there could be a possible relationship
between kind of radiation and repair mechanism choice [Taleei, 2013].

– The topography of the damage concerns the chromatin density:heterochromatin
(HC) is the condensed region of the chromatin, reachable with difficulty if not
opened; in contrast, euchromatin (EC) that is the transcriptionally active and
more relaxed region of the chromatin, therefore more accessible to repair en-
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zymes. Therefore the position of the DSB in the cell nucleus influences the
repair kinetics: DSBs in the HC require opening of the compact chromosome
structure and therefore could result in a longer repair process. However, DSBs
cause chromatin reorganisation that can make the lesion more or less accessible
to proteins [Downs et al., 2007].

• DSBs induced by IR delivered at a high dose rate are repaired with a lower fidelity,
in good agreement with a predominant role for NHEJ in rejoining radiation-induced,
but not endogenous, DSBs. This seems to imply that HR, a relatively error-free
mechanism, is the principal pathway for repair of EDSBs.

Furthermore, the repair itself seems to have a role in the spatiotemporal organisation
of DNA damage processing, even though minimally [Jakob et al., 2009]. Similarly, the
DSB repair efficiency is sensitive to some perturbing conditions: he experimental studies
show that the outcome from repair depends on the joint action of DSB rejoining rate and
the severity of the damage, which includes the quality and types of damage, the initial
amount of DSBs and the spatial distribution and relative position of the DSBs and other
elementary damages[Li et al., 2012]. A synthetic representation of the efficacy of the various
repair processes is shown hereunder.

cell cycle: lateS and G2 phases HR, SSA
whole NHEJ, MMEJ

complexity: high LET HR, MMEJ
topology: HC damage HR
misrepair: error-free HR

error-prone NHEJ, MMEJ, SSA

Moreover, not all parts of the genome are equally vulnerable to radiation damage: some
genes are more essential than others. Indeed, the processes involved in the repair of
radiation-induced DNA damage are under the control of a large number of genes, some-
times collectively known as radiosensitivity genes, as displayed by the following list: genes
that control the activity of free-radical scavenging molecules; DNA repair genes controlling
repair enzymes; genes involved in apoptosis; cell-cycle control genes. There is considerable
homology for many of these genes among the wide range of biological systems that includes
bacteria, yeast, rodent cells, and human cells.

Timescales. Various temporal stages of radiation action can be identified: in fact the
timescale for the relevant radiation effects covers over 20 orders of magnitude. For this
purpose, the researches included between the liquid water radiolysis studies and the cancer
epidemiologic surveys have contributed greatly to our understanding of the full-scale cellular
response to IR.
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• 0s ∼ 10−15s | physical stage | the IR absorption through the ionisation and the exci-
tation of molecules: direct action on DNA or production of primary and secondaries
particles in water occur

• 10−15s ∼ 10−12s | prechemical or physico-chemical stage | the ionised and excited
molecules dissipate their energy through proton transfer to neighbouring molecules,
chemical bond rupture, dissociation of excited water molecule, electron thermalisation
and solvatation: ROS are created in very high concentration

• 10−12s ∼ 10−6s | chemical stage | the ROS diffuse randomly around their initial
positions by thermal motion: encountering other chemical species, they complete the
chemical reactions

• ∼ 1s | biochemical stage | the reactions of ROS with the DNA molecules conclude
with the appearance of the strand breaks

• minutes ∼ days | biological stage | the chromosomal aberrations influence the destiny
of the whole cell and its cycle: various kinds of death or permanent mutations affect
the cells themselves and their offspring

• weeks ∼ years | medical stage | the cells become neoplastic are able to spread in the
tissues and organs as tumours, finally leading to the death of the organism

2.6.2 Not targeted effects

The radiolysis effects can be informative on the lesions that trigger the role of cellular
signalling [Muroya et al., 2005]. In fact, IR damage occur in a context where altered com-
munication or metabolic activities can potentially interfere with DNA damage [Polo and
Jackson, 2011]. So, although nuclear DNA is the main target of radiation, some researches
focus on the not (DNA) targeted effects of the cellular exposure to IR, especially at low
doses [Bonner, 2003; Belyakov]. Adaptive response would happen when low doses of IRs
could act in a stimulating way. Radiation hormesis (also called radiation homeostasis) is
the very controversial hypothesis that low doses of IRs, within the region or just above
natural background levels, are beneficial, stimulating the activation of repair mechanisms
that protect against disease, that are not activated in absence of IRs [Calabrese and Bald-
win, 2001]. Typically the adaptive response is induced with 1–100 mGy of γ-rays, doses
100–10000 times larger than the natural background of ≈ 0.01 mSv per day. Genomic insta-
bility considers the loss of genetic control through many cell generations after the radiation
exposure. Indeed elevated and persistent rates in the accumulation of de novo genetic alter-
ations could have repercussions and show effects in cells the shared that irradiated genome,
even if in a delayed way. The bystander effect includes all the effects of radiation found
in cells that have not been irradiated, but are in the vicinity of those that have. These
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effects suggest that irradiated cells may signal their distress to other cells, perhaps by direct
cell-to-cell interaction or by molecules secreted into the medium. In addition, it seems that
genomic instability and bystander effects could have a combined effect on cells; so as the
adaptive response and the bystander effect appear in the same experimental system. It
can be noted that, in some way, these effects start from the DNA target to diffuse to other
cells: this is true for genomic instability which represents a temporal transfer of the damage
information toward different generation cells, and for the bystander effect which represents
a spatial transfer of the damage information toward neighbour cells.

2.6.3 Some experimental facts

The radiobiology of DNA damage-repair-misrepair has evolved mainly through the studies
on the cell survival curves and the DSB trends.

Cell survival curves

A plot of a biological effect observed against the absorbed dose is called a dose-response
curve. The sensitivity of a cell population to IR is well described by the cell survival
curve: it is the relationship between the survival fraction, namely the fraction of irradiated
clonogenic cells, (usually plotted on a logarithmic scale) and the absorbed dose (on a linear
scale) to which the cells were previously exposed [Alper, 1976; Tubiana, 1990; Podgorsak,
2005; Turner, 2007; McParland, 2010]. Therefore, it is based on the clonogenic assays, that
is the counting of colonies originating from single cells in vitro.

The shape of cell survival curves after irradiation has been the subject of extensive investi-
gation, and a variety of models have been devised that are successful in fitting experimental
data. However, the interpretation of the shape of the cell survival is still not deeply clear,
so as the aim of seeking a universal theory of radiation cell killing is not yet realised. The
issue concerns usually both the extremes of the curve: at the terminal region, where it has
been possible to observe low levels of survival to 10−5–10−6, a straight line approximation
may be judged as an adequate fit; but considerable importance attaches the initial fold that
can happen at low dose, less known and concerning a greater surviving population. The
practical need for insight effects of low doses comes from the requirements of those who
are engaged in research on the hazards of rather low doses, and also for radiotherapists,
who customarily treat cancerous tumours by delivering the total radiation dose in many
fractions. The main question is that the cell survival fraction varies by many factors.

• Cell type. Biological cell survival data show very different behaviours, generally de-
scribable by two types of relationships: microorganisms present exclusively an expo-
nential survival curve, which corresponds to a completely straight line in the survival
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plot; nearly all mammalian cells present a characteristic shouldered or sigmoid or
threshold survival curve that may appear purely exponential in some cases.

• Cell cycle (figures 2.7a, 2.7b). In general, cells are most radiosensitive in the M and
G2 phases, and most resistant in the late S phase. The length of the G1 phase is
indicative of the variation of the radiosensitivity of the cell throughout its cycle. For
cells with long G1 phases, the cell is relatively radioresistant during much of the course
of G1 but this sensitivity decreases as the G1 phase enters the synthesis S phase; the
radioresistance again increases to a maximum during the S phase and then decreases
through the G2 and M phases. On the other hand, for cells with short G1 durations,
radioresistance increases through the M and G1 phases to reach a single maximum
during the S phase to again decrease during the G2 and M phases. This variability of
radiosensitivity throughout the cell cycle enables the process of synchronisation. In
fact, following irradiation, those cells which are in the radiosensitive phases will be
preferentially killed whereas those in the radioresistant S phase will survive.

(a) Long G1 phase (b) Short G1 phase

Figure 2.7: Cell cycle radiosensitivity [McParland, 2010].

• Radiation quality (figure 2.8a). The processes of energy loss by all types of IRs are
complex, so radiation quality has been specified in many ways. An outdated way to
describe radiation quality is the description of ionisation density given by the tracks
of the secondary delta-ray electrons. Linear Energy Transfer (LET) [Zirkle et al.,
1952] is defined as the amount of energy transferred by a charged particle per unit of
length it traverses: values of LET are usually given in KeV/µm, whereas the SI units
are J/m. Katz proposed an alternative method [Katz, 1970]. Comparison between
effects of radiation of different quality are also often stated in terms of their Relative
Biological Effectiveness (RBE), which is defined as the ratio of doses of different
quality required to give the same biological effect. Anyway, for any particle of given
energy, the higher the LET, the closer together will be the events in which it gives up
energy. X-rays, γ-rays and energetic electrons are considered low LET (corresponding
to sparsely ionising) radiations, while energetic neutrons, protons, α-ray, ions and
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heavy charged particles are high LET (corresponding to densely ionising) radiations:
the demarcation value between low and high LET is at about 10 keV/µm. It has been
established that densely IRs are more effective than sparsely ones in the induction of
DNA damage: the former exhibit a cell survival curve that is almost an exponential
function of dose, shown by almost a straight line on the log-linear plot; for the latter
the curves show an initial slope followed by a shoulder region and then become nearly
straight at higher doses. In other words, survival curves tend to approximates more
closely to an exponential form, that is a reduction of the shoulder and an increase
of the slope, as LET increases. This is because a high-LET particle in comparison
to low-LET radiation deposits a larger amount of energy per each passage through a
DNA fibre, increasing the complexity of the damage and so the probability of killing
the irradiated cell.

• Oxygen acts as a radiosensitiser (figure 2.8b). It is a dose-modifying factor, resulting
very often as a dose-multiplying agent which hamper the immediate recombination of
ion pairs following an ionisation; instead, hypoxic conditions decrease the radiosensi-
tivity of the cell. A measure of this effect of oxygen concentration upon radiosensitiv-
ity is commonly quantified by the oxygen enhancement ratio (O.E.R.): it is defined
as the ratio of absorbed doses required to give the same specified biological endpoint
(e.g., survival fraction) for irradiations under hypoxic and oxygenated conditions.

(a) Low-LET increases survival (b) Hypoxia increases survival

Figure 2.8: Conceptual survival curves for different radiosensitisers: each time a parameter
varies, the other ones are kept steady [McParland, 2010].

• Dose rate and fractionation (figures 2.9a, 2.9b). For the same dose, radiation admin-
istered uniformly over a longer period of time produce less cell killing than radiation
delivered at a higher dose rate because DNA damage repair occurs during the pro-
tracted exposure. So, for low dose rates the slope of the empirical survival curves
to have less steeper the shoulder tends to disappear. A similar concept pertains the
application of radiation administered in separated exposures, known as fractionation:
this permits irradiated tissue to repair between consecutive fractions.
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(a) Low dose rate increases survival (b) Fractionation increases survival

Figure 2.9: Conceptual survival curves for different radiosensitisers: each time a parameter
varies, the other ones are kept steady [McParland, 2010].

DSB trend

How the number of DSBs progresses in time after irradiation is a main research topic in
recent years (figure 2.10). Experiments provide evidence that the number of DSBs is linear
with absorbed dose at least up to few Gy [Neumaier et al., 2011]. Instead, the speed of
DNA repair has been investigated by a variety of methods, including the rate of rejoining of
strand breaks [Asaithamby and Chen, 2009]. The maximum number of DSBs induced has
been found to be in the range 30 foci/Gy per cell nucleus for an acute single dose irradiation
which . This peak occurs approximately 30 minutes post irradiation; after that the overall
number of DSBs decreases with an exponential trend. Hence, it has been deduce that DSB
repair kinetics have at least two components: the half-time of the fastest component may
last few minutes, while the slower component ranges up to hours. Both complexity and
topography of the DSBs affect the repair kinetics through activating slower repair processes:
increasing LET, and consequently the complexity of damage, changes the repair kinetics
in favour of slowing down of the repair process by involving HR or MMEJ [Taleei, 2013].
Moreover, experimental studies on the spectrum of induced DNA fragments have suggested
that under the same dose, high-LET radiation induces more small DNA fragments than
low-LET radiation [Tabocchini et al., 2012; Li et al., 2012]. More sensitive assays are being
developed to detect the cellular presence of DSB.

• the counting and categorisation of the various kind of chromosomal aberrations;

• micronuclei assay where polynucleated cells created by IRs are counted;

• western blot is a analytical technique used in proteomics: it makes use of gel elec-
trophoresis which has been demonstrated to be a very powerful method to analyse
the migration and the spatial distribution of DSBs and small DNA fragments;
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• γ-H2AX assay is based on the initial cellular response to DSBs which is characterised
by the physical recruitment of a large number of different proteins to the sites of
damage: within seconds to minutes following IRs exposure, one of the highly conserved
histone proteins that package the DNA into chromatin, the histone H2A variant
H2AX, is phosphorylated (γ-H2AX); if visualised by an antibody, it results in the
formation of immunofluorescently stainable subnuclear domains, commonly referred
to as IR induced foci [Bonner, 2003; Sancar et al., 2004; Asaithamby and Chen, 2009;
Joiner and van der Kogel, 2009; Neumaier et al., 2011; Mariotti et al., 2013].

Figure 2.10: Relative number of DSBs in function of time after radiation exposure.
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3 Review of biophysical models of
radiation damage

In this chapter I review the radiobiological damage models, and I place them within a
historical framework because this can help understand why some assumptions and ideas
have been favoured over the years [Alper, 1976; Alpen, 1997; Bedford and Dewey, 2002;
Ballarini, 2010].

3.1 The beginnings of classical radiobiology

Radiation biology and biophysics came into its own in the 1940’s. A first approach to
modelling arrived some years later, with the intent to put into quantitative form the data
and the ideas of Sax on the production of chromosome aberrations by X-irradiation in
Tradescantia [Sax, 1938, 1939, 1940; Lea and Catcheside, 1942]. A growing interest involved
research on mammals: Quastler in 1945 suggested there might be a coherent pattern in the
relationship between survival time and dose [Quastler, 1945]; the first real evidence for the
induction of gene mutations in mammals by x-rays were reported by Russell in the 1951
[Russell, 1951]; in wider terms, two very large mammalian radiation genetics projects, now
known as megamouse studies, were launched in those years.

But, until the middle of the 1950s, all radiation experiments that involved analysis of
survival data of cell populations had to be carried out mostly on prokaryotic cells, and
classical radiobiological theories developed during this period. They were dominated by
the notion that cellular radiosensitivity to ionising radiations could be explained solely on
the basis of the physics of energy deposition in radiation sensitive targets within the cell (see
section 3.2). In this way, simple survival can be explained by a naive Poisson-based model:
when we assume that the mean number of cells killed by a dose D is proportional to the
dose, i.e., αD, then the fraction of surviving cells must be proportional to the corresponding
Poisson probability SF = exp(−αD), or also ln SF = −αD which is a linear relation in a
semi-log plot. This was in very good agreement with measured survival curves for bacteria.
However, corresponding survival curves for eukaryotes showed a shoulder at low dose.

In 1955 Puck and Marcus published their classic work on single cell plating and on the
study for HeLa cells along with the first X-ray dose response for the cell’s reproductive death
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[Puck and Marcus, 1955, 1956]. This study had a dramatic impact on radiation biology:
it provided a method for the quantitative culture of mammalian cells and it made possible
the study of radiation clonogenic survival for a number of mammalian cell lines grown in
vitro. Once they achieved this first viable counting of mammalian cells, it was clear that
theory had to be modified to explain the new shouldered survival fraction (in the semi-
log plot) expressed by low-dose data. Target theory turned out to be a viable alternative
to explain the shouldered response curve. Finally, in 1961, experimental assessments by
Munro showed that the mean lethal dose absorbed by the nucleus is 1.5 Gy, against 250
Gy delivered to cytoplasm with no effect upon cells proliferation [Munro, 1961]. Thus, this
and other investigations revealed the chromosomal DNA is the radiation-sensitive part of
a cell, that is the critical target.

Starting from the 1960s, several data on mammalian cell lines at low dose seemed to
point out that the logarithmic survival fraction varied according to conditions independent
from the target itself and it would be better described by functions in which the dose
appeared both to the first and to the second power [Bender and Gooch, 1962b]: for this
reason target-exclusive models began to be rarely used.

3.2 Target theory

The first classical radiobiological models arose from Lea’s “target theory” in 1946, and then
published in a refined version in 1955 [Lea, 1946 1955], and from the similar Timofeev-
Ressovsky and Zimmer’s “hit theory” in 1947 [Timoféeff-Ressovsky and Zimmer, 1947].
Although they were not aware of the crucial role of DNA (in the radiobiological sense), they
did predict the need for specific inactivating lesions in important radiosensitive molecules
of the cells. Indeed, DNA was shown to be the cell component embodying the genetic code
in 1944 by Avery, Macleod and McCarty [Avery et al., 2005]; but, the assumption that only
the primary events in or very close to DNA were responsible for cell killing was difficult to
reconcile with results showing that the oxygen enhancement ratio for the killing of some
micro-organisms depend on physiological factors.

Target theory was developed using studies on the effects of radiation on microbiological
organisms, like bacteria and viruses, data on cell killing of microorganisms and radiation
inactivation data on bioactive molecules. Lea assumed that target theory was directly
applicable not only to the inactivation of enzymes and viruses, but also to the induction by
radiation of chromosomal aberrations, regarding these as being damaged within chromatid
or chromosome.

Lea proposed a compact list of basic elements to explain radiation damage. The basic
concept concerns the presence of radiation targets within the cells (one or more per each
cell): that is, inside the cells there exist discrete vital structures, which are impaired by
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radiation damage. These targets, though not yet identified, and of which neither the exact
number nor the location is known, are physically describable: the volume of this sensitive
substance has physical meaning, that is the target is a true space-occupying entity. To
understand the real meaning of the target concept, we have to consider it as unit of biological
function, and the inactivation of the targets by radiation can result in the organism’s
death or lead to the loss of reproductive capacity. These targets can be damaged by
radiation (hits). More precisely, the energy absorption events that occur in living media
by ionising radiation must correspond to the very small amount of energy associated with
the interaction of ionisation and excitation events either with water, the indirect effect, or
directly with the molecule that makes up the target; even for a small dose, the number of
active events is bound to be very large. The energy deposition is a discrete and random, and
therefore stochastic, process both in time and space. There are no conditional probabilities
for interaction of the radiation with the individual targets; that is, the order of inactivation
is not important. In the simple case, if there are two targets, after the first target is
inactivated, the inactivation of the second target is neither more nor less difficult or likely.
These generalised concepts have been used to define a modelling framework, and in a way,
they are still valid.

On the basis of these principles, the following assumptions, notations, and limits were
formulated for the mathematical development of the model:

• the active events are the hits h, that is random energy absorption events which pro-
duce the biological damage, whereas other secondary events are excluded;

• the targets contained in the cells are identical and simple, that is without a particular
structure, but have sensitive volume of size v, within which an hit can happen; fur-
thermore, let V stand for the total cell volume of the population exposed: it results as
the product of the average cell volume and the number of cells at risk in the radiation
field;

• the model is specific for population exposed to low LET, so that the interaction
between distinct events is rare: that is, the likelihood of contemporary multiple events
in a single target is small if the target volume is reasonably small itself;

• let D represent the events that occur per unit volume, that is the density of active
events: D results proportional to dose, and it will be called dose in the development
of the model; this term can be equated to the real dose in any unit the observer wishes
to use by the choice of the appropriate proportionality constant;

• more active events are possible into the cell population: the total number of events
scored in the total population of cells is E = V D, and vD of these events are hits
registered in the sensitive volume; h ≥ 1 hits are sufficient to cause target inactivation.

As a consequence, the hit probability p = v/V is a small number that measures the fraction
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3 Biophysical models of radiation damage

of the total volume corresponding with the sensitive one. So the probability for a cell to be
hit h times can be expressed using the binomial theorem, as it follows:

B(p, h,E) = ph(1− p)E−h
(
E

h

)
(3.1)

where the first two terms are the probability of hit and miss events respectively, while
(
E
h

)
is the binomial coefficient expressing all the ways that h hits and (E − h) misses can be
assigned for E events. The probability of survival if the cell is hit h times during E events
with a hit probability of p is

Ph(p, h,E) = B(p, h,E)H(h) , (3.2)

where the hit-survival function H(h) representing the probability that the cell survives h
hits. Since a cell may have a nonzero survival probability for h = 1, 2, 3, ..., E, the total
survival probability for the cell, is

PS(p,E) =

E∑
h=0

Ph(p, h,E) (3.3)

Alternatively, the dose-response curve is governed by the consideration that the energy
deposition events happen at random and independently: it is well known that the distri-
bution of the number of independent and random hits conforms to a Poisson distribution.
Thus, the probability that h hits fall within the volume v is given by:

P(h, v,D) = e−vD
(vD)h

h!
. (3.4)

This case is the base one: more complex models will be built as adaptation to (3.4). Anyway,
the survival probability PS is function of P: it is given by the inverse probability, that is
the probability for the cells of not being inactivated.

These general equations composed the out-and-out target theory but they have limited
utility. Fortunately, there are several special limiting values for the parameters and func-
tions that provide useful special solutions of the general equation. One of these is the
single-hit inactivation model, which provides the classic first-order relationship of log sur-
vival on dose. Since later and more complex modifications follows directly or detached from
the single-hit hypothesis, the latter usually is briefly reiterated in order to get the formers.
Thus, the single-hit (SH) can be considered the target theory par excellence.

When a single hit action is involved, tha target volume is defined as that volume within
which a single energy absorption event causes inactivation or loss of function. The conse-
quent survival fraction results

S(D) = e−D/D0 . (3.5)
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where D0 = 1/pV = 1/v, which is the mean lethal dose, that is the dose required to reduce
the surviving fraction to 1/e of its initial value. Indeed, the dose D = D0 is such that the
average number of target hits per cell is 1 so that the survival rate becomes S = e−1; when
a dose that causes an average of h̄ hits inside a cell is used for irradiation, the survival rate
is S = e−h̄.

Figure 3.1: Examples of cell survival curves calculated for the single-target model and a
multiple-target model

3.2.1 Multi Target

The formulation of the target theory that has found the widest applicability in radiobiology
is the MTSH model, especially in its modified form, illustrated hereinafter. In this extension
of the SH model, it is assumed that in each cell there exist more than one targets which
have to be inactivated by the hits in order to kill the cell: in fact, there is no immediate
reason to assume, as an hypothesis, that only one radiation hit caused cells death.

In a formal way, the additional hypotheses to the SH target theory are the following
ones:

• a number N of targets per individual are present;

• all target volumes v are the same;

• each target has an equal probability q of being hit;

• one hit is sufficient to inactivate each target, but not the whole cell.

The presence of more than one viable units insures a greater viability of the organism:
indeed, the assumption is not simply that N hits per organism are required (from here the
misleading original denomination of multihit model), but that each of N bioparticles within
the organism must be hit at least once.
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So, consider a population of organisms each of which contains N units: they can be
inactivate according to the inverse probability that a single hit target is hit that is 1−e−qD.
The probability for a cell to survive with h target hits can be expressed using the binomial
theorem,

Ph(q, h,N,D) = (1− e−qD)h(e−qD)N−h
(
N

h

)
H(h) . (3.6)

The following limiting conditions can be assigned to the hit survival function H(h) in a
fashion similar to that used for the single-hit inactivation model:

• for any number of target hits h < N , H(h) assumes a value such that the probability
of survival is Ph(q, h,N,D) = 1, that is the cell will survive;

• for any number of target hits h ≥ m, H(h) = 0 and Ph(q, h,N,D) = 0, that is the
cell will die.

However, an intuitive way to evaluate the expression is as follows: the survival probability
for all values of h less than N is 1, whereas the survival probability for the Nth hit is 0.
The probability of the Nth hit is given by (3.6), as h = N . Since this Nth hit assures
nonsurvival, it can be subtracted from the survival probability for all hits up to N − 1,
which is 1, to give the overall survival probability

PS(q,N,D) = 1− (1− e−qD)N . (3.7)

Thereby the proportion of organisms surviving is

S(N,D) = 1− (1− e−qD)N = 1− (1− e−D/D0)N : (3.8)

this equation, which was used in the review by Little et al. in 1968 [Little, 2005], has been
established as the standard MTSH model.

Since 1/q is the dose for 1/e survival in the linear portion of the survival plot, it is
also indicated by D0, like in the SH model. Except for the special case N = 1, which
bring us back to the SH model, generally the survival curve is characterised by a shoulder,
which increases in breadth with N , and which is followed by an exponential tail. Indeed,
when D becomes large, for S values below about 0.1, the equation (3.8) approximates to
S ≈ Ne−D/D0 (obtained by binomial expansion of S): that is, at high dose there exist
an exponential region where each logarithmic curve becomes a straight line with slope
≈ Ne−D/D0 . Backward extrapolation of the straight line to the survival axis, that is to the
zero dose ordinate, provides the intercept: known as the target multiplicity or extrapolation
number, it is equal to the value of N , therefore it states the number of hit required for cell
inactivation. The value of the dose that cross the extrapolated linear portion at the S = 1
ordinate is called the quasi-threshold dose Dq and it is related to other parameters by
means of Dq = D0 lnN . It means the radiation dose has to be accumulated until it is likely
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that all N targets will be hit; for cells in which the value of N is large, a relatively large
radiation dose has to be delivered before there is a significant likelihood that no target will
remain intact. Looking at the logarithmic survival fraction plot, it emerges that the MTSH
model produces curves that have zero initial slope, that is zero slope at zero dose: in effect,
expanding the exponentials and deriving for very low doses

dS(N,D)

dD
' − N

D0
(
D

D0
)N−1 −−−→

D→0
0, (3.9)

which is in conflict with the experimental data and with the theoretical meaning: since no
radiation effects would be registered at very low doses.

Figure 3.2: Cell-survival curve of multitarget model in conventional target theory.

The surviving fraction (3.8) is a basis solution of a common MTSH formulation expressed
as

S(D,N,L) = [1− (1− e−D/D0)N ]L (3.10)

This approximation has found application as a possibile description only in the terminal
part of survival curve: at high dose, it becomes S ≈ (Ne−kD)L and the linear portion
of logS has slope −Lk; as a consequence, the extrapolation to D = 0 gives the value
logNL.

The first survival curve for mammalian cells, constructed using tissue culture techniques,
make use exactly of (3.10) to describe human tumour cells known as HeLa. Puck and
Marcus in 1956 interpreted their experiment thinking to L as the number of sites damage
to any one of which is lethal to the cell, and N as sub-entity targets for every site, each one
being inactivated by a single hit; therefore the probability of survival of each site results
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1 − (1 − e−D/D0)N [Puck and Marcus, 1956]. Since they fitted their survival curve with
L = 1 and N = 2, they speculate on the possibility that the single locus of action could
be chromosomal: then N could be interpreted as the heteroploid number (1 for haploid, 2
for diploid, 3 for triploid) and the cell death would be attributable to aberration resulting
from two or more chromosome breaks.

Equations like (3.10) were proposed even before. For example, let us consider the effect
of radiation on the genetic apparatus of organisms in which the genetic material is present
in more than one set: in this case N is the number of gene sets, each set consisting of
L genes, or each set being of such length as to include L deficiencies of average length
[Nomiya, 2013]. Otherwise, let us formulate a mathematical model of phage inactivation
by radiation: one phage consists of L independent units, or loci; a dose that causes D hits
per unit is used for irradiation, and one or more hits cause inactivation of a unit, a locus.
Infection of N phages in a single bacterium yields new phages; at least one specific locus
of these N phages survives, making this locus active; a new phage arises only when all L
loci are active, otherwise no new phages arise. Finally SP corresponds with the probability
that an active phage is produced [Luria, 1947].

Given that at low-LET the other target models were not yet satisfactory, the MTSH
(3.2.1) had been extended to include a component of single-hit killing, which steepens the
initial slope.

There may be a variety of processes which kill cells, so that it is not excluded some irra-
diated cells lose their clonogenic function also through the simple direct action mechanism
of damage. Including a single-hit term to (3.8), the modification of the MTSH leads to

S(N,D) = e−q1D[1− (1− e−qND)N ] = e−D/D1 [1− (1− e−D/DN )N ] (3.11)

or, taking in account (3.10),

S(N, l,D) = e−q1D[1− (1− e−qND)N ] = e−D/D1 [1− (1− e−D/DN )N ]L , (3.12)

where q1 is the inactivation coefficient for that portion of the cell killing that arises by a
single hit and qN is the inactivation coefficient for the usual MTSH model; D1 and DN

have the usual meaning of D0 for single-hit and MTSH, respectively [Bender and Gooch,
1962a; Tym and Todd, 1964]. At very low dose, equation (3.11) approximates to

S(N, l,D) = e−D/D1 , (3.13)

that is

dS(N,D)

dD
−−−→
D→0

− 1

DN
: (3.14)
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Figure 3.3: Examples of multiple target and modified multiple-target survival curves; note
that the modified multiple-hit survival curve has a nonzero slope at D = 0.

as required, it presents non-zero initial slope.

The single-target multi-hit (STMH) is a consequent class of target models, where a single
target per cell must receiveM hits for the inactivation [Atwood and Norman, 1949; Fowler,
1964]. To understand the underlain concept it is useful comparing the MTSH and the STMH
models: with the former, a hit in the target removes that target from further consideration
because it is inactivated, so that further hits do no further damage to that target; for the
latter, the probability of an encounter remains unchanged until the cell is inactivated and
removed after multiple hits. The assumption implicit in this equation is that the presence of
one or more hits within the sensitive volume has no influence on the probability of obtaining
further effective hits. In example, the inactivation of all three targets leads to death of an
organism in the 3-target 1-hit model (an organism does not die even if more than three hits
occurred in some cases), whereas an organism will surely die with three hits in the 1-target
3-hit model. Therefore, if M hits within v are required to kill an organism, then all those
having less than M hits survive and the probability of survival is:

PS(M,v,D) = e−vD
M−1∑
h=0

(vD)h

h!
, (3.15)

where h represents the inverse of the average size of dose required for an effective hit.

A further step, the multi-target multi-hit (MTMH) model, takes in account a population
such that M hits are required in each of the N multiple vital targets in order to inactivate
them: when all targets are inactivated, the cell dies. This model uses a combination of ideas
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from the preceding models in its construction: the probability that a target is inactivated
is

Pi = 1−S PSTMH = 1− e−vD
M−1∑
h=0

(vD)h

h!
; (3.16)

whereas the probability that all target are inactivated is

Pall = 1−

[
e−vD

M−1∑
h=0

(vD)h

h!

]N
. (3.17)

Then, the chance that all targets are not inactivated or the chance that the cell survives,
is:

S = 1− Pall = 1−

[
1− e−vD

M−1∑
h=0

(vD)h

h!

]N
. (3.18)

3.2.2 Considerations

In order to comment on target theory I need first to distinguish between the concept
and the model. The former pointed out the fact that inside the cells there are biological
structures sensitive to damage, in particular, due to radiation; so, the generalised points
(illustrated at the beginning of 3.2) describe an idea which, up to now, has been confirmed
as correct. On the other hand, the model framework, that is the mathematical setting and
the mathematical tools, have been outclassed by the experiments and by other approaches,
even though they have represented the basis for many other models.

Actually, Lea developed his model to explain the actions of ionising radiations on molecules
of biochemical importance and on microbiological organisms; for these purposes the target
theory models seem to be entirely adequate. In fact, the SH target theory is consistent with
measured survival curves for certain cases: the inactivation curves for bacteria, viruses and
proteins are found to be exponential, almost without exception. But not in regard to the
mammalian cells, for which the single-event component is dominant only in case of high-
LET ionising radiation: As experienced by mammalian cell lines grown in tissue culture, it
is clear that not all cell lines have survival data that are adequately described by the target
model: generically, a linear-quadratic model results preferred by the data.

According to equation (3.5), the SH model does not present any shoulder: the SH target
theory results in a straight line of slope −1/D0 in the plot of log survival fraction against
dose; so, the experimental shoulder, observed in mammals on the very small dose side, lacks
at all. Multi-target theories presents some partial differences if compared to SH ones (3.5).
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The MTSH approach shows the slope of the survival curve at zero dose should be zero: that
is to say, the first small element of dose should fail to kill any cells: the higher the value of
N , tha larger will be the dose range within which there is no observable killing. Not even
the modified equation (3.11) solves all the problems in regard to target theory: it brings
back some of the classical questions, even though it correspond to a great improvement
from the viewpoint of the survival fraction curve. The multi-hit models are characterised,
in respect to the SH models, by the sum over the hits in the Poisson distribution: so they
propose again similar problems, but with a more complicated mathematical development
and an little application in biology.

Among the matter of biological interest, one is that so little it is said about the targets.
Target theory does not define DNA as the susceptible target: for many years the theory was
inapplicable given that it was hard to distinguish the intimate cohesion between structures
potentially liable to be the individual targets and the condensed chromatin in eukaryotic
cells, during most of their cell cycle. This model does not present the real processes inside
the cell: it does not consider the kinds of damage, not to mention cell internal mechanisms
able to repair the damage, whereas almost all cells are biochemically equipped to bypass
or repair potentially critical lesions. Ultimately, the target theory is not dynamical model,
that is it makes no assumptions either about time, as an important variable, nor about
time-dependent quantities, as the fundamental role for radiation-induced clonogenic death
played by the induction and repair of the initial DNA damage.

3.3 Radiation quality in action and low dose exposure

The importance of radiation quality was first noted by Thoday and Read in the late 140’s
during their observations on induction of chromosomal aberrations in bean roots by X-rays
and α-particles: they found that the differential protective effect of hypoxia depends on
radiation quality [Thoday and Read, 1947, 1949]. With α-particles there was considerably
less difference in the aberration yield when dissolved oxygen had been removed from the
surrounding water environment than in comparable observations with X-rays. In other
words, the sensitising effects of oxygen is different with X-rays and α-particles: it is reduced
with an increase in the density of ionisation.

Thus, over the 1950s and the 1960s, there was a paradigm shift: although the concept
that the heart of the radiobiology was only the cellular target still obtained a wide audience,
the idea of differentiated radiation actions also began to gain ground [Barendsen and ...,
1960 1964]. This meant a redefinition of the role of the players, such as the radiation quality
and it made necessary an accommodation of the theoretical framework.

In the new framework there were not only targets to hit, but a distinction on how the
radiation energy is released also appeared as relevant. The radiation action involved a com-
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bination of effects which related the radiation quality and the RBE, with special reference
to the role of oxygen radicals [Neary, 1965]. Such interacting-radicals hypothesis hides an
underlying assumption: that intratrack and intertrack radiation interactions differ quali-
tatively; that is a distinction were made between γ-kill and ion-kill cell inactivations, the
former being attributable to intertrack interactions, the latter to intratrack ones.

The example of the production of chromosome aberrations may serve as an illustration of
two alternative interpretations of the mechanism of interaction between sublesions produced
in the cell. One can either assume that the interaction is determined by the geometry of
sensitive sites in the cell, or one can assume that the interaction is determined by the
diffusion and interaction of radiation products within the cell or by the interaction of
damaged subcellular structures over certain distances. The latter situation was designated
by the term distance model. One can treat the number of radiation-induced chromosome
breaks, namely the number of sublesions, as a continuous variable and set it proportional
to the energy deposited in the sensitive region of the cell. It can be further assumed that
breaks are produced throughout a certain part of the cell nucleus in spatial patterns which
are determined by the distribution of the absorbed energy. It can then be postulated that
the probability of joining two breaks is a function of their distance, or, in more general terms,
that the probability for the formation of a primary lesion is a function of the distance of the
sublesions. To a first approximation one may assume that this probability is constant up to
a certain distance and zero if the two sublesions are separated by a larger distance.

An alternative approach was designated as site model [Wolff et al., 1958]. It was postu-
lated that the aberrations cannot occur randomly throughout the nucleus, but that there
are only a few potential sites where two chromosomes are close enough that the produc-
tion of two breaks can lead to an exchange. Two sublesions must then be formed within a
site in order to form a dual lesion. Ultimately, a sublesion in the critical site can interact
either with sublesions formed within the site by the same particle track, i.e. by a charged
particle and/or its δ-rays, or it can interact with sublesions produced independently by
another charged particle: in the first case one can talk about intratrack interaction and
in the second case about intertrack interaction (frequently the terms one-track action and
two-track action are used for these processes). In the example of chromosome damage,
intratrack interaction is the joining of two breaks produced by the same charged particle in
a site, while intertrack interaction is the joining of two breaks produced by two independent
charged particles in the site.

Hence, the following radiobiological breakthrough was possible especially thanks to the
introduction of the track-structure research and of the microdosimetry. Respectively, two
noticeable examples were: the Katz’s Amorphous Track Structure model [Butts and Kat,
1967], still a sort of target model describing the damage effects due to high-LET radiation
and containing in embryo the later track theory; and the Kellerer and Rossi’s Theory of
Dual Radiation Action [Kellerer and Rossi, 1971], which resulted in the first linear-quadratic
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survival fraction, recently discovered at low dose.

After Puck and Marcus introduced de facto the cellular radiobiology of mammalian cells,
the general attention moved towards an increasing use of radiation in medical care. The
research line, therefore, shifted to the low dose region, where a survival function apt to
describe the trend as best as possible was still needed. In addition, dose fractionaction and
dose rate, which are used at clinical low dose, served as the fundamental passage towards
the discovery of repair.

The observations on semi-logarithmic survival fraction curves of the mammalian cells
always favoured a high-dose exponential behaviour; but at low dose the situation was less
clear and pointed to a nonlinear behaviour. In general, the researchers tried to fit the log
of the surviving fraction with a polynomial

− lnS = aD + bD2 + cD3 + ... (3.19)

with the following characteristics:

• at higher dose, the curvature was little discernible from a decreasing exponential, or
at least not too pronounced;

• at very low dose, the slope was not zero and it did not become demonstrably constant
within the range of observations.

3.4 The Linear-Quadratic law formalism (LQ)

A relation of linear-quadratic trend in the survival fraction began to be experimentally
observed with chromosome aberration formation. Among others, Douglas and Fowler in
1976 analysed results of an experiment involving many dose fractions: on the assumption
that the cells survival could be defined by the equation lnS = fD, where f is a function of
dose, they plotted lnS/D against dose per fraction, and from the straight line so derived
they deduced that f was equal to −(α + βD) [B.G.Douglas and Fowler, 1976]. Indeed,
the linear-quadratic law (LQ) provided a tool able to intercept and fit the new discoveries
and conjectures obtained from observations at microscopic level on how the biology works
inside the cell nucleus in regard to damage. It was not by chance, therefore, that these two
concepts, LQ and the dynamics of lesions and repairs, has found a widespread use. Thus, in
the 1970’s the LQ began to be the benchmark toward which all models should aim [Kellerer
and Rossi, 1971; Chadwick and Leenhouts, 1973].

Suppose a uniform population of many cells is irradiated with total dose D, delivered
acutely or in a fractionated/protracted regimen. Assume that the cells are not cycling-
though the effects of redistribution of cells in the phases of the cell cycle, as well as pro-
liferation, can be considered in extensions to the LQ model. The overall regimen can be
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described by a dose-rate function Ḋ(t), which tracks the change in dose rate as a function of
time, and so can represent any possible protracted exposure regimen: acute, fractionated,
constant low dose rate, variable low dose rate or a mixture of these.

In the LQ formalism, the yield Y of lethal lesions and the corresponding survival S
equation are

Y ∝ αD +GβD2 (3.20)

and

S = exp[−(αD +GβD2)] (3.21)

where G is the generalized Lea-Catcheside time factor, which quantitatively for fractiona-
tion/protraction. It is important to note that G acts only on the quadratic component: it
states the possible interaction between lesions producing misrepair.

The generalized time factor has the form

G =
2

D2

∫ ∞
−∞

Ḋ(t)dt

∫ t

−∞
Ḋ(t′)eλ(t−t′)dt′ (3.22)

Here:

• λ is a characteristic damage repair rate;

• eλ(t−τ) describes the repair and the reduction in numbers of DSBs;

•
∫
−∞ Ḋ(t′)eλ(t−t′)dt′ refers to the first of two DSBs required to cause lethality

•
∫∞
−∞ Ḋ(t)dt refers to the second DSB, which can interact with the first one.;

Thereforeme, gnerically, the term after the second integral sign refers to the first of a pair of
DSBs required to produce a lethal lesion, the exponential term describing the reduction in
numbers of such DSB through repair; similarly, the term after the first integral sign refers
to the second DSB, which can interact with DSBs produced earlier that still remain after
repair.

The time factor, G, can be calculated for any fractionation/ protraction scheme and
systematically accounts for the effects of protracting the dose delivery in any way. G can
take values from 0 to 1, with G = 1 for a single acute dose, while the interpretation of G<1
is a reduction in cell killing because of repair.

Two special cases, which illustrate the main features of the general expression (3.22),.
For continuous irradiation consisting of a constant dose rate D/T for time T ,

G = [2/(λT )2](θ − 1 + λT ) . (3.23)

52



3.5 The centrality of repair

where θ = exp(−λT ). For irradiation with n short fractions, each sepa rated by a time T

G = [2θ/(1− θ)][n− (1− θn)/(θ)] . (3.24)

3.4.1 Considerations.

LQ shows some advantages: a mechanistic-biologically based model, few parameters re-
quired for a quantitative analysis, agreement with observations. Moreover, LQ is not de-
rived only through one theory but it is one approach for describing radiobiological damage:
this would show that, since many kinetics model lead to LQ, it is a good solution.

Anyway, some questions have emerged in the years.

• Yield of lethal lesions is Poisson distributed? For someone, it is wrong to say that
the number of lesions in the cell is Poisson distributed and it is sufficient one lesion
to kill the cell; indeed microdosimetry shows that the distribution of lesion can not
be Poissonian. For some other one, for high-LET radiations the distribution could
not be Poisson but for the range applied in radiotherapy, the Poisson assumption is a
reasonable approximation and the deviation for lethal lesions from Poisson is minor.

• Can the formalism be derived from a particular biophysical model? The LQ is based
on molecular repair and misrepair kinetics. Of course, the basic LQ model does not
tell the whole story: not all cell killing is mediated through chromosome aberra-
tions produced by pairwise misrepair; however, other cell-killing mechanisms, such as
apoptosis and induction of small mutations, are dose rate independent.

• Is the formalism consisten at high dose? LQ is a reliable mechanistically plausible
model for designing protocols in the dose per fraction range from 2 to 10 Gy. Above
10 Gy, the model would be expected to become progressively less accurate.

3.5 The centrality of repair

Up to this point in history, all the cell survival curve theories were developed on the assump-
tion that a relatively insensitive initial region to a dose-effect curve signified the requirement
for an accumulation of damaging events (if the given end-point was to be achieved), without
reference to the possibility of a DNA repair. For instance, in classical target theory lethal-
ity is regarded as the inexorable outcome of the accumulation of an appropriate number of
physical hits in the target volume(s): lethality is intrinsically an all-or-nothing response,
since all that is determined in the plating assay is whether or not a lethal event has oc-
curred in any cell, and every cell either is or is not inactivated. Since no allowance was
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made for repair, the fate of a cell was assumed to be determined the moment irradiation is
over. However, if some of the initial hits can be removed by repair before they have had an
opportunity to be expressed biologically, it is meaningless to ask if a cell is alive or dead
immediately after irradiation. Thus, classical theory erred in associating lethality so closely
with the initial absorption events, and the target-theoretical equations used to describe
survival curves had to be modified to allow for the possibility of repair. Clearly, the con-
sideration of repair processes came after the study of damage which was supported by the
research on radiation quality. What happens at molecular level following irradiation was
considered fundamental, among others, to explain chromosomal aberrations. The count of
chromosomal aberrations was used as a quantitative method for studying radiation damage
to higher cells before methods were devised for counting colony-formers. The first quanti-
tative assessment of the sensitising action of oxygen in higher eukaryotic cells was made by
Thoday and Read in 1947 on the basis of chromosomal aberrations induced in bean root
cells [Thoday and Read, 1947]. Revell in 1959 postulated that the joining at the point of
juxtaposition preceded the breakage, but thereafter good correlations between the induction
of selected types of aberration and cell killing had been observed: the interchanges between
chromosomes have been regarded as chance events consequent to the random juxtaposition
of two arms at the points of breakage of both by the passage of ionising particles.

Very soon after X-rays began to be used in clinical medicine, it was recognised that
their biological effectiveness was usually reduced if lower dose-rates were used, or if a total
dose was delivered in fractions rather than as a single shot. Indeed, experiments with
fractionated doses or with a reduced dose-rate delivery yielded an increased survival if the
time between fractions were increased or if the dose rate was decreased. This behaviour
was shown first in 1957 for Chlamydomonas, an alga [Jacobson, 1957].

Chronologically, the radiobiological investigations of dose fractionaction helped to link
the effect of a reduction in dose rate with the manifestation of shoulders in the survival
curves. The latter was widely assumed as an evidence that radiation-induced damage must
accumulate within the cells before a final event could prove lethal. The damage that was
presumed to accumulate, leaving the cell still viable, came to be designated as sub-lethal
damage (SLD), and the reinstatement that restored the cells’ capacity to accumulate such
damage was therefore called recovery from, or, afterwards, repair of, SLD.

The relevant observations which marked a milestone happened in 1959, thanks to Elkind
and Sutton, who carried out extensive studies of this for mammalian cells. Recovery from
SLD was demonstrated by showing that shoulder of the radiation survival curve returned
when a second dose was delivered 1-2 h after an initial dose; a method frequently used for
investigating recovery was to measure survival as a function of time between two doses. In
their interpretation, they coined the term sub-lethal damage to refer to a kind of damage
that was not lethal by itself, but was present and could interact with additional radiation
doses: so the cells would show a greater response than if they had not been irradiated
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twice. The proposal of the recovery of SLD theory by Elkind and Sutton revolutionised in
1960’s the successive thinking about the initial injury to DNA and the subsequent cellular
processes. The most important aspect for this story concerns the fact that SLD and recovery
hypothesis moved the focus of the attention to the target again, pushing the scientists inside
it to delve what occur at a deeper level: the varied damage to DNA and its consequent
repair [Elkind and Sutton, 1959, 1960].

In early experiments aimed at investigating breaks induced in irradiated DNA, there
were some complications: extraction procedures involved mechanical shearing forces which
themselves introduced a great many strand breaks. The breakthrough in the studies on
SSB induction and repair arrived for the first time in 1966 by McGrath and William, who
reported a method for detecting DNA SSBs in bacteria after ionising radiation exposure
[McGrath and Williams, 1966]. So, thanks to this method it was shown conclusively that
X-ray damage to bacterial DNA can be repaired. Lett and colleagues first measured DNA
SSBs and their rejoining in mammalian cells [Lett et al., 1967].

In the middle of the 1960’s the various steps of the repair process, like the excision repair,
began to be studied. Among the first, the pyrimidine dimer repair was identified as a
multistep process involving nuclease excision of defective single-strand segments containing
damage and a nonconservative mode of DNA replication which fills in the resulting gaps.
Concerning DSBs, the first experimental evidences came only in the 1970’s: before, they
were judged irreparable and lethal, since it was believed that an intact strand was required
as a template for repair. Far from this, Resnick and Martin in 1976 proposed a theory
where a DNA DSB was repaired by the HR process [Resnick and Martin, 1976]. Radford
was the first to measure the induction of DNA DSBs at doses of radiobiological relevance and
make the correlation with cell survival determined in the same experiment using different
exposure conditions [Redford, 1985]. Evidence was presented that in yeast cells DSBs could
be considered as one of the potentially lethal lesion, since their accumulation led to lethal
lesions probably by misrepair of DSB [Frankenberg et al., 1984]. Therefore, during the
1980’s, the repair of DSBs started to have a central role in radiobiology, also because it
was strictly connected with the misrepair concept: irradiation experiments drove to the
conclusion that the cell lesions arising from irradiation may be repaired or converted to
mutations [Metting et al., 1985]. As a consequence, misrepair became an indispensable
element of model-building.

3.5.1 Repair models

This insight into the production and elimination of lesions led to a new generation of models
which considered not only the physics of energy deposition, as in classical target theory,
but also the capability of the cell to repair lesions. A new paradigm arose: beside the
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SLD, innocuous until it interacts with other damage, the potentially-lethal damage (PLD)
came into view as the lesion capable of killing the cell unless correctly repaired, that is
if left unrepaired or misrepaired; on the contrary, lethal lesions are those that cannot be
repaired or can only be misrepaired, leading to a certain eventual inactivation of the cell.
This nomenclature is a clear sign that repair began to have a primary role in modelling of
radiobiological events and not only: in cell life, too. Indeed, it was consolidated that repair
and normal replication are competitive processes in that the onset of repair tends to slow
down or inhibit normal replication.

Therefore, since repair acts in the course of time, there was the necessity to take in
account the fact that there is a “before”, the damage produced by radiation in a very short
time, and an “after”, the activation of repair mechanisms and their development in a usually
prolonged time. The time variable, directly or indirectly expressed, led to the appearance
of real dynamical models, whose formulation, based on transitions among different states,
found its full realisation in a stochastic setting [Neyman and Puri, 1976; Nelson, 1982; Yang
and Swenberg, 1991; Rangana and Arunachalam, 1998].

Anyway, several repair models have been proposed to explain the shape of dose-response
curve; although nearly all types of models successfully approximate the LQ model (3.4).
Classifications of the models according to repair can be created depending on various cri-
teria: thus, it is not possible to include all of them among distinct categories.

For instance, models can be grouped according to their inclusion of unsaturated , satu-
rarable and saturated repair processes : in an unsaturated repair process, there are fewer
repairable lesions then repair complexes; in a saturated repair process, there are more re-
pairable lesions that repair complexes; a saturable repair process shifts from the former to
the latter at a threshold dose. With increasing dose, an unsaturated repair process will
not cause an increase in repair time, a saturable process will cause an increase in repair
time only beyond a threshold dose, and a saturated repair process will cause an increase in
repair time without a threshold dose. Repair is unsaturated, saturable or saturated accord-
ing to the rates of damage induction and repair, that is according to the number of lesions
compared with the number of repair complexes.

However, two major elements are widespread: the repair saturation and the misrepair of
PLD.

3.5.2 Repair saturation models.

The first suggestion about saturable repair modelling came by Powers in 1962: it assumed
that cells contain a mechanism for repair that becomes progressively less effective as the
dose or the number of potentially lethal lesions increases, until it ceases to operate [Powers,
1962]. At least four different processes have been proposed to explain the phenomenon
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Figure 3.4: Explanation of some common radiobiological observations in terms of saturable
repair models contrasted with sublesion interaction models.
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collectively called saturation of biological repair: saturation of the repair system; inactiva-
tion of repair enzymes because of overloading; depletion of energy supply; enhancement of
repair, including activation or induction. In the first case the repair kinetics extended from
unsaturated state, where the damage concentration is much smaller than the concentration
of repair enzyme, up to a totally saturated state where the enzyme concentration alone is
rate limiting. At low doses few defects are formed, so the relatively little repair occurs and
normal replication is slowed only briefly before it resumes at the normal rate if no residual
damage remains. At moderate doses such that the number of defects equals or exceeds the
number of functional repair complexes, there would be a greater chance that a potentially
repairable defect would escape repair and reach the growing point on resumption of nor-
mal replication. This suggests that there would be an ever-increasing probability of death
because of a decreasing efficiency of repair with increasing dose.

Figure 3.5: Kinetic states of biochemical repair [Goodhead, 1985].

Some general assumptions on saturable repair consist of:

• lesions are produced locally within the cell by track action: radiation may produce
lesions of a different type which are repairable or not;

• repairable lesions are repaired by a system whose efficiency decreases with increasing
dose due to partial saturation of the repair kinetics;

• repair proceeds until a certain time, at which all residual lesions become fixed and no
longer repairable.

This approach thus provides a different explanation of the shoulder on cell survival curves,
one that does not involve concepts of lesion interaction. Shoulders to survival curves, in
terms of saturable repair models, are based on the assumption that the shoulder is evidence
both that repair of potentially lethal lesion occurs, presumably at some time before the cell
goes into its first division after irradiation and that repair capacity declines with increasing
dose: in the absence of repair, all radiation-induced lesions would be lethal and the survival
curve would be steep and exponential.

The saturable repair models have enjoyed a widespread interest [Haynes, 1966; Calkins,
1971; Sinclair, 1972; Payne and Garrett, 1975; Goodhead, 1985; Sontag, 1987; Kiefer, 1988;
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Figure 3.6: Illustration of a basic conceptual difference between interpretation of shoul-
dered dose-response curves by (a) interaction/accumulation models and (b)
dose-dependent repair models [Goodhead, 1985].

Reddy et al., 1990; Sanchez-Reyes, 1992], even though the scientific evidence has been
debatable.

3.5.3 Binary misrepair models.

Some experimental clues pointed out that the shoulder in dose-survival curves for cells
was partly due to repair of PLDs and partly to manifestation of a certain fraction of
the PLDs transformed into irreparable damage during repair time. So, in correspondence
with the discovery of various kinds of lesions, repair and misrepair, in the 1980s different
forms of binary misrepair models, some of primary relevance, were developed [Kappos
and Pohlit, 1972; Tobias et al., 1980; Pohlit and Heyder, 1981; Harder and Virsik-Peuckert,
1984; Thames, 1985; Curtis, 1986; Janssen, 1987; Albright, 1989; Ostashevsky, 1989]. These
models do not involve dose-dependent repair or work in saturated or unsaturable conditions
with small numbers of initial lesions; they embody the premise that PLDs must accumulate
within the cell before that final event can be lethal: in other words, the interaction of pairs
of lesions, such as two DSBs or subsets of DSBs, is considered needed for the production of
a lethal lesion, as a chromosome aberration is, through binary misrepair.

Protracting the exposure time potentially allows the first lesion to be repaired before the
second is produced. This effect is quantified by LQ approach, which finds its most common
mechanistic rationale in the binary misrepair theory (3.4), when some conditions are met:
that the dose or dose rate not be too large and that survival is determined after repair and
misrepair have been completed.
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Figure 3.7: A typical network of a three state misrepair model [Kappos and Pohlit, 1972].

3.5.4 Considerations.

A final note concerns a possible connection between saturable repair and binary misrepair
models. Indeed, both types of model, even though driven by substantially different mecha-
nisms, are comparable with respect to the underlying assumption that the nonlinear kinetics
is the source of the sigmoid behaviour in the survival curve. Moreover, although described
by a slightly different formalism, they are conceptually similar, since they present a com-
mon characteristic: they can be connected with a three-state system under the following
hypotheses [Sontag, 1990].

• The mean number of radiation-induced long-lived lesions (LDs and PLDs) are pro-
portional to the absorbed dose.

• Either the PLDs can be healed by a repair process, or they can interact, thus causing
new types of lesions that result in loss of cell reproductive capacity.

• The number of the radiation induced lesions per cell follows Poisson statistics.

• The lesions are fixed at any given time, but after fixation all PLDs become lethal.

• The time of irradiation is much shorter than the cell cycle or the repair time.

Thus, it has been argued that during and after irradiation the cell can be in one of these
three states:

• in state A (viable cells) the cells have repaired previous lesions or have only lesions
that do not affect the survival;

• in state C the cells (dead cells) carry lesions that cannot be repaired and are lethal,
so-called lethal damages;

• in state B are all the cells that have PLDs that either can be repaired fully and enable
the cell to return to state A, or they can be transformed into lethal damages so that
the cell goes to state C.

These assumptions lead to the following set of models
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Cybernetic model by Kappos and Pohlit – a binary misrepair model

dA(t)

dt
= αB A(0) = 0 (3.25a)

dB(t)

dt
= αB − βB B(0) = βD (3.25b)

dC(t)

dt
= βB C(0) = γD (3.25c)

S = exp

{
(δ + γ)D − c αδD

α+ β
[1− e−(α+β)t]

}
(3.26)

Repair-Misrepair model by Tobias – a binary misrepair model

dA(t)

dt
= καB + (1− λ)βB2 A(0) = 0 (3.27a)

dB(t)

dt
= −αB − βB2 B(0) = βD (3.27b)

dC(t)

dt
= (1− κ)αB + λβB2 C(0) = 0 (3.27c)

S = exp

[
λδD + (λ− κ)

α

β
ln

∣∣∣∣1 +
βδB

α
(1− exp−αt)

∣∣∣∣+
(1− λ)αδDe−αt

α+ βδD(1− e−αt)

]
(3.28)

Lethal-Potentially Lethal model by Curtis – a binary misrepair model

dA(t)

dt
=

αB

κ+B
A(0) = 0 (3.29a)

dB(t)

dt
= − αB

κ+B
− βB2 B(0) = βD (3.29b)

dC(t)

dt
= −βB2 C(0) = γD (3.29c)

S = exp

{
(γ + δ)D − α

β
ln

[
1 +

βδD

α
(1− e−αt)

]}
(3.30)

61



3 Biophysical models of radiation damage

Saturable Repair model by Sontag – a saturable repair model

dA(t)

dt
=

αB

κ+B
A(0) = 0 (3.31a)

dB(t)

dt
= − αB

κ+B
− βB2 B(0) = βD (3.31b)

dC(t)

dt
= −βB2 C(0) = γD (3.31c)

S =
A0

N0
+
D

N0
ϕ1(α, β, δ, κ,D, t) +

1

N0
ϕ2(α, β, δ, κ,D, t) (3.32)

Repair-Fixation model by Kiefer – a saturable repair model

dA(t)

dt
=

αB

κ+B
A(0) = 0 (3.33a)

dB(t)

dt
= − αB

κ+B
− βB

λ+B
B(0) = βD (3.33b)

dC(t)

dt
=

βB

λ+B
C(0) = γD (3.33c)

S = e−δD+A(α,β,δ,κ,λ) (3.34)

where the parameter α, β, κ, λ representing the rate constants of enzymatic repair and
fixation, δ is the rate per unitdose of PLDs and γ is the rate per unit dose of LDs; A0 are
the viable cells that have not undergone damage, N0 is the total population, ϕ are functions
of parameters α, β, δ, κ,D, t.

3.6 Toward a system radiobiology

The ability of investigating in detail the damage formation mechanisms and the various
channels of repair has driven the contemporary theoretical models toward more and more
detailed descriptions, and has removed them from the previous framework where the macro-
scopic results about the survival fraction curves dominated. Thus, research has moved from
survival fraction data to DBSs data. In fact, DNA damage and repair studies based on the
survival fraction have lost their attractiveness because they were less informative in respect
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to other experimental data; and also because in the 1990s, the LQ model (3.4) has been
structurally formalised and widely accepted, enough to be the final landing place of almost
every model.

Starting from the 1990s the track models have enjoyed an increasing diffusion [Wilson et
al., 1993; Scholz M, 1994; Kozubek et al., 1990; Hawkins, 1990; Friedland et al., 2010]. They
make a shortcut in the line of dependencies, going from the energy deposition through the
induced damage and its repair to the biological effects, relating cell killing to the radial dose
distribution. In the past this method has been shown to be quite successful for describing
inactivation cross sections in many biological samples; nowadays, similar procedure are
also applied in range of repair processes and to predict mutation rates, when the effects of
inactivation are included by spatially correlating lesion sites.

Track structure methods are based on solution of analytical equations describing the
transport of particles in the medium. In particular, they usually employ a model fit to
experimental measurements though a few geometric parameters: to predict the effects of
the radial dose distribution about the path of a heavy ion, or the high dose rate response to
low LET radiations. Analysis of radiation track structure have suggested the critical impor-
tance of localised clusters of energy depositions in the biological consequences of exposure
to ionising radiations; furthermore, track simulations allow estimation of the molecular
spectrum of clustered damage in DNA and subsequent processes of damage repair [Nikjoo
et al., 2006].

This approach is aided by Monte Carlo codes that provided 3-dimensional stochastic
representations of electron and ion tracks and a phenomenological description of the relative
effectiveness of electrons and ions of varying energy. In the last decades, Monte Carlo
track structure codes are widely used in radiation biophysics in order to contribuite to the
development of better understanding of the radiation damage mechanisms in cell and tissue,
even to estimate those parameters we cannot yet measure directly [Ballarini et al., 1999;
Pinto et al., 2004; Carlson et al., 2008].

On another side, a more detailed knowledge of repair processes went hand in hand with
mechanistic models which try to analyse even the not targeted radiation effects. They have
drawn an increasing attention in the 2000s, although their literature covers a long period.
Concepts comparable to not targeted effects were born already in the first years of the 20th
century, even though often not framed in a real scientific background. Genomic instability
in bacteria was discovered already in 1942 by Zelle [Zelle, 1942]; but a real research started
only in the late 1970’s [Nowell, 1976]. In the same years, Clain and Samson reported
an induced resistence of Escherichia Coli to alkylating agents after a low dose exposure:
they coined the term adaptive response after those observations [Samson and Cairns, 1977].
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Nagasawa and Little reported a case of bystander effect in 1992 [Nagasawa and Little, 1992],
and this triggered an extended debate.

Already in the late 1980s, a latency came into light: there should have been at least two
different types of PLDs to account for the observed effects. Indeed, two distinct components
of radiation induced DSBs were demonstrated in many kinds of cells: analyses of the repair
rate showed one component with a repair time of less than an hour, and another with a
repair time of a few hours. Although the two assumed processes may share some common
steps in the biochemical sequence, there was strong evidences to indicate that they involve
different types of repair, since the repair rates appeared independent of the initial amounts
of damage produced, i.e. dose. The observations, such as this lack of dose dependence,
were not compatible with models of ionising radiation damage and repair which assume
simple types of mechanisms, such as the saturation of a rapid repair process, the depletion
of enzyme pools, or the interaction of pairs of sublesions, as responsible for the curvature in
the dose-response relationship. The data were consistent with more complex models which
consider combinations of both SLDs and PLDs or multiple step processes [Nelson et al.,
1990; Scott, 1997; Stewart, 2001].

These and other advances in molecular biology over the last decades have begun to
detail the molecular pathways that lead to cell killing. The advances in understanding the
mechanisms of DNA repair and cell signalling pathways and human genome research have
opened up unprecedented opportunities to shift from a top-down approach toward a bottom-
up one, namely from cell population models to molecular damage and repair ones. This last
approach is aimed at linking unrepaired DNA damage with the potential adverse health
consequences (cancer and hereditary effects) that may ensue. This point of view is inspired
by the systems biology which seeks to explain the biochemical repair processes step by step,
with minimal simplifying assumptions, so as to describe emergent properties of biological
systems from the interactions of molecules acting in specific pathways. For this reason, the
current direction of the theoretical radiobiology is toward a system radiobiology, where all
the different kinds of damage and all the repair pathways should be able to converge in
future.

Hence, nowadays the number of DSBs in function of time after the radiation exposure
has become the referential observable. The great majority of the mathematical models
which attempt to fit the typical two-velocities trend focus the various DNA repair pathways
[A.Taghva et al., 2002; Karschau et al., 2011; Li et al., 2012; Taleei, 2013; Mariotti et al.,
2013; Dolan et al., 2013; Ponomarev et al., 2014; Li et al., 2014]. Because DNA repair
involves a large biochemical network, a model leads to a large system of equations usually
requiring numerical simulations. Alternatively, models reduce to a simple form by ignoring
the finer details so that the qualitative features become accessible to analytical treatment
and can still provide valuable insight into the system. One of the methods that is applied
to deal with molecular and chemical reactions is biochemical kinetic modelling. A kinetic
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model translates an enzymatic or molecular reaction into a differential equation. The law
of mass action is the basis of the biochemical kinetic model or a mechanistic model: it
states that the rate of the reaction is proportional to the product of concentrations or
activities of the reactants. The equation for every stage explains the biochemical repair
action by a specific protein at that stage. The complete sequential repair process composes
a system of nonlinear differential equations, whose solution yields the overall repair kinetics
and kinetics of every stage of repair. So, commonly the models build their structure on
a specified repair pathway, usually the most common NHEJ or HR, each time with few
variations or specifications. Since the DSB trend data is easily represented by a double
exponential, it is not so difficult to reach convincing solutions, despite sometimes the choice
of the hypotheses often appear too restrictive or unrealistic. In conclusion, we are still
distant from a definitive model based on the evolution of DSBs.

3.7 Final considerations

A general final comment is not easy to do: models are not really comparable even when
they are referred to the same data. Anyway, a discrimination between different models
can be made in several ways: for instance, concerning survival fraction, by undertaking
selected experiments that can test different models, or, if the model assumptions are equal
or similar and only the mathematical relationships between the states are different, by
making a statistical comparison. In any case, a common objective in respect to the main
topic about the mammalian cells exposed to low dose have consisted of making models
reduce to a LQ law for survival fraction and to a double exponential for DSB trend. But
there is a warning: we have to take these theories as pure formalism without a real complete
both physical and biological explanation behind, which is still missed.

In the end, regarding the most recent research, the aim is to draw detailed models on
the events that occur at nucleotide level, but that have effect on the mortality rate. This is
exemplified by advances in molecular biology over the decades that have begun to detail the
molecular pathways that lead to cell killing. Many biophysics models have attempted to
relate energy deposition and phenomenological treatments of damage repair to cell killing.
In general mechanistic approaches to DNA damage and early chemistry have made much
progress in describing the initial events produced by radiation. But, due to the enormous
complexity of the biological processes involved, currently no truly mechanistic models are
that describe entirely the many protein steps from the initial damage up to the induction
of apoptosis, chromosome aberrations, mitotic cell death, or cancer for all the possible
pathways as a whole. Therefore there exist models that may make such claims, but still
there are no complete mechanistic descriptions.
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4 New modelling approaches to DNA
damage-repair and to the impact of
DNA damage on the cell cycle

The review work described in chapter 3 was meant to identify a suitable model for inclusion
in the VBL simulation program, but none of the existing models is actually viable, and this
means that the VBL collaboration must develop its own model which satisfies the following
requirements.

• It must be a dynamical model – a model which describes the endpoints only is not
acceptable – so that it is possibile to follow the time evolution of important cellular
variables after irradiation.

• Stochasticity has to be taken in account, since the tumour simulation starts at the
single-cell level.

• The model must be fact-based and include all the complexity of the biological pro-
cesses, but no more than the bare necessary, it must shed exceedingly detailed bio-
logical information.

• The model must reproduce cell-cycle dynamics and the survival probability of irradi-
ated cells.

Much work has been done in this direction, and here I describe only the most promising
new lines of research, and the related experimental work.

4.1 Stochastic cell cycle model

A cell moves from one phase to the next after clearing its passage through a set of check-
points (see section 2.1.1), and for each phase the transit time fluctuates about a certain
average. Here I assume that this transit time is an exponential variate, i.e., that the prob-
ability density function for the transit time through the k-th phase is

pk(tk) =
1

τk
exp(−tk/τk) (4.1)
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The average transit times τk must be determined experimentally, as well as their changes
due to irradiation. The number of phases can be taken as known – when we assume that
all the relevant checkpoints are known – or it can be taken as one of the experimental
variables – when we have sufficient data to search for yet unknown checkpoints. The
exponential distribution is not quite realistic, because it favours the very short times, and
it is quite unlikely that a phase traversal is accomplished in negligible time, even for very
short phases, however, I take it as a reasonable working hypothesis, especially because it
makes the ensuing set of equations easy to manipulate.

Here I describe the mathematical model first, then the experiments and the preliminary
data analysis.

4.1.1 Mathematical framework

The model assumptions are the following:

• it is possible to split the entire cell cycle in a certain number n of subphases, not
necessarily corresponding to the usual cell cycle phases;

• nS of the these subphases are assigned to the S phase, that is they correspond to the
stage where the duplication of genome takes place;

• in each subphase k (with 1 ≤ k ≤ n) there are N(k) copies of the whole genome,
which correspond to a certain number of cells: for instance, if we have 4 cells in an
early stage of the cell lifespan, there are N(k) = 4 copies of the genome in the sub
phases preceding the S phase,whereas there are N(k) = 8 copies of the genome after
the S phase;

• ak and bk are the ingoing and outgoing transition rates for each subphase k.

Thus, the number of genomes copies in each subphase at time T is

Nk,t+dt = Nk,t + aNk−1,tdt− bNk,tdt , (4.2)

where for simplicity I have take equal ingoing and outgoing transition rates – i.e., ak = a,
bk = b ∀k. This leads to the following system of differential equations

dNk(t)

dt
= aNk−1(t)− bNk(t) . (4.3)

Diffusion approximation

It is easy to see that for an infinite number of sub phases and with the cell-cycle coordinate
x = k/n, equation (4.3) yields a very simple diffusion equation from the modified system
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Figure 4.1: Splitting of the cell cycle into sub phases.

Figure 4.2: Variable names in different sub phases.
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dN(x, t)

dt
= aN(x−∆x, t)− bN(x, t) . (4.4)

Expanding the first term on the r.h.s. up to second order in ∆x I find

∂N(x, t)

∂t
≈ a

[
N(x, t)−∆x

∂N(x, t)

∂x
+

∆x2

2

∂2N(x, t)

∂x2

]
− bN(x, t)

= (a− b)N(x, t)− a∆x
∂N(x, t)

∂x
+
a∆x2

2

∂2N(x, t)

∂x2

= λN(x, t)− 1

c

∂N(x, t)

∂x
+D

∂2N(x, t)

∂x2
. (4.5)

This is a diffusion equation on a circle, where φ = 2πx is the phase angle and where

• the coefficient λ = (a− b) is the exponent of the exponential growth;

• the coefficient c = (a∆x)−1 = a/n is the drift speed;

• the coefficient D = a(∆x)2/2 = a/2n2 is the diffusion coefficient.

1D diffusion on a circle has been studied recently in the context of multiurn Ehrenfest
models [Luan and Kao, 2004] and of pharmacokinetics [Patti et al., 2008], and solutions
of equations such as (4.5) have been studied extensively. Interestingly, figure 1 in [Luan
and Kao, 2004] shows fraction curves that are very close to those observed in actual cell
populations. Curiously, the mathematics developed in [Luan and Kao, 2004] can also be
utilised to derive a form of the Schrödinger equation.

Transition rates

Although the diffusion approximation cannot represent the real evolution along the cell
cycle, it shows that the system (4.3) is likely to be a reasonable representation of the cell
cycle dynamics, and it provides several useful suggestions.

In particular the genome is conserved throughout the sub phases, except during the S
phase where the genome duplication takes place, and therefore we require a = b for all
sub phases, unless they belong to the S phase. Moreover, to accomplish a full genome
duplication during the S phase – while still maintaining the simplifying hypothesis that the
rates are equal – we must also require γ = a/b = 21/nS . This also means that N is not
necessarily an integer number. Finally, the set of equations becomes

dNk(t)

dt
= γaNk−1(t)− aNk(t) 1 < k ≤ nS , (4.6a)

dNk(t)

dt
= aNk−1(t)− aNk(t) nS < i ≤ n . (4.6b)

70



4.1 Stochastic cell cycle model

From the statistical point of view I note that the outgoing transition rate a corresponds
to an exponential distribution with mean permanence time τk = 1/a and with variance
τ2
k = 1/a2 so that he average cell cycle period 〈T 〉 is

〈T 〉 =

〈∑
k

tk

〉
=

n∑
k

τk = nτk = n/a (4.7)

while its variance, given the assumed statistical independence of the subphases, is

var(T ) =
∑
k

var tk =
∑
k

τ2
k = n/a2 = 〈T 〉2/n . (4.8)

If the τk = 1/ak were different, we would observe an accumulation of genome copies in the
sub phases with larger τk. I find the condition that minimises var(T ) using one Lagrange
multiplier Λ:

S =
∑
k

τ2
k − Λ

n∑
k

τk (4.9)

Then, from the equations

∂S

∂τj
= 2τj − Λ = 0 (4.10)

I find τj = Λ/2 ∀j, so that all the τk’s are equal, i.e., τk = 〈T 〉/n and the minimum
variance is var(τ) = 〈T 〉/n; therefore disparities in mean duration of sub phases lead to
larger variance.

A similar reasoning can be done for a subset of subphases, like a set of hypothetical sub
phases of the S phase.

To draw the solutions, one must fix a number of parameters – three or four – and more
specifically, the total number of sub phases n, the number of sub phases in the S phase nS
– so that the number of bands in all the other phases is (n− nS) −, the rate of transition
between one band and the previous or the following ones a (and the same rate for bands
in S phase, aS , in case we assume aS 6= a, that is if the transition rate is different in S
phase in respect to other phases). Since the differential system is linear, one can then use
the standard theory of the linear differential systems with constant coefficients to find the
solutions: this means that we utilise exponential test solutions Nk = Nk,0 exp(αt). By
substitution, we find

αNk,0 = γaNk−1,0 − aNk,0 1 < k ≤ nS , (4.11a)
αNk,0 = aNk−1,0 − aNk,0 nS < i ≤ n . (4.11b)
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and it is easy to see that The solution of the system is found by reshaping it in the form
AN0 = 0 where N0 is the (eigen)vector of amplitudes Nk,0, and A is the matrix Aii = α+a,
Ai,i−1 = −a, A1,n = −a, and Aij = 0 elsewhere. The eigenvalues α that yield a solution
are found from the determinantal equation detA = 0, i.e.,

(λ+ a)n − γnSan = 0 (4.12)

or also

(λ+ a)n = 2an , (4.13)

which has n solutions

λk = 21/nae2πik/n − a = [21/na cos(2πk/n)− a] + i[sin(2πk/n)] . (4.14)

with 0 ≤ k < n.

The usual subdivision of cell cycle into 4 phases corresponds to the case n = 4 and nS = 1
(figure 4.3). When we consider the time evolution of a number of initially synchronised cells
in S phase, we note that eventually the fraction of cells in the S phase approaches a fixed
value. This fraction has been made to correspond to its experimental value by tuning the
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Figure 4.3: Desynchronization model for the usual cell cycle with 4 main phases.

parameters a and aS : indeed, typically, in a population of cells that are all proliferating
asynchronously, about 30–40% are in S phase at any instant. Still the model does not
reproduce experiment, because the asymptotic fraction is reached in a very short time,
essentially without fluctuations, in disagreement with experimental observations.
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4.1 Stochastic cell cycle model

In order to obtain a better qualitative rendering of the time evolution of the fraction of
cells in the S phase we need a larger number of sub phases. Through the parameter fitting
of previous experimental results, a favorite choice about the number of subphases is n ≈ 20:
figure 4.4 shows three different parameterisations and the comparison with experimental
data from Chiorino et al. [2001].
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Figure 4.4: Desynchronization model for different numbers n of subphases; the data points
correspond to IGROV cells [Chiorino et al., 2001].

The choice of a larger number of subphases is somewhat unsettling, because it does not
correspond to known observations of additional checkpoints, but it can be justified. Indeed,
the progression of the G1 phase is determined by the phosphorylation of pRb protein, which
may be in 8 steps [Milotti et al., 2007]. Then, the G2-M phases are made of 6–7 similar
subphases. Finally, the duplication of DNA occurs by means of the remaining subphases,
about 6–7.

Ionising radiation and desynchronisation

As we have already seen, the mean effect of IR is connected with the interruption or slowing
down of the cell cycle. As a consequence, we expect that irradiated cells have a longer cell
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cycles: this corresponds to a larger time span between peaks in the desynchronisation
oscillations.

In a very simple way, the delay in cell cycle progression due to IR can be introduced
through a modification of the transition rates. This can be obtained by means of different
parameterisations of the outgoing transition rates in dependance with dose D. A very
simple way could consist of slowing down the rates of each subphase in the same way. A
more realistic choice takes in account that the cell (or genome) progression in the cell life is
regulated by checkpoints placed in specific points along the cell cycle: so, taking in account
the subphases in correspondence with the main checkpoints (i.e. at the end G1 phase, at
the end of S phase and in the middle of G2-M), the related outgoing transition rates have
been modified in accordance with dose. Also in this case, the possibilities to relate the
decrease of a with the increase of dose rate D are part of a wide range of solutions. Here
I take a negative exponential as a reasonable choice – this means that the transition rates
decrease as repair takes a longer time –

a(D) = a(0)e−β(D−D0) (4.15)

where D0 represents the natural radiation background. In such a case, the fluctuations are
still present, but the period would result longer and the oscillations dumped, as dose rate
increases. Figure 4.5 shows the results of qualitative numerical experiments.
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Figure 4.5: Qualitative plots of the desynchronisation model with the effect of ionising irra-
diation; the outgoing transition rates of the subphases 7, 10, 22 (corresponding
to three checkpoints) are a(D) = a(0)e−β(D−D0), where D0=0 and β = 1 are
assumed for simplicity: grey solid line for control D=0, magenta dashed line for
D=1, red dotted line for D=2 (arbitrary dose rate and time units).
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4.1.2 Experimental measurements

Comparison with old data show that the model is a viable description of the cell cycle (see
figure 4.4), however its parameters must be tuned to include radiation effects, and this
requires new experiments – as no data exist in the current literature.

A preliminary experiment has been carried out in the laboratory of dr. Roberto Chignola
at the Department of Biotechnology, University of Verona; the data have been taken by dr.
Roberto Chignola and by dr. Michela Sega. with technique of flow cytometry.

Flow cytometry

Flow cytometry is a powerful tool of modern biology [Macey, 2007]. It is based on the
light-scattering properties of cells and on the fluorescence of molecular labels attached to
particular molecules or parts of cells. The great advantages of flow cytometry consist in
the possibility to analyse large samples of cells, thanks to a high speed technique, and to
measure cellular properties in vivo.

The first instrument was developed in 1956, an electronic measuring device for cell count-
ing and sizing: it was based on cells flowing in a conductive liquid that passed one by one
through a measuring point. To this day, a typical flow cytometer – also called Fluorescence-
Activated Cell Sorter (FACS) – consists of 4 parts:

• a hydraulic system, like a flow chamber, for the transport of sample cells through the
sensing area;

• one (or more) light source(s), like a laser, with an output power in the range of 0.05−5
W and with wavelengths that can vary in the range from the near ultraviolet to near
infrared;

• a sensing system that comprises:

– an optical system made up of lenses, mirrors, filters;

– a detection system for the digital acquisition of data: photomultipliers and de-
tectors;

• a computer system that collects, elaborates and analyzes data on the electrical signals
relayed from the sensing system.

So, the cell population, suspended in an isotonic fluid, is driven into the flow chamber.
The system works detecting particles or cells as they move, concurrently with the liquid
stream, through the laser beam which functions as the sensing area for the relative light-
scattering of cells. Adjustment of the sample pressure ensures that cells are delivered one at
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Figure 4.6: Flow cytometer scheme.

time (at rate of hundreds per second) to the measurement point; this last one is intersected
by the illuminating beam and the plane of focus of the optical assembly. The outcome
of the laser refraction and reflection of the cell generates signals gathered by the various
elements of the sensing system. The photons falling upon the detector are converted to
an electrical impulse, which is processed by an analog-to-digital converter to a numerical
signal. The purpose of analysing the signals is to determine the difference between cells in
terms of voltage output form detectors.

As the cell passes through the laser beam, light is scattered in all directions according
to Mie theory [Mourant et al., 1998; Green et al., 2003; Wilson et al., 2005]. The light
scattered in the forward direction at low angles (0.5-10°) from the axis is proportional to
the square of the cell radius; that is, roughly, the intensity, recorded by photodiodes of this
forward angle scatter (FSC), gives information on the size and shape of the cell. The FSC
is therefore sensitive to properties of the cell surface: this helps, for instance, to distinguish
viable from dead cells.

Afterwards in the 1960s more than one parameters began to be measured simultaneously.
In fact, light may enter the cell and be reflected and refracted by the internal constituents.
A detector, usually a photomultiplier tube (PMT), placed at right angle in respect to the
laser beam and the sample stream helps in gathering additional information: this 90°or side
or right-angle scatter (SSC or 90°LS) may be considered proportional to the granularity of
the cell, besides to its size. The SSC is therefore sensitive to the number/size of organelles
inside the cell: this helps, for example, in obtaining information on the contents of the
cells.

Moreover, flow cytometers are increasingly multiparameter devices, capable of recording
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several measurements (up to 13 parameters) of each cell simultaneously thanks to the
fluorescence analysis. The fluorophores attached to the cellular biomolecules are excited as
the cell traverses the laser beam. When the absorbed energy is released at larger angle,
the fluorescence is collected by the optics placed at right-angle to the incident beam. The
optics are formed by filters, dichroic mirrors and lenses that select the lights of particular
wavelength and direct them the correct detectors. Since the amount of scattered light is
generally high in comparison with amount of fluorescent light, PMTs serve as detectors and
also as amplifiers of the weak fluorescent signals. The quantity of cells and the intensity of
fluorescence are recorded by the computer system, in example for the purpose of distinguish
among weakly and strongly fluorescent ones or among differently colour-labeled ones.

In this way, flow cytometry facilitates the identification of different cell types within
a heterogeneous population. Indeed, particles are analysed individually but interpreted
collectively: the collective picture is represented by distribution diagrams which may be
made up by single-, two- or three-parameters. The production of these scatter plots or
histograms relies on the measurements of light-scatter or fluorescence pulses and on their
assignment to channels that represent different voltage levels; the signals are the peak pulse
height or the integrated pulse area or the pulse width. By this pulse processing, each time a
pulse falls into one of these channels, a counter increments the channel. Finally, the events
collected in the various channels go to constitute the distribution diagrams. Furthermore,
since all flow cytometry systems have the ability to examine more signals simultaneously
and many combination of signals, it is possibile to define computational gates which limit
the analyses only to selected subpopulations.

DNA labelling One of the most common applications of flow cytometry is measurement
of the DNA content of cells and, through this, of the population distribution along the cell
cycle. The principle is that the observed stained material has incorporated an amount of
dye proportional to the amount of DNA. In the flow cytometer, the emitted fluorescent
signal of the earlier stained material yields an electronic pulse with a height (amplitude)
proportional to the total fluorescence emission from the cell: such fluorescence data are
considered a measurement of the cellular DNA content.

In order to measure DNA content by flow cytometry, it is first necessary to label or
stain DNA by a fluorescent probe. Unlike those fluorochromes used on labeled antibodies,
DNA probes fluoresce more when bound to their target molecule. The base-probe bond
is not as strong as that of antibody to antigen, and the DNA probe is, consequently, in
equilibrium with the free probe in solution. Changes in probe concentration, by dilution
of the sample, for example, can therefore, influence the fluorescence intensity of the DNA
due to the change in equilibrium: for this reason, DNA preparations are not washed to
remove unbound probe; otherwise the equilibrium will be upset. Fortunately, the unbound
probe does not fluoresce and, hence, demonstrates low background fluorescence. The DNA
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labelling fluorochrome usually intercalates between the bases in double stranded nucleic
acids. However, such fluorochromes can also stain double stranded RNA, which should be
eliminated by addition of RNAase to the cell preparation in order to obtain good results;
instead single stranded nucleic acids do not stain. The key feature of DNA probes is that
they are stoichiometric: this means that the number of molecules of probe bound to DNA
is equivalent to the number of molecules of DNA present. Consequently, the amount of
emitted light is proportional to the amount of bound probe and, therefore, the amount of
DNA. Generally, the DNA probes belong to the family of chemicals broadly known as the
phenanthridiniums (includes propidium iodide and ethidium bromide), which excite in the
ultraviolet or blue part of the spectrum and show red spectral emission.

When using flow cytometry to assess DNA content, the fluorescence data is acquired
with linear amplification and plotted on a histogram where the counts are distributed
along the intensity channels; when examining DNA, this single-parameter histogram shows
fluorescence on a linear scale along the x-axis with number of events up the y-axis. This
allows the ready determination of DNA index values, or ratios between peaks. Also, in
cases where euploid and aneuploid cells are mixed, it aids identification of which G0-G1
belongs to which G2-M. It is common practice to set the G1 peak to around channel
2000, since this allows to distinguish the G1 phase, where the DNA content in number of
chromosomes is 2N; the G2-M phases show another peak − around channel 4000 −, where
the DNA content in number of chromosomes is double, that is 4N; the S phase, where
DNA content duplication is underway, is an intermediate hollow. This way still allows
endoreduplicated/multi-nucleated cells (> 4N) to fit on the scale, too.

There are many various fluorochrome that can be used to determine different states of
the DNA content, each one having differing excitation and emission wavelengths; moreover,
this makes it possible to combine cell cycle analyses by means of the use of different fluo-
rophores. Such a case concerns the cells during DNA replication which can be stained by a
dye apart and which therefore we can consider a subpopulation of synchronised cells. Bro-
modeoxyUridine (BrdU) is a thymidine analog that cells gather to build the DNA copy: as
S phase cycling cells take up BrdU instead of thymidine in the newly synthesized DNA, the
amount of BrdU incorporated by each cell can be related to the DNA synthesis activity of
that cell. Cells allowed to react with BrdU-specific monoclonal antibodies are conjugated to
the fluorochrome fluorescein isothiocynate, which fluoresces green. So, administering BrdU
to a cell population for a short time, we are able to select a sample of cells which are all in
the same phase S at that moment. Anyway, these cells, although well distinguished from
the rest of the population in the other phases, may be located in various points of the DNA
replication, at the beginning as well as at the conclusion.

Finally, this kind of double-labelling allowed us to analyse two different and complemen-
tary subpopulations for each cell line. Indeed, joining both the fluorescence data, the red
one on DNA content and the green one identifying cells in the same phase at the same time,
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Figure 4.7: Analysis of DNA content by flow cytometry [Alberts et al., 2008].

it is possible to follow the progression through the celle cycles of a population of originally
synchronised cells.

Materials and Methods

The cells under examination belong to MOLT-3 cell line, namely human acute T lym-
phoblastic leukaemia cells derived from peripheral blood.

To label cells in phase S at time zero, all cells were incubated for 20 min with BrdU, which
fluoresces green: by this way, cells in S phase during this period could be distinguished,
as they were positive for BrdU. Then, the population was subdivided in three samples:
two exposed to two different dose of IR − 2 Gy and 8 Gy −, and a control one which
was not exposed to IR, if not to the natural background. The irradiation took place at
dose rate 0.011 Gy/s by means of the low dose rate laboratory irradiator Gammacell40
(Atomic Energy of Canada Limited), characterized by 8 doubly encapsulated cesium 137
sources.

Thereafter, to have a clear dynamic picture of the cell progression through the cycle
phases, the cells were resuspended in fresh medium without BrdU, where they continued
maturing and dividing. So the experiment was performed during a period of exponential
growth. This way, the movement of the initial population could be followed throughout the
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cycle, because BrdU-positive cells, i.e. cells in S phase at time zero, maintain this label and
pass it on to their descendants.

Flow cytometric data of each sample were collected every 3 hours for 60 hours, as a basis
for the growth curve and the cell cycle phase percentages. Every 3 hours, a cell subsample
was fixed and prepared for flow cytometry analysis: just before beginning data collection,
in order to measure DNA content, cells were stained with the fluorochrome propidium
iodide, which fluoresces red. In addition, the same red-labelling procedure and consequent
cytometry had been carried out earlier, just before irradiation, in correspondence to time
zero, on a subsample common to all the three samples.

In the end, the computer program developed for the DNA analysis gave data per each
of the − (60/3) = 20 + the common one at time zero − subsamples, per each one of the
three samples. Each one of these data consisted of thousands of cell counts, expressed both
in linear and logarithmic scales, in regard to the peak height of the following signals: FSC,
SSC, green and red fluorescence; furthermore, in respect to the red fluorescence, the width
and the area of every signal were provided, too.

Data analysis and results

One problem that must be overcome when obtaining results for DNA analysis is the exclu-
sion of cellular clumps. On a flow cytometer, two cells stuck together may be registered
as a single event, known as a doublet or a cellular aggregate. In particular, a doublet is
formed when two cells with a G1 phase DNA content are recorded by the flow cytometer
as one event with a cellular DNA content similar to a G2-M phase cell. If each of those two
cells is diploid (2N), seen as one event, they will show 4N DNA: in other words, they have
the same amount as a normal cell that is about to divide (G2-M), or the same amount of
DNA as a tetraploid cell (G o G1). To add to the confusion, further peaks may exist for
three or more cells stuck together. Therefore, if a sample contains many doublets, these
ones could mistakenly increase the relative number of cells in the G2-M phase of the cell
cycle, yielding an overestimation of G2-M population.

On the other side, a benefit of flow cytometry as a means of assessing cell cycle distribu-
tion is its ability to exclude doublets from the analysis [Nunez, 2001; Wersto et al., 2001].
The doublet problem is resolved by employing a doublet discrimination gate based on the
characteristics of fluorescence height, fluorescence area and signal width: fluorescence height
is the maximum fluorescence given out by each cell as it travels through the laser beam;
fluorescence area is the total amount of fluorescence emitted during the same journey; and
signal width is the time a cell takes to pass through the laser beam. These characteristics
are different for a cell that is about to divide and for two cells that are stuck together.
A dividing cell does not double its membrane and cytoplasmic size and, therefore, passes
through the laser beam more quickly than two cells stuck together; in other words, it has a
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smaller width signal or a bigger height signal but the same area as two cells stuck together
(figure 4.8). Furthermore, all DNA in a dividing cell is grouped together in one nucleus and
consequently gives off a greater intensity of emitted fluorescence, compared with the DNA
in two cells that are stuck together. A doublet, which has two nuclei separated by cyto-
plasm, emits a lower intensity signal over a longer period: this appears as a greater pulse
width, lower height signal and the same area in respect to a single cell, as they take longer
to pass through the laser beam. Therefore, doublet discrimination is a process whereby the
area of the fluorescence light pulse is plotted against the width (an alternative possibility
consists of plotting the area versus the height of the pulse): so doublets can be excluded
from sample analysis by means of the generation of gates able to select only the cells not
too close to the axis and not greater than a certain width.

Figure 4.8: How to recognise doublets by means of the signal characteristics: on the top,
the cells with the respective DNA content passing through the sensing area; in
the middle, the signal shape; on the bottom, A stands for the related area of
the signal and W stands for the related width of the signal.

Thus, in this experiment we plotted the red fluorescence width of the signal in function of
the red fluorescence area of the signal (see figure 4.9). Since we chose to consider an unique
gate common to all the subsamples, we set a gate large enough to include no-doublet cell as
many as possible from the different subsamples. Indeed, the cloud of cells tends to spread
at high area values as time and especially dose increase.

A further cleaning of the data has been obtained by means of the plot of the SSC in
function of FSC [Knijnenburg et al., 2011]. Since both the parameters identify some physical
characteristics of the cell, this plot helps to select a cloud of homogeneous cells in respect
to their morphology (figure 4.10). In particular, near the origin of axes the dead cells of
the sample stand, since they have a smaller size and an internal less complex structure;
instead, the apoptotic cells stay over the dead cells, all along the ordinate axis, because of
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Figure 4.9: Red fluorescence signal width versus red fluorescence signal area: the cells out-
side the gate are doublets or spurious; these data are taken at time 0 and are
common to all the three irradiation samples: the complete set of plots is shown
in the appendix.

the fragmentation of the nucleus undertaken by the programmed cell death.

Figure 4.10: The theoretical meaning of the plot SSC versus FSC in accordance with the
Mie theory [Mourant et al., 1998; Green et al., 2003; Wilson et al., 2005].

In the present experiment, these three different clusters are clearly visible (see figure
4.11). The cloud of viable cells is observable in control sample above all: the mean value
of the size of the cell, corresponding to the averaged FSC value, and the mean value of the
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granularity of the cell, corresponding to the averaged SSC value, did not undergo variations
all along the time evolution of this sample. Instead, the situation is radically different for
the irradiated samples: here the distribution of cells spreads toward small FSC values as
time increases, because more and more irradiated cells die. Furthermore, in irradiated cells,
above all in the 8 Gy sample, as time goes on, not only the number of necrotic cells near
the origin of the axes increases, but also the the long and thin cloud of apoptotic cell does.
This means that, in irradiated cells, the cloud of the initially viable cells evolves in time
diffusing in the plot, in particular shifting towards the apoptotic area alongside the y-axis;
whereas, in control population, this area remains not clearly visible for all the time.

Figure 4.11: SSC versus FSC: the cells outside the gate are dead or apoptotic; these data
are taken at time 0 and are common to all the three irradiation samples: the
other plots at following time are in appendix.

After having cleaned our data from doublets or spurious cells, it is possible to select the
population of synchronised cells in S phase at the beginning of the experiment, namely at
time 0. The plot of the green fluorescence (signal height) in function of the red fluorescence
(signal height) helps us giving information on the DNA status. The red fluorescence con-
cerns the DNA content in each cell; collectively, it means the cell distribution along the cell
cycle. Roughly, the data are distributed between the two peaks of G1 phase (around the
channel 2000) and G2-M phases (around channel 4000); time after time the cells oscillate
between these two extremes, as they get old and duplicate. The green fluorescence portrays
which cells are in a duplicating phase, namely S phase, at the moment of administration.
Since the green fluorescence is administered at time 0, it acts as a marker at each following
time for the subpopulation selected at the beginning: so, at each time we recognise the cells
belonging to the subpopulation of cells in S phase at time 0 as those ones with an high
content of green dye. The only drawback pertains the fact that the green fluorescence tends
to diminish with time, as cells duplicate and dilute the dye among their offspring after each
cell division.
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Our experiment presents two subpopulations which are clearly disjoint on the top and
on the bottom of the green fluorescence versus red fluorescence plot: they are green-rich
originally synchronised cells and green-poor not-synchronised cells, respectively. Obviously,
at time 0 these two subpopulations distinguish noticeably the three cell cycle blocks: it
happens because the gap in the middle of the G1 and G2-M clouds, on the bottom, corre-
sponds to just those cells in S phase, on the top, stained by the green dye. At the following
time steps, each subpopulation evolves in respect to their DNA content, that is in respect
to their cell cycle; in this plot, observing how the cell distributions oscillate between the
two extremes G1 and G2-M is possible separately for the two subpopulations. This hap-
pens less clearly as time increases, and in particular in irradiated cells, where 30-40 hours
after irradiation this information is almost lost. However, we were interested only on the
subpopulation of cells in S phase at the beginning, thus we took a snapshot about the green-
positive cells: we fixed a common green fluorescence threshold, over which the originally
synchronised cells were located, so as to select only the subpopulation of our interest (see
figure 4.12).

Figure 4.12: Green fluorescence versus red fluorescence: the cells over the threshold are
those ones originally synchronised in S phase at time 0; these data are taken
at time 0 and are common to all the three irradiation samples: the whole set
of plots is shown in the appendix.

A plot similar to the previous one is the green fluorescence in function of FSC (see
figure 4.13). Since FSC represents the size of the cells which increases as the cell ages, the
horizontal oscillations of the green-rich synchronised population result lightly visible, above
all in control cells. Anyway, since it is not possible to distinguish clearly the phases, we
excluded these results from the analysis.

In order to follow the time evolution along the cell cycle of the subpopulation of the
cells which were in S phase at time 0, we took in account only the histogram of the red
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Figure 4.13: Green fluorescence versus FSC: the cells on the top are those ones originally
synchronized in S phase at time 0; these data are taken at time 0 and are
common to all the three irradiation samples.

fluorescence (signal height) counts. At time 0, all the cell have to be considered in S phase
and this amount of cell will be taken as initially reference value within the same subsample.
Indeed, as time increases, the cells do not result belong to the same phase, but they spread
covering a distribution more and more inhomogeneous in phase. This desynchronisation
is clear around the 30th hour in the control sample, although the two separated peaks of
G1 and G2-M phases are visible already at the 9th hour. Little can be inferred from the
irradiated subsamples, where the data are not very informative. Within the first hours, the
8 Gy irradiated cells show a particular accumulation on very high values of DNA content;
but very few cells survive after the end of the cycle, since 20 hours after irradiation the
subpopulation decreases considerably. It could be a sign of polynucleation in much damaged
cells: in fact, a significant information arrives from the raw data, where an increase of the
apoptotic cells (which have been ruled out here) is recorded as time and radiation dose
increase (see figure 4.14).

Another telling plot shows the red fluorescence (signal height) in function of FSC. There
should be a correlation between the DNA content, represented by red fluorescence and
the size of the cell, corresponding to FSC: in fact, during the cell cycle the cell duplicates
DNA and increases its dimension. Referring to our experiment, in some plots of control
synchronised population, it is possible to note two subclouds of cells, one on the top-right
and one on the bottom-left, instead of only big one: the clouds identify the G1 and the
G2-M phases, while the gap in the middle identifies the S phase. This lack of S phase
cells at the 9th, 30th, 33rd, 36th hours reciprocates the red fluorescence histograms at the
same timesteps. The irradiated cells, in particular those ones exposed to 8 Gy, show an
apoptotic behaviour: indeed, they move toward small size at low FSC values, and spread
their DNA content right inside, so as to make the DNA fragments be more able to receive
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Figure 4.14: Histogram of the red fluorescence counts for the originally synchronised cells:
here the cells are all in phase S (the two peaks of G1 and G2-M phases are not
visible) since these data are taken at time 0; this distribution is common to
all the three irradiation samples, while the whole set of plots is shown in the
appendix.

the fluorophore (see figure 4.15).

Figure 4.15: Red fluorescence versus FSC for the originally synchronized cells: here the cells
are all in phase S with intermediate DNA content and size, since these data
are taken at time 0; this distribution is common to all the three irradiation
samples, while the other plots at following time are in appendix.

To visualise the effect of the desynchronisation more clearly, for the synchronised sub-
population we calculated the total counts of cells in S phase per each step and we related
them to the corresponding reference number of cells in the same phase at time 0. At each
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time, a cell was considered as belonging to the S phase if it presented a DNA content in
the channel range 2200-3800; then, the summation of the cells in this range was compared
with the corresponding reference at time 0. The control and the 2 Gy subsamples show
dumped oscillations, while the 8 Gy irradiated cells follow a quick fall. Concerning the
control subsample, the fluctuations are very large and they are around a value which does
not correspond to the usual fraction of cells in S phase for a generic population, that is
30-40 %; anyway, it seems that at later time there is a decrease toward that value. A more
important unexpected fact concerns the duration of the oscillation periods. The periods
correspond to the averaged lifespan of the cells of the subsample: as the DNA damage ac-
tivates control system checkpoints that slow down the cell cycle progression, so the period
should be larger for the irradiated cells; instead we observe a shorter period for irradiated
cells in comparison with the control cells (see figure 4.16).

A possible explanation is suggested by looking at the population growth for both the
whole population and the synchronised one. The whole population shows an exponential
increase in the control cells, a light decrease in 2 Gy irradiated cells, and an abnormal
initial increase in 8 Gy irradiated cells; this last event is explicable by the instability of the
cell internal structure after the exposure, whereby spurious cells could have been confused
as viable cells. A analogous trend is recorded for the irradiated cells of the synchronised
subpopulation; instead, the control cells after an initial growth undergo a slight decrease
at later time: this last phenomenon is unexpected since the cell were located in a growing
culture and they had not underwent IR exposure. These considerations lead to conclude
that these data could be misleading in order to compare them with the desyncrhonisation
model (see figure 4.17).

Nonetheless, we tested the desynchronisation model with these preliminary experimental
results (see figure 4.18). Thus, we set the parameters trying to fit the control cell subsample
as best as possible; then, the IR effect has been applied altering some transition rates by
an exponential dependance on dose, as shown in the previous section. The best result came
with a number to subphases equal to 20; the fit seems likely for the control and 8 Gy
irradiated cells and much less convincing for the 2 Gy irradiated cells. This is still a work
in progress, however the general trends of our samples seem to make the desynchronisation
model a plausible one; further work is required to definitely demonstrate it.
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Figure 4.16: Percentages of S-phase cells within the population of BrdU-labeled cells vs. of
time in hours after irradiation: desynchronization appears evident.
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(a) Whole population. (b) Originally synchronized cells.

Figure 4.17: Cell population vs. of time in hours after irradiation.
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Figure 4.18: Percentages of S-phase cells within the population of BrdU-labeled cells in
function of time in hours: the curve is plotted from the parameter fitting of
the desynchronization model.
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4.2 A model of senescence and carcinogenesis

The cell cycle model described in the previous section – although not fully developed yet
– satisfies the requirements listed at the beginning of this chapter, and the potential to
include radiation. However it does not describe the damage and repair to DNA. In this last
section I describe a statistical model of DNA damage and repair that represents an attempt
to improve on the classical Armitage-Doll model [Armitage, 1985].

4.2.1 The Armitage-Doll model of carcinogenesis

In the Armitage-Doll model one assumes that there are r steps to cancer, and that the j-th
feature has a damage rate λj . One also assumes that these λj ’s are sufficiently small that
λjt is a sufficiently small number when one takes t of the order of a human life. Then the
probability of observing a damage during time t is λjt, and the probability of reaching the
full damage level at time t is

λ1λ2 . . . λrt
r−1dt (4.16)

because this is the probability of finding that the genome already has r − 1 damages and
that the last one occurs in the time interval (t, t + dt). The corresponding probability for
any one specific ordering is

λ1λ2 . . . λrt
r−1dt

(r − 1)!
(4.17)

Since, according to Armitage and Doll, there is one specific ordering that does the trick,
it is the last formula that must be taken into account for carcinogenesis. They take this
formula as a pdf for the time to cancer

f(t) ≈ λ1λ2 . . . λrt
r−1

(r − 1)!
(4.18)

and the corresponding distribution function is

F (t) ≈
∫ t

0
f(t′)dt′ =

λ1λ2 . . . λr
r!

tr (4.19)

This series of damages occurs in a single cell, however we must consider a population of
N cells. In this case F (t) can be interpreted as the average number of mutated cells in the
single cell case, and – assuming a straightforward Poisson model – the probability that no
cell has become cancerous at time t is

1−G(t) = exp [−NF (t)] = exp

(
−N λ1λ2 . . . λr

r!
tr
)

(4.20)
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i.e.,

G(t) = 1− exp

(
−N λ1λ2 . . . λr

r!
tr
)

(4.21)

and the corresponding pdf is

g(t) =
dG

dt
= N

λ1λ2 . . . λr
(r − 1)!

exp

(
−N λ1λ2 . . . λr

r!
tr
)
tr−1 ∼ Ntr−1 (4.22)

so that the probability of tumour onset grows as a power-law.

Notice that the Armitage-Doll model counts damages, but does not yield any estimate
of cell senescence, even though it is a closely related process [Armitage, 1985].

4.2.2 Senescence and carcinogenesis model

The Armitage-Doll model lacks correlations between successive damages, and does not keep
repair into account. Here I develop a discrete-time model that tries to sidestep these defects,
at the expense of the analytic development: the model is purely numerical.

The model start from a set of genes, initially undamaged, which are then damaged in
time, either because of radiation or by endogenous agents. DNA repair acts as well, so that
a damaged gene can return to the undamaged state. The damaged units are repaired in a
random fashion, and at each time step they can return to their undamaged state. Some of
the genes in the model are those that correspond to the repair enzymes, and when they are
damaged, repair either proceeds more slowly or it halts altogether. If repair takes too long
the cell can either die or the damage is simply fixed and stays unrepaired.

Genes are grouped according to their function: this grouping has nothing to do with the
actual distance of genes along the DNA molecule. The advantage of the choice of grouping
some units in subsets concerns the fact that the complete loss of a DNA function arrives
only when a certain number of damages inactivates all the possibile alternatives to that
process; if only a restricted damage is involved, then only the slowing down of the relative
function will occur. A clear example is DNA repair which can operate by means of different
mechanisms: disabling one or few parts of the repair process causes a delay, but disabling
too bearing elements makes the repair process be impossible.

This model is still a prototype and a real formalisation is in progress; but some interesting
Monte Carlo simulations have been done.

Test simulations

Simulations have been carried out with the following assumptions/parameters:
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4.2 Senescence and carcinogenesis model

• initially, a set of 100 genes is irradiated by a dose capable of damaging 9 of them at
random positions u (blue points in the figures that follow);

• soon after damage, repair starts following some rules, according to the kind of dam-
aged units (red points):

– the standard repair rate is fixed at 3 genes/timestep;

– 1 damage in the range 1 ≤ u ≤ 5 produces the immediate death of the cell, as if
it was an apoptosis;

– 3 or 4 damages in the range 6 ≤ u ≤ 20 together with 2 or more damages in the
range 21 ≤ u ≤ 40, or 1 or 2 damages in the range 6 ≤ u ≤ 20 together with
3 or more damages in the range 21 ≤ u ≤ 40 produce the slowing down of the
repair process leading to the repair rate of 1 gene/timestep;

– 5 or more damages in the range 6 ≤ u ≤ 20, or 3 or more damages in the
range 6 ≤ u ≤ 20 together with 3 or more damages in the range 21 ≤ u ≤ 40
produce a complete breakdown of the repair process, leading the repair rate of
0 genes/timestep: the cell remains alive but damages are not repaired;

– the repair has a time limit, i.e., it has to occur within the 7th timestep;

• during repair, misrepair can happen accidentally:

– the standard probability to have a correct repair is 90%, and to have a misrepair
is 10%;

– if there are 2 or more damages in the range 6 ≤ u ≤ 20, the probability to have
a correct repair is 70%, and to have a misrepair is 30%;

• an accumulation of damages in the range 35 ≤ u ≤ 55 leads to a neoplastic cells: since
the not repaired or misrepaired units are transmitted to the offspring, the successive
increase of damages in this range will develop a neoplastic cell.

The following figures display some simulation results.
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Figure 4.19: Scheme of damage/repair. The horizontal axis represents the set of genes, the
coloured vertical bars show the subdivisions between groups of genes, and the
coloured dots show the positions/states of the damaged genes. Here the repair
occurs regularly in 3 timesteps.
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Figure 4.20: Since there is a damage in the range 1 ≤ u ≤ 5, the cell does not even start
the repair.
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Figure 4.21: The repair occurs regularly in 3 timesteps, but since there are 2 damages in
the range 6 ≤ u ≤ 20, misrepair results more probable, so in the end one takes
place, outside in the carcinogenic region.
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Figure 4.22: Since there are 3 damages in the range 6 ≤ u ≤ 20 and 3 damages in the
range 21 ≤ u ≤ 40, the repair is disabled, so that the cell is still viable but
completely damaged at the time limit corresponding to the 7th timestep.
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Figure 4.23: Since there are 3 damages in the range 6 ≤ u ≤ 20 and 2 damages in the range
21 ≤ u ≤ 40, the repair rate is reduced to 1 per timestep, so that the cell is
still viable but still partially damaged at the time limit corresponding to the
7th timestep; moreover, since there are 3 damages in the range 6 ≤ u ≤ 20,
misrepair results more likely, so in the end one takes place in the carcinogenic
region.
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DNA damage activates a complex network of cellular responses which influence several
aspects of a cell’s life cycle. Importantly, the cell cycle is delayed as DNA repair mechanisms
are activated, and this adds to the natural cell cycle desynchronisation observed in cell
populations as a random contribution due to both DNA damage and repair processes.
Such delays are important in the framework of the VBL (Virtual Biophysics Lab) tumour
growth simulator. VBL is a complex numerical model which simulates small avascular
tumours; the simulation includes the biomechanics as well as the biochemistry of cells, and
also the interaction with the tumour microenvironment.

At present in VBL the stochasticity of the cell cycle duration is taken into account with
a simple phenomenological model, and the aim of this thesis was that of developing a
much improved statistical model of DNA damage, both endogenous and exogenous, and
of the repair mechanisms, suitable for inclusion into VBL. With such a model one VBL
could bridge the microscopic biochemical pathways to the macroscopic biological laboratory
experiments, and compute the impact of therapies that act at the level of molecular circuits
on clinical tumours, and to optimise the management of disease.

Exogenous damage includes radiation damage, which can be modulated – unlike endoge-
nous damage – and therefore it offers a unique experimental opportunity to understand the
mechanisms of DNA damage and repair: hence, this work is strongly focused on radiation
damage. In order to do this, an overview on the biological phenomena implicated in DNA
damage and repair has been carried on. It must be noted that following ionising radiation,
strands breaks and the ensuing repair mechanisms play major roles with respect to cell sur-
vival. Moreover, among the possible outcomes, besides the correct fixation of the damage
or the cell death, repair may be defective and produce misrepair: this , in turn, may lead
to the onset of tumours.

A complete statistical model that satisfies the needs of VBL would thus describe both
the damage/repair dynamics and the long term senescence/carcinogenesis. Unfortunately
none of the existing models actually satisfy these needs, and the conclusion is that there
are no previous models that are suitable for inclusion into VBL.

In my thesis work – after a rather complete overview of the existing literature, as wit-
nessed by the review in chapter 3 – I have tried several avenues and I have worked on many
alternative models. Chapter 4 provides details on the latest and most promising of these
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models. Experimental flow cytometry has been carried out to test and tune the model of
radiation-induced cell cycle delay. The preliminary analysis of these data is also reported
in chapter 4, however the complex structure of the flow cytometry data seems to indicate
that a more complex approach to data analysis is needed – actually there is a continuing
collaboration with a British statistician which aims at a better data analysis – and therefore
the conclusion on the validity of the model and the determination of the parameter values
are still pending at the time of this writing. Eventually, whether any of these models will
provide successful descriptions of the cellular processes will finally be decided by another
series of planned experiments.
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A Flow cytometry data plots

A.1 Red fluorescence width vs. red fluorescence area

Control cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.9).
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A.1 Red fluorescence width vs. red fluorescence area

103



A Flow cytometry data plots

2 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.9).
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A.1 Red fluorescence width vs. red fluorescence area

8 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.9).
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A.1 Red fluorescence width vs. red fluorescence area
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A Flow cytometry data plots

A.2 Side scattering (SSC) vs. forward scattering (FSC)

Control cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.11).
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A.2 Side scattering (SSC) vs. forward scattering (FSC)

111



A Flow cytometry data plots

112



A.2 Side scattering (SSC) vs. forward scattering (FSC)

2 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.11).
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A.2 Side scattering (SSC) vs. forward scattering (FSC)
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A Flow cytometry data plots

8 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.11).
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A.2 Side scattering (SSC) vs. forward scattering (FSC)
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A.3 Green fluorescence vs. red fluorescence

A.3 Green fluorescence vs. red fluorescence

Control cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.12).
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A.3 Green fluorescence vs. red fluorescence
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A Flow cytometry data plots

2 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.12).
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A.3 Green fluorescence vs. red fluorescence

8 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.12).
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A.3 Green fluorescence vs. red fluorescence
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A Flow cytometry data plots

A.4 Histogram of counts vs. red fluorescence

Control cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.14).
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A.4 Histogram of counts vs. red fluorescence

2 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.14).
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A.4 Histogram of counts vs. red fluorescence
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A Flow cytometry data plots

8 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.14).
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A.4 Histogram of counts vs. red fluorescence
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A.5 Red fluorescence vs. forward scattering (FSC)

A.5 Red fluorescence vs. forward scattering (FSC)

Control cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.15).
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A.5 Red fluorescence vs. forward scattering (FSC)
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A Flow cytometry data plots

2 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.15).
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A.5 Red fluorescence vs. forward scattering (FSC)
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A.5 Red fluorescence vs. forward scattering (FSC)

8 Gy cells

Plots of data taken each 3 hours starting from the reference time 0 (see figure 4.15).
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A.5 Red fluorescence vs. forward scattering (FSC)
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