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Abstract

The need for radiobiological research was bom from the discovery that high doses of
radiation could cause cancer and other health effects. However, recent
developments in molecular biology uncovered the effects of low doses of radiation on
different biological systems and as a result new techniques have been developed to

measure these effects.

The aim of this study was thus to validate biomarkers of initial DNA strand breaks,
micronucleus formation, and the different pt;ases of apoptosis as biological indicators
of low-dose radiation damage. Furthermore, the difference in response of blood cells
to different qualities and doses of radiation was investigated by irradiating cells with

low- and high-LET radiation simuitanecusly.

Blood from one donor was irradiated with doses between 0 and 4 Gy gamma- and
neutron radiation. The alkaline single-cell gel electrophoresis (comet) assay was
performed on different cell preparations directly after irradiation for the detection of
initial DNA strand breaks. Radiation-induced cytogenetic damage was investigated
using the cytokinesis-blocked micronucleus assay while different features of
apoptosis were investigated by measunng caspase activation, enzymatic DNA

fragmentation, and ceflular morphology.

The comet assay was sensitive enough to detect DNA strand breaks above 0.25 Gy
and showed that the lymphocyte isolation process induced some endogenous

damage in cells, detected by the formation of highly damaged cells and hedgehogs in

vii



isolated cell preparations only.

Although the micronucleus assay was not sensitive enough to detect significant
radiation damage below 0.5 Gy in either of the two radiation qualities, the difference
in energy deposition between low- and high-LET radiation was confirmed. The
potential therefore exists to use the assay as a biomarker of radiation damage above
0.5 Gy. It was apparent that the quality of PHA could induce a positive correlation

with the NDI and micronucleus frequency and needs to be investigated further.

The detection of very low levels of caspase activation in irradiated lymphocytes led to
the conclusion that irradiated lymphocytes o not follow the well-known caspase
proteolytic pathway as major route of apoptosis but rather the more unknown
proteasome/ubiquitin pathway. The TUNEL Assay was very sensitive to neutron and
gamma doses below 0.5 Gy and proved to be the only assay sensitive enough to
detect the effect of low- and high-LET radiation doses in the very low-dose region.
Although cellular morphology was not validated for use as indicator of radiation

damage, it confirmed the apoptotic response of lymphocytes to radiation.

Although the comet-, CBMN- and caspase 3/7 assays produced significant dose-
response relationships after exposure to low- and high LET radiation, they would not
be sensitive enough for use as biological dosimeters in the very low-dose (<0.5 Gy)
region. However, once standardised, the Apo-Direct Assay may prove to be suitable

as a biological indicator of radiation aamage as well as a predictor of radiosensitivity.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1. Background to biological dosimetry

The exposure of individuals to ionising radiation and the possible detrimental effects
on human health is of great concern to role players in the medical and industrial
environment. Damage to DNA and other biological systems after environmental and
occupational exposure could be important in the initiation and progression of cancer
and other diseases; therefore effective genetic biomonitoring of human populations
exposed to low-level radiation is essential as an early waming system for such
diseases. Possible risk factors could be identified early enough for control measures
to be implemented before irreversible DNA damage has been inflicted. Cellular
responses to radiation are often measured in peripheral lymphocytes as these cells
can be acquired in a non-invasive manner and, being a non-dividing cell, have the
ability to carry genotoxic insult throughout their lifespan of roughly 1500 days (Chang

et al,, 1999).

Although effective radiation protection programmes are in place to protect individuals
against dangerous ievels of radiation exposure, the influence of continuous doses of
low-level radiation is still under investigation (Undeger et al., 1999; Wojewddzka ef

al., 1998: He et al., 2000; Touil ef al., 2000; Chang et a/., 1999). Because estimates
of nsk for low doses of radiation over long periods of time are made by extrapolation

of data relating to risk after acute doses, much uncertainty still exists about these
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extrapolated estimates of risk. However, scientific advances in biology may lead to
new genetic analysis techniques that can identify radiation-induced tumours above

the general background of cancer incidence (Cunningham ef al.,, 1994).

1.2. Biomarkers of genotoxicity

The measurements obtained from biomonitoring procedures are referred to as
biomarkers, defined as “celiular or molecular indicator(s) of exposure, health effects,
or susceptibility” (Looney, 2002). Before biomarkers can be used for biomonitoring
purposes, they first have to be developed, characterised and validated as biomarkers
relevant to environmental carcinogenesis (Albertini, 1999). The validity of a
biomarker is defined as “the extent to which it measures what it is intended to
measure” (Looney, 2002). Adequate validity means that the result of the biomarker
can be substituted for the result of the gold standard, but in the absence of a goid
standard, the term consistency is used to describe the agreement between the gold

standard and the other method used (Looney, 2002).

Chromosome aberrations (CA) have been extensively validated as the gold standard
for cytogenetic markers of exposure to acuie doses of ienising radiation (Albertini,
1999). However, these aberrations (dicentrics and rings) are unstable and disappear
within six months following radiation exposure (Turai, 2000). The development of the
fluocrescence in situ hybridisation (FISH} assay for the detection of stable
chromosome abnormalities (franslocations) provided a method for retrospective
bioclogical dosimetry by which the true dose received during accidental or

occupational radiation exposure can be estimated (Camparoto ef a/., 2003).
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The cytokinesis-blocked micronucleus (CBMN) assay detects radiation-induced
chromosome breaks in cells by identifying chromosome fragments that lagged behind
during mitosis. Micronuclei appear as small bodies in the cytopiasm resembling the
nuclear material in morphology and staining pattern. Micronuclei show a clear dose-
response relationship (Touil ef al., 2000); therefore an increased frequency of
micronuclei in a cell is an indication of permanent genotoxic damage and is therefore

a useful assay for biological dosimetry.

Since it is widely believed that DNA strand breaks are the critical lesion induced by
ionising radiation (Steel, 2002), much research has gone into developing methods by
which they can be measured. Some of the older methods empioyed sedimentation
and filtration techniques (Steel, 2002), but the single-cell gel electraophoresis {comet)
assay has emerged as a sensitive, cost-effective assay for the detection of DNA
migration in an electric field (Rojas et al,, 1999). Negatively charged DNA fragments,
embedded in agarose, migrate to the positive anode in an electric field, producing
comet-shaped structures that are visible with fluorescence microscopy. The main
advantage of this assay is the rapid processing of small cell numbers and the ability

of the assay to detect low levels of DNA damage accurately.

Another complex phenomenon being studied widely is apoptosis, defined as
“programmed cell death”. As apoptosis is & complex process involving a variety of
biological systems, different assays have been developed to measure different
proteins and enzymes involved in the cascade, e.g. Annexin V (Wilkins et af, 2002),
FLICA (fluorescent inhibitor of caspase) (Smolewski et a/., 2002a), TUNEL (terminal
deoxynucleotidyitransferase [TdT] dUTP nick end labelling) (Bebb et a/., 2001) and
caspases (Louagie et 8/, 1999). Defects in genes that control apoptasis can promote

cancer development or result in autoimmune disease. Based on the response of



Chapier | Introduction

iymphocytes to different types and doses of radiation, apoptosis assays have great
potential as predictor of individual radiosensitivity of cancer patients and radiation

workers {Crompton et a/., 1999).

1.3. Aim of study

The neutron facility at iThemba LABS near Faure, South Africa, is one of only four
operational high-energy neutron therapy centres in the world. The beam of each
neutron facility is unique in its physical and energy characteristics and the
radiobiological effects of such a beam are therefore also unique. The availability of a
nearby neutron facility provided the opportunity to expand the study by including a

high-L.ET radiation source in addition to the more readily available gamma beams.

The main aim of the study was to validate biomarkers of direct DNA breakage (comet
assay), micronucieus formation, and different stages of apoptosis as biological
indicators of radiation-induced DNA damage. By measuring the sensitivity, reliability,
and accuracy of each biomarker, the potential of each endpoint to be employed as

biclogical dosimeter in the radiation protection environment could be evaluated.

in order to evaluate the assays for future implementation as biomarkers of radiation
damage, the sensitivity of peripheral lymphocytes to refiect the mechanism of
damage induced by different qualities and increasing doses of radiation was
analysed. Dose-response relationships were established by irradiating cells with a

low-LET ®Co y-beam and a high-LET 66 MeV p(66)/Be(40) neutron beam.
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1.4. Methodology

Fresh blood from one healthy female donor was collected in Vacutainer tubes
containing either EDTA or lithium heparin as anticoagulant. Different cell
preparations were irradiated in vitro with 8Co v-rays and 66 MeV p(66)/Be(40)
neutrons respectively to measure cell response in terms of DNA fragmentation,
micronucleus formation and apoptosis. Three independent experiments were

performed for each assay unless stated otherwise.

Gamma irradiation was carried out using two Cobalt units, i.e. the Theratron 780C
treatment unit at the Department of Radiation Oncology at Tygerberg Hospital and
the Eldorado 76 research unit at iThemba LABS. Neutron irradiation was performed
using the cyclotron at iThemba LABS. Gamma and neutron doses ranging between
0 and 4.0 Gy were used for alt experiments except for cell morphology where only O

and 4 Gy gamma doses were used.

Great care was taken to ensure identical experimental conditions for both radiation
qualities to provide the same radiation background for each experiment. To prevent
variation in cell number for the caspase experiments, cells were pooled after isolation
and split prior to irradiation. Control samples (unirradiated cells) were included in

each experiment to measure inherent DNA damage.

The alkaline comet assay was applied for the detection of DNA strand breaks in
whole blood, isolated lymphocytes, and cryopreserved isolated lymphocytes. Cells
were embedded in agarose on slides, imadiated, and electrophoresed under high
alkaline conditions. After neutralisation and drying, slides were stained with a DNA

binding dye and analysed using a flucrescence microscope. Comets were classified
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into 5 categories of DNA damage. DNA damage was presented by means of

histograms and dose-response curves.

Micronucleus formation in isolated lymphocytes was studied by employing the
cytokinesis-blocked micronucleus (CBMN) assay. Cells were isolated, stimulated
with a mitogen, irradiated, and incubated at 37°C and 5% CO- for 44 hours after
which cytokinesis was blocked with Cytocalasin B. After a total incubation period of
72 hours, cells were harvested and prepared for analysis. Micronuclei were analysed

with fluorescence microscopy and dose-response curves were canstructed.

The induction of apoptosis was studied by meacuring caspase 3/7 activity using a
spectrofluorometer, DNA fragmentation by endonucleases {flow cytometry), and
cellular morphology by means of fluorescence microscopy. Cells were isolated,
irradiated and incubated at 37°C under conditions of 5% CO; for between 6 and 90

hours after which cells were harvested and samples analysed.

1.5.  Significance of study

The field of radiobiology came into existence with the discovery that high doses of
radiation could cause cancer and other health effects. In recent years, the focus of
radicbiology was directed towards research in the low dose region and phenomena
such as the bystander effect, adaptive response, changes in gene expression etc.
were reported (Washington State University, online). New techniquas have made it
possible to determine how molecules, cells, tissues, animals and humans respond to
low doses of radiation. These new insights may provide a link between molecular

studies and radiation-induced cancer.
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Occupational and accidental exposure to radiation will always be an emotional and
physical threat to employees and employers in the nuclear and medical industry and
although well regulated, radiation protection policy makers would welcome more
sensitive and reliable biomonitoring procedures. Not much data is available on the
radiobiological effects of neutron radiation on radiation workers in the relevant
industries; therefore most of the results obtained in this study will be original and
reported for the first time. The outcome of this study may provide new information on

biomonitoring procedures and possible new biomarkers.
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Chapter 2

Radiation

2.1. Introduction

Radioactivity is the spontaneous fransformation of an unstable nucleus to a stable or
unstable daughter nucleus with emission of energy in the form of particles andfor
photons. This process is most frequently accomplished by the emission of aipha
particles (helium nuclei), beta particles (electrons and positrons), or gamma radiation
(electromagnetic waves of very high frequency). The unit for measuring activity is the
becquerel (Bg). One becguerel is the activity of a radioactive element in which there

is one nuclear disintegration per second.

lonising radiation is energy in the form of high-speed particles and electromagnetic
rays. This energy is enough to knock electrons from atoms during its passage,
thereby changing their physical state and causing the atoms to become electrically
charged, or ionised. The presence of such ions in living tissues has the potential to
disrupt normal biological processes. The principle unit for expressing the dose of
radiation absorbed in a living tissue is the gray (Gy). Cne gray represents one joule

of radiation energy absorbed per kilogram of tissue.
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2.2. Types of radiation

221 Electromagnetic radiation

X-rays are generated in an electric device that accelerates electrons to high kinetic
energy and stops them abruptly in a target, usually made of tungsten or gold. On the
other hand, gamma rays are emitted by radioactive nuclides, representing excess

energy given off in the decay process (Hall, 2000).

X- and gamma rays do not differ in their properties, they merely differ in the way they
are produced. X-rays may be thought of as waves of electrical and magnetic energy
or “packets” of energy. These “packets’ of energy are called photons and each one
contains an amount of energy. This concept of “packets of energy” is important to
the radiobiologist, as the biological effect of the x-rays is not determined by the
amount of energy absorbed, but by the energy of the individual *packages” (Hall,

2000).

2.2.2 Particulate radiation

Neutrons are produced when a charged particle collides with a suitable target
material, e.g. beryllium. Neutrons are uncharged particles that produce a densely

ionising radiation track, causing more severe damage than x- or gamma rays.

The alpha particle is a heavy, positively charged particle producing high-LET
radiation. Because of their relatively large size, alpha particles collide readily with
matter and lose their energy quickly. They therefore do not penetrate tissue very
deeply (only 0.04 mm) (Van Rooyen, 2002), and because they give up their energy

aver such a short distance, alpha particies can inflict more severe biclogical damage
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than other types of radiation. They are particularly harmful to lung tissue when

inhaled.

Beta particles are fast moving negative (negatron) or positive (positron) electrons.
Being much smaller and having a smaller charge than alpha particles, they move

faster and can penetrate up to one centimetre of water or tissue.

Paper Aluminium

Figure 2-1: Graphic illustration of penetration abilities of different types of radiation (Redrawn from Van
Rooyen, 2002).

2.3. Background radiation

Humans are continuously being exposed to radiation from natural sources in the

earth’s crust, building materials, food, and cosmic radiation from the sun. Small

quantities of radioactive materials are normally present in the human body of which

only potassium-40 makes an appreciable contribution to human exposure from

10
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ingestion. However, with a dose-rate of about 0.2 mSv per year it could be a

possible source of mutations (Hall, 2000).

The total average effective radiation dose to the population is 3.6 mSv per person per

year. Approximately 15% of this is contributed by medical radiation, 84% by natural

background radiation and less than 1% by the nuclear industry (Van Rooyen, 2002).

2.4. Radiobiological Effectiveness (RBE)

The difference between different types of radiation producing the same biological
effect is expressed in the RBE (Fajardo et a/. 2C31). The definition of RBE is given

as’

“The RBE of some test radiation (r) compared with x-rays is defined by the
ratio Dss¢/DD,, where Daso and Dy are, respectively, the doses of x-rays and
the test radiation required for equal biological effect.” (Hall, 2000)

This could be expressed in the following formula:

Dose in Gy from 250 keV x -ray
Dose in Gy from another radiation delivered under the
same conditions that produces the same biological effect

RBE =

(Travis, 1589)

It Is important to note that the biological response and not the radiation dose is the
constant. The biological effectiveness of radiations with different LETs is measured
and therefore RBE will only be @ meaningful value if both the test system and the
biological end point measured are identical (Travis. 1989). RBE is highly dose-
dependent and therefore a different RBE could be expected for each dose point

measured.

11
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2.5. Linear Energy Transfer (LET)

Linear Energy Transfer can be defined as the rate at which energy is deposited per
unit distance of the path travelled by a particle (keV/um) (Travis, 1989) and depends
on the mass, the charge and the velocity of the particle. Low-LET radiation, e.g.
gammas and electrons, produces sparse ionisations separated by long distances
while high-LET radiation, e.g. neutrons and alphas, produces dense ionisations in
very short distances, giving rise to concentrated columns of ionisations along the
tracks (Figure 2-2). Radiobiological differences between low- and high-LET

radiations will be discussed in more depth in Chapter 3.

Figure 2-2: lllustration of the track structure of low-LET (gammas) and high-LET (neutrons) radiation through
a small part of a nucleus (Fowler, 198]).

12
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2.6. Radiation protection

The biological effect on humans can be somatic or genetic. Somatic effects appear
in the person iradiated while genetic effects only affect their offspring. The acute
effects of radiation occur after a single dose received in a relatively short period of
time and can range from nausea to death. The chronic effects of radiation are due to
relatively small incremental doses received over a long period of time. Low radiation
doses are defined as total doses less than 10 mSy, received at high dose rates in
single events, or dose rates less than 20 mSv per year, received continuously
(Testard and Sabatier, 2000). The biological effzcts of radiation depend upon the
size of the dose received, the extent of the body irradiated. the part of the body

iradiated, and the type of radiation (Samarin, 2001).

The detnmental effects of radiation on man are classified into stochastic and non-
stochastic (deterministic) effects. Stochastic effects occur by chance and the
probability of the effect occurring is a function of dose without a threshold. Examples
of these effects are cancer and genetic disorders. The severity of deterministic
effects on the other hand varies with dose and the effects have a threshold vaiue.
Cataract formation, depletion of bone marrow and impaired fertility are examples of

such effects (Pizzarelic and Witcofsky. 1982).

Radiation protection standards are based on the conservative assumption that risk is
directly proportional to the dose. even at the lowest levals. though there is no
evidence of risk at low levels. This is called the “Linear no-threshold (LNT)
nypothesis’. Maost countries have adopted their own systems of radiciogical
protection that are mostly based on the recommendations of the Interatioral
Commission on Radiological Protection {ICRP) (ICRP 80, 1990 iCRP 75, 1887}

13
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South African radiation protection regulations and codes of practice are based on the
latest recommendations of the ICRP. The four key points of the ICRP's

recommendations are:

Justification No practice should be adopted uniess its
introduction produces a positive net benefit

Optimisation  All exposures should be kept as low as
reasonably achievable (ALARA)}, economic
and social factors taken into account

Limitation The exposure of individuals should not exceed
the fimits recommended for the appropnate

circumstances

Risk limits The risk of potential exposure should be

minimised

The ICRP recommends that the maximum permissible dose for occupational
exposure should be 20 mSv per year averaged over five years with a maximum of 50
mSy in any one year. For public exposure, the limitis 1 mM3v per year. averaged over

five years. These figures exclude background levels and medical exposure.

14
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Chapter 3

Biological effects of radiation

3.1. Introduction

The challenge of radiobiclogical research today lies in the uncertainty of possible
heaith effects induced by low doses of radiation. Previously it was necessary to
estimate the biological effects of low doses from high-dose effects. such as cancer
development in atomic bomb survivors. Recent scientific advances such as the
sequencing of the human genome and newly developed radiobiclogy techniques
have made it possible to determine how molecules. cells, tissues. animals and
humans respond to low doses of radiation. This information could be instrumental in
the development of new methods for using radiation in *he treatment of disease on
the one hand. and to provide a scientific basis for radiation protecticn on the other

(Washington State University. online).

3.2. Interaction of radiation with matter

When ionising iradiation interacts with matter. ionisations and excitations are
produced in macromclecules or in the ceiidiar medium. Direct ionisation occurs when
a particle is absorbed by a macromolecule (i.e. DNA) wiin the gjection of an
electron. This is the most probable mechanism of biclcgic effect for high-LET
radiation such as neutrons. The seconaary charged pariicies that are produced.

result in a dense column of {onisations more likely {0 interact with DNA (Figure 3-1B)
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Indirect ionisation invoives the absorption of ionising radiation in the cellular medium

{i.e. water), resulting in the formation of ion pairs and unstable free radicals. This

mode of action is dominant for low-LET radiation such as x-rays and gamma rays

(Figure 3-1A). Free radicals have the ability to initiate other chemical reactions and

could thus cause damage throughout the cell (Travis, 1989). Since biologicai

systems consist largely of water, water molecules are the most probable targets of

indirect ionising radiation.
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3.3. Factors influencing radiation response

3.3.1 Physical factors

The most important physical factors that affect the degree and type of biclogical

response are the type of radiation, the total dose administered and the time frame in

which the dose was given (Fajardo et a/., 2001).

After irradiation with very large doses, mostly DSB are introduced and all cellular
functions cease and the cell undergoes immediate cell death (interphase death). Cell
death is defined as “the irreversible loss of reprcductive capacity”. With lower doses
delivered to dividing cells, mostly SSB are introduced with the result that a proportion

of the cells lose their capacity for division or proliferation (Tubiana et al., 1990).
3.3.2 Chemical factors

Chemical substances may either protect cells against the effect of radiation or
enhance destruction. High oxygen levels have an inducing effect on cell killing while
low levels have a protective effect. Halogenated pyrimidings increase the
radiosensitivity of celis while the sulfhydrylamines serves o protect cells against

radiation-induced injury (Faiardo et af.. 2001)
3.3.3 Biological factors

Two of the most important biological factors influencing tr.e response of cells to
radiation are the ability of cells to repair damage and the timing of exposure in terms
of the celi cycle. Celis are most sensitive during the G- phase and least sensitive in
the last part of the S phase. Repair is much more effective after low-LET radiation

than after nigh-LET radiation {Fajardc et a/. 2001).
17
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3.4. Cellular responses to radiation

When ionising radiation interacts with cells it triggers a sequence of processes that

will ultimately result in one of the following end points:

Cells are undamaged by the dose
Cells are damaged, repair the damage, and operate normally
Cells are damaged, repair the damage, and operate abnormally

Cells die as a result of the damage (Samarin, 2001).
These processes are divided into three distinct phases. i.e., a physical phase, a

chemical phase, and a biological phase (Steel, 2002).

The physical phase (induction phase) is marked by interactions between the
charged particle and the molecules in the tissue or medium. giving rise to either

ionisations or excitations.

The chemical phase (processing phase) describes the reaction of damaged atoms

and molecules (free radicals) with other cellular components in an attempt to stabilise

the electronic charge equilibrium in the celi. At the same time. the celi tries to repair

the damage by other means. which couid lead to permanent chemical changes In

biologically important molecules.

All the processes that follow the first two phases are regarded as the biologicatl
phase (manifestation phase) of radiatior repair. The vast majority of DNA lesions
are successfully repaired by enzymatic reactions and wili nave no permansant
influence on the viability of the ceil. Some lesions however will not be repaired and
these would eventually lead to cell death. The sequence of precesses following

exposure 1o ionising radiation is summarised in Figure 3-2.
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lonisations INDUCTION

50

. Initial DNA damage |

Modified gene

: ———__p{  Processing PROCESSING
expression g
Residual DNA
damage
Active cell death Chromosome Mutation Complete repair
aberrations
- Cell dies ' : Cell survives | MANIFESTATION

Figure 3-2: The sequence of processes taking place in cells after radiation (Redrawn from Steel, 2002).

3.5. Radiation effects on the DNA molecule

Deoxyribunucleic acid (DNA) is a large molecule with a characteristic double helix
structure. Each strand is made up of nucleotides, arranged 'n a specific sequence to
specify the genetic code. Nucleotides are subunits consisting of a base, a sugar
group, and a phosphate group. The two strands are held together by hydrogen
bonds between the bases. The long DNA molecule is organised in a highly super

coiled structure, becoming visible as chromosomes during mitosis (Steel, 2002).
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Many different types of damage can occur in the DNA molecule as a conseguence of

radiation (Figure 3-3). The loss or change of a base on the DNA chain always
results in the alteration of the base sequence. changing the genetic code of the cell.
This could be of consequence to the cell, giving rise to a mutation. When breaks
occur in one of the DNA chains. it is not of great consequence to the molecule
because it is usually repaired within minutes after irradiation. using the other strand
as template. If the repair is incorrect, it may result in a mutation. Breaks in both
strands of the DNA molecuie. however, can have a significant impact on the cel,
making it more difficult for the cell to repair accurately. These double strand breaks
are the most likely lesion produced by radiation. resulting in strand separation and
subsequent cell killing. mutation or carcinogenesis. Cross-links can be formed
between two regions on the same DNA strand. two regions on different strands or
between two different DNA molecules. The influence of these lesions on the cell is

unclear. but i could be detrimental if not repaired properly.
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3.6. Chromosomes

Radiation can induce chromosome breaks in somatic cells and germ cells, which can
be transmitted during mitosis and meiosis. When chromosomes break, “sticky ends”
are preduced, resulting in broken ends sticking together. Breaks may rejoin in
original configuration without any influence on cell function or they may rejoin
incorrectly and give rise to an aberration, producing a deletion at the next mitosis.
Broken ends may aiso join other broken ends. giving rise to distorted chromosomes

(Hall. 2000).

Chromatid aberrations are produced when irradiation occurred after DNA synthesis
and only cnhe arm of a chromosome has been affected. Chromosome aberrations. on
the other hand. are produced when cells are exposed to radiation before DNA
synthesis. A chromosome break will be repiicated If not repaired before DNA

synthesis and the damage will be visible in poth daughter cells (Hall. 200G)

When a break occurs in each arm of a chromosome. the "sticky” ends rejoin
incorrectly to form a ring and an acentric fragment {(Figure 3-4A). A secoend
chromosome is formed without a centromere and wilt be lost at the next mitosis.
When two separate chromosomes join to form an interchange. a new chromosome
with two centromeres is formed. termed a dicentric (Figure 3-4B). Symmetricai
translocations are not lethal 1o the celi. bt are associated with several human
malignancies caused by the activation of an oncogene. €. 3. Burkitt s lymphoma
(Kumar. 1987). When a break is preduced in two different chromosomes. broken
pieces are exchanged between the two chromosomes and the “sticky’ ends rejoin 1o
form a translocation (Figure 348). Translocations are visible witn flucrescent in

situ hyoridisation (FISH cr whole chromosome painting:. Probes are availlatle for
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specific chromosomes, which are then visible as fluorescent signals against a dark

background.
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3.7. The haemopoietic system

lonising radiation impairs haemopoiesis through a variety of mechanisms. Damage
to the stem cells of the bone marrow results in a dose-dependent decrease in the
production of and increase in apoptosis of mature haemopoietic cells. Moreover,
ionising radiation alsg alters gene expression and interferes with intracellular and
intercellular signalling pathways. This could lead to the induction of leukaemia, the
most significant haematological complication arising in atomic bomb survivors in

Japan (Dainaik, 2002).

Essentially blood consists of plasma erythrocytes (red blood cells). leucocytes and
thrombocytes (piatelets). Leucocytes are nucleated cells and consist of neutrophils
(65-70%). lymphocytes (25-35%). monocytes {5-10%). eosinophils (1%} and
basophils (<1%) (Hendry and Lord. 1585). Lymphocytes are derived from the same
pluripotential stem cells as the other haemaopoietic cell lines and consist of B- and T-

lymphocytes.

Peripherai red blood cells. granulocytes. and piatelets are fairly radioresistent whiie
lymphocytes show a spectrum of radiosensitivities. in general. B cells are more
radiosensitive than T cells while subpopulations of T cells have varying
radiosensitivities (Tubiana et a/., 1990). Total body irradiatic 1 leads to a rapid fal in
the number of circulating B and T lymphocytes and regeneration is accomplished by
proliferation and differentiation ¢f bone marrow stem celis Many lymphocytes die
within hours of radiation. praoviding a useful indicator of the dose received after a

radiation accident {Hendry ana Lord. 1885}
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Chromosomal aberrations in human lymphocytes have been widely used as
biomarkers of radiation exposure because the lifespan of a peripheral lymphocyte
could be 1500 days (Hall, 2000) reflecting the total amount of chromosomal damage
induced in that period of time. The amount of dicentrics and rings in lymphocytes of
exposed persons usually reflects the radiation dose received. Symmetrical
translocations are classified as stable and can be detected in lymphocytes for many
years after induction because they are not lethal to the cell and are passed on to the
progeny. It was shown in a study on atomic bomb survivors of Hiroshima and
Nagasaki that chromosomal aberrations can persist for as long as 25 years. proving

the value of translocations as biological dosimet »r (Pizzarello and Witcofsky, 1982).

3.8. Apoptosis

Two major mechanisms of cell death exist, namely apoptosis and necrosis. Necrosis
occurs as a response to injury during which cells sweil and lyse. eliciting an
inflammatory response. Apoptosis on the other hand. invelves the activation of a
genetic program and no inflammatory response is produced. Morpholegically, cells
undergoing apoptosis display membrane blebbing and nuclear and cytoplasmic

condensation (Schimmer et a/.. 2001).

Apoptosis is triggered by a variety of stimuil. including cell s..iface receptors such as
Fas. mitochandrial responses to stress. cytotoxic T cells. and radiation. Alf apoptotic
triggers lead to a final pathway where cells reach the goint of irreversiblie commitment
to death. Activation of caspases. calcium influx and loss of mitochondrial membrane
potential result in depletion of ATP and NAD/NADH. changss in intraceliuiar
signaiiing. oxidative damage 1o cellular membranes. disruption of intracellu'ar

compartments. dilatation of endoplasmic reticuium. crossiinking of cyplasmic proteins
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and cell shrinkage. Within the nucleus endonucleases are activated, resulting in

DNA fragmentation (Tannock and Hill, 1998).

Radiation-induced cell death is highly cell-type dependent with cells from the
haemopoietic and lymphoid systems particularly sensitive to radiation. In contrast to
the classical pathways of apoptosis, the induction of apoptosis by radiation is less
well studied, but it has been shown that in vifro gamma irradiation induces apoptosis

in peripheral lymphocytes (Louagie ef al., 1999).

Different cells use different apoptosis pathways and the critical determinant of
whether a cell will live or die depends on the regu.latory mechanism that determines
whether the pathway is activated or repressed (Lewin, 2000). Figure 3-5

summarises the classical pathway for activation of apoptosis via a protease cascade.
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Figure 3-5: Classical pathway for activation of apoplosis via a protease cascade (Lewin, 2000).
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3.9. Bystander effect

The term “bystander effect” was given to the phenomenon in which damage was
induced in cells not traversed by radiation. Bystander effects occur in cells receiving
cell-, medium-, or blood borne signals from many types of cells following exposure to
low- and high-LET radiation (Mothersill and Seymour, 2003). Numerous
experimental studies have been undertaken and some general features were
identified: bystander effects are observed at very low doses, do not increase
significantly with dose and do not contribute significantly to total damage at higher
doses (Ballarini et a/., 2002). Although the underlying mechanisms are still unknown,
cellular communication seems to play a key role, inducing damage by cell killing.
gene mutations, and modifications in gene expression. Mothersill and Seymour
(2003) suggested that, although similar endpoints are seen for low- and high-LET

radiation, the mechanism of induction might be different.

The bystander effect could amplify the biological effect of low dose radiation by
increasing the number of celis showing adverse effects. Baiarini et a/. (2002}
commented on the non-linear response of the bystander effect at low doses and

speculated that, if this feature is confirmed in vivo. cancer risk models at low doses.

such as occupational exposure, may need to be re-evaluated.

3.10. Adaptive response (hormesis)

Hormesis is defined as an effect where a toxic substance acts ke a stimulant in
small doses. but as an inhibitor in large doses (Rigaud and Moustacchi. 1996).
Olivieri et al. (1984) investigated the induction of adaptation by low doses of ionising
radiation on lymphocytes that had incorporated tritiated thimidine and showed that
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cells exposed to thimidine produced only half the chromosome aberrations induced in
cells not exposed to the radioisotope before irradiation (Cited in Medical Radiation
Physics, online). Vijayalaxmi et al. (1995) assessed the induction of adaptive
response in lymphocytes by measuring the frequencies of chromasome aberrations
and micronuclei after an adaptive dose of 1¢cGy and a challenge dose of 150 cGy.
Their findings confirmed the heterogeneity in adaptive response to irradiation
between individuals. The strong positive correlation between chromosome
aberrations and micronuciei promotes the use of micronuclei as the method of choice

over the more tedious chromosome aberration examination.

Although research on adaptive response is ongoing, it is not yet clear what the exact
mechanism is. The working hypothesis is that an inducible molecular process,
possibly mutagenic adaptation. is triggered by low doses and leads to cell protection

against subsequent higher doses (Rigaud and Moustacchi. 1998).

Additional information concerning chronic exposure over long periods of time would
be of great interest and relevance to the radiation protectior community. The
bystander effect and adaptive response are important in determining the biological
responses at [ow doses of radiation and cou'd have a significant influence on the

shape of the dose-response relationship.

3.11. Carcinogenesis

A carcinogen may be defined as an agent that increases the risk of cancer
development compared to development of the same cancer without exposure to the

agent. lonising radiation is seen as a general carcinogen. capable of inducing
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tumours in almost all tissues of mammals, irrespective of species (Pizzarelio and

Witcofski, 1982).

Although radiation tends to increase the incidence of tumours arising naturally in the
population, radiation-induced tumours c:annot be distinguished from these (Pizzarello
and Witcofski, 1982). The exact mechanisms by which genetic instability is induced
by radiation are still uncertain but probably include mutations in genes involved in
DNA synthesis and repair, induction of chromosome instability and aberrant
production of oxygen radicals that can damage DNA. Two groups of genes play
major roles in the development of cancer: protc-oncogenes and tumour suppressor

genes.

Proto-oncogenes are positive growth regulators. promoting the proliferation and
differentiation of normal cells. Tumour suppressor genes code for proteins that
restrain cell growth. Cancer is a multistage process. involving the activation of proto-

oncogenes and the inactivation of tumour suppressor genes (Anderson ef al.. 2000).

Human data on carcinogenesis has been derived from occupationa: exposures,
therapeutic exposures, accidental exposures, and studies of the atomic bomb
survivors in Hiroshima and Nagasaki and from studies of exposure to pregnant
women during medical x-ray examinations (Tannock and Hill. 1998). Estimates of
risk for low doses of radiation and for low exposures over lorng periods of time are
made by extrapolation of data relating to risk after larger (acute) doses. Radiation
risk is defined as the increase in the number of cancer deaths over that expected for
an unirradiated population. Although there is considerable uncertainty about these
extrapolated estimates of risk. a Nordic Study Group examined a cohort of 3182

healthy adults for the presence of chromosome aberrations. micronuciet and sister
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chromatid exchanges (SCE) and found “a highly statistically significant linear trend
for a positive association (p = 0.009) between chromosomal damage in peripheral

lymphocytes and subsequent cancer risk” (Anderson ef al., 2000).

3.12. Biological indicators of genotoxicity

The measurements obtained from biomonitoring procedures are referred to as
biomarkers. They may be biomarkers of exposure, effect, or susceptibility (Anderson

et al. 2000).

Biomarkers of exposure indicate exposure of bio'ogical material, e.g. proteins and
DNA. to chemicals. Biomarkers of effect are used to measure processed biological
activities, e.g. chromosome aberrations and gene mutations. Biomarkers of
susceptibility should provide an indication of individual differences in response to
genotoxic influence, e.g. polymorphic metabolising genes. These genes may
influence the expression of biological effects and the development of cancer

{Anderson et al.. 2000).

Before biomarkers can be used for human population research. they must have been
developed. characterised and validated as biomarkers relevant to environmental
carcinogenesis (Albertini. 1999). Inter-laboratory standardisation of assays for
biomarkers is absolutely essential to ensure reliability. precision. and accuracy before

they can be employed as indicators of DNA damage.

Pnysical monitoring of radiation dose is difficult or impossible after exposure when
monitoring equipment was not in place. An alternative is to measure the level of

exposure by measuring the biological effect rather than the agents itself (Gray et al..
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1995). However, it would be unrealistic to assume that a single biomarker will be

able to measure all biclogical effects after exposure to radiation.

The full biological impact of occupational exposure to low-dose radiation is still
unknown; therefore a multiple-assay approach was followed in this study, measuring
a variety of endpoints associated with radiation damage. It is envisaged that this
approach will identify biomarkers that are suitable for the accurate detection of

radiation-induced genotoxic damage.
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Chapter 4

Single-cell gel electrophoresis (comet) assay

4.1. Introduction and literature review

A variety of techniques for the detection of DNA damage are being used to identify
genotoxic agents and to investigate DNA repair. Over the past two decades the
comet assay has developed into a sensitive, reliable genotoxic test to detect single
strand breaks (SSB) and double strand breaks (DSB) in human, animal and plant

cells (Rojas et al., 1999).

Radiation and chemicals can damage the DNA molecule, producing DNA fragments
of varying lengths. The principle of the comet assay is based on the fact that
negatively charged DNA fragments, embedded in agarose, migrate to the positive
anode in an electric field, producing comet-shaped DNA suuctures that are visible
with fluorescence microscopy. Alkaline treatment facilitates the unwinding and
denaturation of DNA molecules, allowing the detection of single strand breaks. The
extent of this migration is propartional to the amount and type of DNA damage as

smaller DNA fragments migrate further in the gel than larger fragments.

The neutral microgel electrophoresis technique was first developed by Ostling and
Johanson {1984) and was able to detect DSB in individual mammalian cells. Singh
et al. (1988) modified the neutral method, introducing an alkaline version to detect

S8B, DSB, alkaliHabile sites and incomplete excision repair sites. Olive introduced
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another version of the alkaline comet assay in which unwinding and electrophoresis
were conducted at a pH of 12.3 (Cited in Rojas ef a/., 1999). Although the Singh and
Olive methods are identical in principle, the Singh method appears to be more

sensitive (Rojas ef al., 1999).

l.ow-dose ionising radiation is of specific concern in human biomonitoring and
therefore the effects on radiation- and nuclear workers have been studied
extensively. Touil (2002) studied a group of nuclear workers and found no difference
in comet formation between study and control groups. Total exposure to the study
group was estimated from personnel dosimeter records and ranged from 19.54 to
242 mSv. Wojewodska et al. (1998) and Undeger et al. (1993) however, studied
comet formation in radiation workers in hospitals and both found significant
differences between their study- and control groups. The significance of these
studies is the fact that none of the radiation workers received a radiation dose of >50
mSv per year on their personai radiation dosimeters but still displayed comet

formation in lymphocytes.

The comet assay has also been applied in DNA repair studies (Bergqvist et al., 1998;
Mustonen ef a/.,, 1999 and Collins ef a/., 1997). Mendicla-Cruz and Morales-Ramirez
{1999) investigated the repair kinetics of gamma ray-induced DNA damage in mice
leukocytes at certain time intervals after iradiation. They found 80% of DNA damage
visible after 3 minutes of treatment and complete repair after 120 minutes. Their
findings proved the rapid repair capacity of leukocytes in vivo and proposed a useful
method for determination of in vivo repair mechanisms with the comet assay.
Malcolmson et al. (1995) reported the same tendency with an in vitro study on

lymphocytes stating “the most damage is repaired within the first 15 minutes of
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incubation, with a second slower repair completed after 120 minutes”.

Various research groups have studied the effects of harmful substances in the
environment. Ivancsits et al. (2002b) studied the influence of intermittent exposure to
electromagnetic fields on human diploid fibroblasts, and Carere and co-workers

(2002) investigated the genotoxic effects of urban air.

Although the comet assay is a relatively simple method to perform, technical
variables such as the agarose concentration, temperature, pH, composition of the
lysing solution, electrophoresis buffer, electrophoretic conditions of voltage,
amperage, and unwinding and running time may effect the sensitivity of the assay
(Rojas et al., 1999). Speit ef al. (1999) investigated the influence of temperature and
found that performing the experiment at room temperature lead to significantly higher
sensitivity of the comet assay, although the inter-experimental variability also
increased. They concluded that standardised and constant experimental conditions
are an absolute requirement for reliable comet assay results. Rojas ef al. (1999)
confirmed this finding in his review of the comet assay, stating that an unwinding and
electrophoresis temperature of 15°C appears to give maximum sensitivity without

comet formation in controls.

Figure 4-1: Photomicrographs of comet formation in unirradiated lymphocytes after treaiment with the alkaline
comet assay. A: electrophoresis at 13°C, B: electrophoresis at 21°C.
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Thus, technical variability of the comet assay necessitated careful standardisation to
compensate for individual research requirements. De Boeck ef a/. (2000)
investigated the inclusion of a positive (ethyl methanesuifonate-treated cells) and
negative internal standard (untreated cells) and found a negative intemal standard to

be more reliable due to its inter-experimental stability.

Quantification of DNA damage is mostly done by means of dedicated image analysis
software. Tail moment, originally defined by Olive as the average distance migrated
by the DNA muiltiplied by the fraction of DNA in the comet tail, is a popular and
sensitive endpoint, but also varies between laboratories. However, when any part of
an image becomes saturated (too much fluorescence), the amount of DNA in the
comet cannot be quantified accurately. making the calculation of the tail moment

inaccurate (Olive, 1999).

Although visual scoring of comets may be subjective, Collins et al. (1995) found a
clear relationship between the percentages of DNA in the tail as measured by image
analysis software (Komet 2.2, Kinetic imaging LTD.) and visually classifying comets
into five categories of DNA damage. Gutiérrez et al. (1998) compared comet length
as measured by an ocular scale to visually classified comets and found a correlation
coefficient (r) of 0.93 (p < 0.001) and 0.84 (p < 0.001) for pre- and post-treatment

samples respectively.

lvancsits et a/. (2002b) used another metinod of visual scoring in a study on
electromagnetic fields whereby a "comet tail factor” was calculated after a thousand
comets per dose point were classified into five categories of DNA damage. The 1ail

factor reflects weighted DNA damage and makes it possible to quantify and compare
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DNA damage as a single figure.

The correlation between the comet assay and other genotoxic endpoints is still under
investigation. Although Malcolmson et al. (1895) found a positive correlation
between the comet- and micronucleus assays in the lymphocytes of severely
radiosensitive cancer patients, they admitted that the use of the lymphocyte might be
limited in reflecting variability in normal tissue at risk during radiotherapy. However,
they reported an association between the determination of repair proficiency in the
comet assay and the micronucleus assay. Touil (2002) compared the comet assay
with the micronucleus assay and fluorescent in situ hybridisation (FISH) and
concluded that a “positive correlation between mechanistically related biomarkers
has confirmed the relevance of these biomarkers to assess genotoxic effects after

exposure to ionising radiation”.

4.2. Aim of study

The aim of this experiment was to validate the alkaiine come! assay for the detection
of initial DNA strand breaks induced by low-level gamma and neutron radiation
between 0 and 4 Gy. Experimental conditions were adjusted tc produce comets with
<5% DNA migration in control (O Gy) samples. Different qualities and doses of
radiation were used to establish in vitro dose response relationships and to evaluate
the efficiency of the comet assay to distinrguish between different doses of gamma
and neutron irradiation. Different cell preparations wers used to investigate comet
formation in viz., isolated lymphocytes, cryopreserved isolated lymphocytes. and

whole biood.
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4.3. Methodology

43.1 Cell preparation

Fresh blood from one healthy female donor was used throughout the study. Five
millititres of blood was drawn into Vacutainer tubes containing EDTA (ethylene

diamine tetra-acetic acid) as anticoagulant and processed within one hour.

Three different cell preparations were analysed. Firstly, peripheral lymphocytes
were isolated with Histopaque-1077 (Sigma), washed with Mg™ and Ca™ free
Dulbecco’s phaosphate buffered saline (PBS, Sigma) and diluted in 10 mi RPMI 1640,
supplemented with 5% heat inactivated foetal calf serum (FCS) to produce a cell
count of 1.4 x 10° cells/m| of medium. A cel) viability test was performed by mixing
100 pl cell suspension with 100 ul 0.4% Trypan Blue stain. Cells were counted in a

haemocytometer and the percentage of dead celis was calculated.

Secondly, isolated iymphocytes were resuspended in 1.8 mt RPMI plus 0.2 ml
DMSO and cryopreserved at —70°C. After three weeks the cell suspension was
thawed in a 37°C water bath, resuspended in 8 m! RPMI. and pelleted by
centrifugation. The pellets were resuspended in 2 ml RPM! and pooled for a Trypan

Blue cell viability test.

Lastly, undiluted EDTA biood was processed and irradiated within one hour of

collection.
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4.3.2 Preparation of slides

Preparation of reagents and slides was performed according to the method described
by Tice and Vasquez (1999). Buffer temperature and electrophoresis time were

adjusted to produce controls with <5% DNA in the tail.

One percent normal melting point agarose (NMA, Sigma) and 0.5% low meiting point
agarose (LMPA, Sigma) were diluted in Ca ** Mg ™" free PBS and carefully heated in
a microwave oven until the agarose was just dissolved. NMA was used hot and the
LMPA was cooled and maintained at 37°C for use. Fresh NMA and LMPA were

prepared for each experiment.

Clear microscope slides with frosted ends (76 x 26 mm, B & C, Germany) were
dipped into hot NMA and left to dry at room temperature. Duplicate slides were
prepared for each dose point and labelled before coating. Twenty microliters (pl) of
isolated cell suspension or 5 pl of undiluted whole blood was mixed with 75 pl of
LMPA (37°C), dropped onto the coated slides. and covered with a cover slip (24 x 50
mm, Marienfield). Care was taken to prevent formation of air bubbies in the agarose.
Slides were left on ice for 3-5 minutes to solidify before the cover slip was removed
and another layer of 75 ul LMPA was added. Slides were cover-slipped, covered
with tin foil. and returmed to ice until iradiated. All steps involving cells were
performed under yellow light or in the dark to prevent further DNA damage. An

illustration of the preparation of cell layers is given in Figure 4-2.
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Figure 4-2: Layering of cells and agarose on microscope slide before electrophoresis.

4.3.3 Irradiation procedure

Gamma irradiation was performed using a *Co y-source (Theratron 780C,
Theratronix International), delivering a dose-rate of 0.5 Gy/min at a source surface
distance (SSD) of 100 cm, a field size of 10 x 10 cm?and agantry angle of 0°. Slides
were placed side-by-side in the centre of the radiation beam on a water phantom and
covered by 0.5 cm build-up material. The dose at the position of the slides was
verified by using a 0.6 cm® thimble Farmer ionisation chamber, type 2505/3 and a
Farmer electrometer, model 2570. The dosimetry system was calibrated against a

national standard at the CSIR in Pretoria, South Africa.

Neutron irradiation was performed using the cyclotron at iThemba LABS at Faure,
using a dose rate of 0.35 Gy/min produced by 66 MeV protons bombarding a 19.6
mm thick beryllium target. The p(66)/Be(40) neutron beam generated had a large

spectrum of energy with a maximum value of 64.15 MeV (Schreuder, 1992). A field
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size of 20 x 20 cm® and SSD of 150 cm was used at a gantry angle of 0°. Slides
were placed side-by-side in the centre of the beam on a 10 ¢cm thick perspex block
with 2 em nylon as build-up material and 6 cm Perspex as backscatter. The dose at
the position of the slides was verified by means of an 80 cm® Far West (model 1C-80)
ionisation chamber {Far West Technology) and a BNC Portanim (mode! AP-2H)

current digitiser (Berkeley Nucleomics, Corporation, USA).

Doses of 0.25, 0.5, 1.0, 2.0. and 4.0 Gy were applied for both types of irradiation and
for all cell preparations. Control samples (0 Gy) were treated identical but sham
imadiated. Slides were irradiated at room temperature, but were returned to ice

immediately after irradiation.

Cover slips were removed and slides were placed in cold lysing solution consisting of
2.5 M sodium chloride (NaCl, Merck); 100 mM ethylene diamine tetra-acetic acid
(EDTA, Merck); 10 mM Tris hydroxymethyl aminomethane {Merck). 1% Triton X-100
(t-octylphenoxypolyethoxyethanol, Sigmaj and 10% DMSO (Merck) at 4°C overnight

in the dark.
4.3.4  Electrophoresis

Slides were removed from the lysing solution and put side-by-side on the horizontal
gel box in an electrophoresis tank (MAX Electrophoresis gel Lnit, mode! HE 98.
Hoefer Scientific Instruments) filled with fresh. chilled electrophoresis buffer
consisting of 10 N sadium hydroxide (NaOH: Merck) anc Z23C mM EDTA with a pH of
>13. The buffer temperature was maintained at <12 °C throughout the procedure by
means of ice packs around the tank. As the tank could only accommodaie 12 slides

at a time. one slide per dose point for each radiation type was electrophoresed in
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each of two batches to reflect intra-experimental variation. Slides were left in the
tank for 30 minutes to unwind at a temperature of 7-10°C. The power supply (PS
500X DC Power Suppiy, Hoefer Scientific Instruments) was turned te 25 V and the
current was adjusted to 300 mA by lowering or raising the buffer level in the tank.
Slides were electrophoresed for 25 minutes at a temperature of 10-12°C, drained,
and neutralised by submerging the slides in 3 changes of neutralising buffer (0.4 M
Tris) for 5 min each. The fixation with ethanol as described by Tice and Vasquez
{1999) was omitted to prevent DNA clumping (Singh and Stephens, 1997). Slides
were drained and left to dry at room temperature, stained with 60-75 gl of ethidium
bromide (20ug/mi), covered with a cover slip. anc scored within an hour. Care was

taken to prevent the formation of air bubbles under the cover slip.
4.3.5 Microscopic analysis

Comets were analysed using a 40x objective on a Nikon Labophot-2 microscope with
an Episcopic EFD-3 flucrescence unit equipped with an excitation filter of 515-560
nm and a barrier filter of 590 nm. One hundred comets wers scored per slide. A

Nikon Coolpix 990 digital camera was used to capture photomicrographs.

Comets were visually classified into five grades of DNA damage corresponding to the
approximate amount of DNA in the tail. Grade 1 comets (Figure 4-3 A) had a tight
nucleus with very little DNA in the tail. Grade 2 comets (Figure 4-3 B) aiso displayed
very little migrated DNA. but & few DNA fragments were clearly visib'e around the
nucleus. Grade 3 comets (Figure 4-3 C) showed more DNA migration in the tail with
a nucleus that was starting to unravel. but stilt had clear nuclear boundaries. Grade

4 comets (Figure 4-3 D) had only 2 small visible nuclear area with almost all the DNA
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migrated into a longer tail. Grade 5 comets (Figure 4-3 E) had no visible nucleus
with a long diffuse tail of DNA fragments. Hedgehogs (Figure 4-3 F) were classified
as cells containing a small, bright area of condensed DNA (head) and a large fan-

shaped tail (Choucroun et al., 2001).

Results were expressed as comet tail factors, calculated according to Ivancsits et al
{2002a). Tail factors made it possible to quantify weighted DNA damage as a single
figure. Tail factors were calculated according to the following formula:

AFs+BFs + CFc+DFo +EFe
Cells counted

Tail factor =

Where:

A —E = number of cells classified as grade 1 to grade 5

Fa = average % of migrated DNA in grade 1 (2.5%)
Fg = average % of migrated DNA in grade 2 (12.5%)
Fe = average % of migrated DNA in grade 3 (30%)
Fo = average % of migrated DNA in grade 4 (67.5%)
Fe = average % of migrated DNA in grade 5 (>97.5%)

Hedgehogs (ghost cells) were reported but not included in calculation of tail factor.

Figure 4-3 on the following page shows the different DNA migration patterns that

were used in grading criteria.
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Figure 4-3: Photomicrographs of comets displaying the DNA migration pattern of each grading category. A to
E represent comets classified into grade 1 to 5 as described in 4.3.5 and F shows a cell classified as a hedgehog

44, Statistical analysis

Dose-response curves and histograms were generated with Microsoft ® Excel 2000
(9.0.2720). Standard deviations (SD) and averages of tail factors were calculated
from three experiments using the STDEV and AVERAGE statistical functions
respectively. p-Values were calculated using the two-sample student’s t-test (TTEST

function), assuming unequal variances. Coefficients of variation were calculated as
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measure of inter-experimental variability using the following formula:

CV = 8D/Mean x 100

4.5. Results

The alkaline comet assay was performed on freshly isolated peripheral lymphocytes,
cryopreserved isolated lymphocytes, and fresh whole blood. Isolated lymphocytes
and whole blood samples were irradiated with doses ranging from 0 to 4 Gy gammas
and neutrons, but cryopreserved isolated lymphocytes were only iradiated with

gammas.

All graphs have been constructed from the data summarised in Tables 4.1 tc 4.5.
Dose-response curves were compiled by plotting average tail factors as function of
radiation dose. Tail factors were calculated according to the formuia explained in
section 4.3.5 of this chapter. All data points represent the average values of three

independent experiments. Error bars represent - one standard deviation

DNA distribution is represented by means of histograms. displaying the percentage of
cells classified into each category of DNA damage for all celi preparations and
radiation qualities. One hundred comets were scored per slide. Radiation doses of

0, 0.25, 0.5, 1.0, 2.0. and 4.0 Gy were applied for both radiati’ n qualities.

451 Cell viability

Cell viability was tested in isolated lymphocytes and cryopreserved isclated

lymphocytes by means of a Trypan Blue viability test. Cell viability was 99.3% for
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isolated lymphocytes and 96.7% for cryopreserved isolated lymphocytes.

4.5.2 Inter-experimental variability

The average values of three independent experiments are summarised in Table 4—1
to Table 4-5. The data in columns G1 to G5 of each table represent the number of
comets observed in 200 cells multiplied by the relevant weighting factors (explained
in section 4.3.5). The values in blue represent the percentage of cells classified into
each category of DNA damage. p-Values indicate the significance of the difference
between the control value and a specific dose point and p-values < 0.05 are indicated

by an asterisk.

The inter-experimental variability of cell analysis in the different cell preparations is
illustrated in Figure 4-4 to Figure 4-8 by plotting the tail factors of three individual
experiments as function of radiation dose. Control (0 Gy) values were not subtracted
in order to compare comet formation in unirradiated samples. Standard deviation
(SD) and coefficient of variation (CV) of tail factors were calculated from three

independent expernments.

Three experiments were carried out in which isolated lymphocytes were exposed to
gamma and neutron irradiation. Average values are presented in Table 4-1 and
Table 4-2 and inter-experimental variability of experiments is illustrated in Figure 4-4
and Figure 4-5. The CVs for isolated lymzhocytes ranged from 6% (4 Gy} to 30%

(0.25 and 2 Gy) for gammas and 6% (1 Gy to 38% (0 Gy; for neutrons.

Cryopreserved isolated lymphocytes were only exposed to gamma radiation. The

average values of three experiments are displayed in Table 4-3 and inter-
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experimental variability of experiments is graphically displayed in Figure 4-6. CVs

ranged from 1% {(4Gy) 1o 27% (0.25 Gy).

Whole blood samples were irradiated with both gammas and neutrons with the
results of three experiments summarised in Table 44 and Table 4-5. Gamma-
irradiated whole blood produced the least inter-experimental variability with CVs
ranging from 3% for the 2 Gy-sample and 19% for the 0.25 Gy-sample while CVs for
neutron-iradiated whole biood ranged from 7% (2 Gy) to 45% (0.5 Gy). Results are

graphically illustrated in Figure 4-7 and Figure 4-8.
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Table 4-1: Average values of three experiments in which isolated lymphocytes were irradiated with different
doses of “Co-y -rays. Values in the first column of each grade display the results of weighted DNA damage
while values in blue represent the average percentage of cells classified into each category of DNA damage. p-
Values indicate the significance of the difference between the control value and a specific dose point.

Isolated Lymphocytes —~ Gammas

Dose G G2 G3 G4 G5 HH TF SD oCV
(Gy)
0 408 81 167 7 210 4 765 6 488 2 2 10 08 8

0.25 404 31 ] 246 10 230 4 518 3 | 325 2| 1 8 27 30
a.5 | 255 5-11 | 892 7 36 -3:60 6 810 6 260 1 1 13 20 5
| 1.0 11 2 2013 -81 530 9 878 6 300 | 2| 2 19*| 33 | 18
2.0 7 0 0 1025 7 30| 2640 | 35| 1755 23 380 | 3| 2 29 149 30

4.0 2 0 21 1 870 | 15| 11025 81 520 | 3| 2 62* 42 6

G1-G5: Grade 1 to Grade 5: HH: Hedgehogs'100 comets; TF: Tail factor; SD: + One Standard Deviation; CV:
Coefficient of variation; * = p-value<0.05.

—_— = e

| Isolated Lymphocytes - Gammas

| —*—Bp1 |
1 —8—Bp2
—a—BExp3

Tall Factor

Figure 4-4: Dose-response curves of isolated lymphocytes after exposure to gamma irradiation. Tail factors
are plotted as function of dose and illustrate the reproducibility of comet scoring in three individual experiments.
Tail factors are given next to each data point.
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Table 4-2: Average values of three experiments in which isolated lymphocytes were irradiated with different
doses of 66 MeV neutrons. Values in the first column of each grade display the results of weighted DNA damage
while values in blue represent the average percentage of cells classified into each category of DNA damage. p-
Values indicate the significance of the difference between the control value and a specific dose point

Isolated Lymphocytes — Neutrons

Dose

G1 G2 G3 G4 G5 HH TF sSD cv
(Gy)
0 398 80 208 8 120 2 1170 9 260 1 1 11 423 38

0.25 356 _ 71 479 18 120 2 878 7| 2281 1 3 18 | 253 25
0.5 7 ;'2197 ] 44 992 40 220 4 1463 10 390 2 3 16 | 352 | 22
1.0 57 ) 117 7 1763 . 71 430 7 1283 9 203 2 4 19 | 105 &
2.0 2 0 71904 76| 580 | 10 1553 | 12| 455 | 2 3 22* | 388 18

4.0 6 1 413 17 3290 55 3398 25 455 2 5 38* 6.76 18

G1-G5: Grade 1 to Grade 5: HH: Hedgehogs/'100 comets; TF: Tail factor; SD: + One Standard Deviation; CV:
Coefficient of variation; * = p-value<0.05.

— -
Isolated Lymphocytes - Neutrons

|
e D
|

\
i

|
| 0 05 1 1.5 2 25 % 35 4 45
|
|

Figure 4-5: Dose-response curves of isolated lymphocytes after exposure to neutron radiation. Tail factors are
plotted as function of dose and illustrate the reproducibility of comet scoring in three individual experiments.
Tail factors are shown without control (0 Gy) values subtracted

47



Chapter 4

Single-cell gel electrophoresis (comet) assay

Table 4-3: Average values of three experiments in which cryopreserved isolated lymphocytes were irradiated
with different doses of ®Co-y-rays. Values in the first column of each grade display the results of weighted
DNA damage while values in blue represent the average percentage of cells classified into each category of
DNA damage. p-Values indicate the significance of the difference berween the control value and a specific dose

point

Cryopreserved lymphocytes - Gammas

Dose

(Gy) G1 G2 G3

-0_-77 73787 767 7 3_3737 _13_- 126
0-25 19;3 39 1517- 53 160
s 35 7 1913 T8 3%0
1.0 0 0 1546 73 680
2.0 | 0 707 12; 1 ._ 2900
4._077 7 a g 7 07 - 0 60

G4
2 -563
2 540
6 878
15 923
60 -4388
1 12015

36

89

G5 HH TF SD cCvV

975 5 6 12 | 13| 1Y
423 2 8 12 ) 36| 27
813 B 9 20 28 14
650 B 10| 23% | 20| @8
390 3 g | &% | IS5 | 17T

1950 ;1 16| 42 | T0* | 0.7 1

GI-G3: Grade I to Grade 3: HH: Hedgehogs/100 comets; TF: Tail factor; SD: = One Standard Deviation; CV:

Coefficient of variation; * = p-value<0.05.

! Cryopreserved Lymphocytes - Gammas

——Exp1 |

Tail Factor

—S—bp2
——bBxp 3

Figure 4-6: Dose-response curves of cryopreserved isolated vmphocytes after exposure to gamma radiation.
Tail factors are plotted as function of dese and illustrate the reproducibility of comet scoring in three individual
experiments. Tail factors are shown without control (0 Gy) values subtracted.
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Table 4—4: Average values of three experiments in which whole blood was irradiated with different doses of
gamma radiation. Values in the first column of each grade display the results of weighted DNA damage while
values in blue represent the average percentage of cells classified into each category of DNA damage. p-Values
indicate the significance of the difference between the control value and a specific dose point

Whole blood — Gammas

Dose Gl G2 G3 G4

(Gy)

0 483 96 88 4 0 0 0 0
025 289 _53 _1045 42 20 0 0 0
_o.s 18 47 2363 94 50 1 23 0
1.0 \2:;, ; 2167 8 420 7 90 1
2.0 0 -o 263 10- 5080 85 270 2
4.0 1 0 4 0 330 6 12150 90

163
195
553

813

TF SD
3 04
™ | 1.3
13* | 0.7
14* | 1.7
30" 08
64* 3.0

13

19

12

GI1-G3: Grade | to Grade 5: HH: Hedgehogs/100 comets; TF: Tail factor; SD: + One Standard Deviation; CV:

Coefficient of variation; * = p-value<0.05.

Whole Blood - Gammas

Tail Factor

0 05 1 15 2 25
Dose in Gy

35

45

——Exp 1
—8—Exp2
—4&—Exp 3

Figure 4-7: Dose-response curves of whole blood after exposure to gamma radiation. Tail factors are plotted

as function of dose and illustrate the reproducibility of comet scoring in three individual experiments. Tail

factors are shown without control (0 Gy) values subtracted
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Table 4-5: Average values of three experiments in which whole blood was irradiated with different doses of
neutrons. Values in the first column of each grade display the results of weighted DNA damage while values in
blue represent the average percentage of cells classified into each categary of DNA damage. p-Values indicate
the significance of the difference between the control value and a specific dose point

Whole blood — Neutrons

Dose G1 G2 G3 G4 G5 HH TF SD cv
(Gy)

0 478 9% 104 4 0 O 4 0 0 0 0 3 033 11

0.25 293 59 1013 40 30 1 45 0 0 o, 0 T 3.04 43
0.5 162 | 33 | 1613 | 65 | 80 1 180 1 33,010 10 449 45

1.0 42 8 2246 S0 80 1 23 1 65| 0| O 2% 1.5 13

2.0 3 1 2379 95 230 4 23 0 g5/ 0! 0 13* 087 T

4.0 0 0 225 9 4400 73 2363 18 33 0 O 35" 1201 34

G1-G3: Grade 1 to Grade 5; HH: Hedgehogs/100 comets; TF: Tail factor; SD: + One Standard Deviation; CV:
Coefficient of variation; * = p-value<0.05.

Whole Blood - Neutrons

40 P B
/ ——bp1
i s | —S—Bp2
//7 | —a—Ep3

Tail Factor
]

0 05 1 15 2 25 3 35 4 45

Dose in Gy

Figure 4-8: Dose-response curves of whole blood after exposure to neutron radiation. Tail factors are ploned
as function of dose and illustrate the reproducibility of comet scoring in three individual experiments. Tail
Sfactors are shown without control (0 Gv) values subtracted
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4.5.3 Distribution of damage

Figure 4-9 and Figure 4-10 display histograms of the distribution of DNA damage in
freshly isolated lymphocytes from *°Co y-rays and a 66 MeV neutron beam
respectively. Solid lines in red represent the tail factors for each dose point with error

bars indicating + one standard deviation.

Eighty percent of unirradiated samples were classified as grade 1 while the
percentage decreased to 0% in samples irradiated with 4 Gy gammas. The
distribution of DNA damage in neutron-irradiated samples was similar with 80% of
control cells classified as grade 1 and only 1% classified as grade 1 in the 4 Gy

samples.

Isolated Lymphocytes - Gammas

i & R Grade 5
g B Grade 4

‘ g B Grade 3

< Grade 2

; g C—IGrade 1

‘ ——T

| = ail Factor

|

| 0 0.25 05 1 2 4

1 Dose in Gy

|

Figure 4-9: Distribution of DNA damage for isolated lymphocytes irradiated with ®Co y-rays. Histograms
display the percentage of cells classified into each category of DN damage per dose point. The solid line in red
represent the tail factor for each dose point with error bars indicating = one standard deviation.
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Isolated Lymphocytes - Neutrons
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Figure 4-10: Distribution of DNA damage for isolated lymphocytes exposed to neutrons. Histograms display
the percentage of cells classified into each category of DNA damage per dose point. The solid line in red
represent the tail factor for each dose point with error bars indicating = one standard deviation.

Figure 4-11 displays histograms of the distribution of DNA damage in cryopreserved

isolated lymphocytes irradiated with ®Co y-rays. Solid lines in red represent the tail

factors for each dose point with error bars indicating + one standard deviation.
Cryopreserved samples were only exposed to gammas and displayed more damage
in control samples than fresh lymphocytes with 76% and 13% comets classified as
Grade 1 and Grade 2 respectively. This higher radiosensitivity was also observed in

iradiated samples with 89% Grade 4 damage in the 4 Gy-sample.
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Cryopreserved Isolated Lymphocytes - Gammas
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Figure 4-11: Distribution of DNA damage for cryopreserved isolated lymphocytes exposed to “Co y-rays.
Histograms display the percentage of cells classified into each category of DNA damage per dose point. The
solid line in red represent the tail factor for each dose point with error bars indicating + one standard deviation.

Figure 4-12 and Figure 4-13 display DNA damage in whole blood induced by
gamma- and neutron irradiation. Compared to DNA damage in isolated lymphocytes,
much less damage was observed in control samples (S6% versus 81% Grade1), but
whole blood displayed more radiosensitivity in the high-dose (4 Gy) samples (30%

versus 81%). The same tendency was observed in neutron-irradiated cells.
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Whole Blood - Gammas |

% DNA Damage

Figure 4-12: Distribution of DNA damage for whole blood irradiated with %Co y-rays. Histograms display the
percentage of cells classified into each category of DNA damage per dose point. The solid line in red represent
the tail factor for each dose point with error bars indicating = one standard deviation.
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Figure 4-13: Distribution of DNA damage for whole blood exposed to neutrons. Histograms display the
percentage of cells classified into each category of DNA damage per dose point. The solid line in red represent
the tail factor for each dose point with error bars indicating = one standard deviation.
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Figure 4-14 shows the observation of hedgehogs in gamma- and neutron-irradiated
isolated lymphocytes. Hedgehogs were counted but not included in the 200 comets
classified per dose point. Both radiation qualities induced hedgehogs in isolated
lymphocytes but a marked increase was observed in neutron-irradiated cells with a
total of 19 hedgehogs per 100 comets induced by neutrons and 10 hedgehogs

induced by gammas. No hedgehogs were observed in whole blood samples.

Hedgehogs in Isolated lymphocytes

20— —— |

16 —— =

- §1 PR —

Hedgehogs/100 comets

Dose in Gy

Figure 4-14: Hedgehogs observed in gamma-and neutron-irradiated isolated lymphocytes while scoring one
hundred comets. Histograms display the average number of hedgehogs in three e~ periments and are plotted as
function of dose. Error bars indicate + one standard deviation.

Figure 4-15 shows the observation of hedgehogs in isolated lymphocytes,
cryopreserved isolated lymphocytes and whole blood exposed to gamma radiation.

Compared to freshly prepared isolated lymphocytes, the number of hedgehogs
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observed per 100 comets in cryopreserved isolated lymphocytes was on average 5.4
times higher (54 versus 10). Cryopreserved isolated lymphocytes were only exposed

to gamma radiation. No hedgehogs were observed in whole biood samples.

Hédgehogs induced by gamma radiation
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Figure 4-15: Hedgehogs observed in isolated lymphocytes, cryopreserved isoluted f_ltm_pho(,:;'tes and whole
blood exposed to gamma radiation while scoring one hundred comets. [{istogr.ams display the average number
of hedgehogs in three experiments and are plotted as function of dose. Note: No hedgehogs were observed in
whole blood samples, therefore no bars are shown.

Figure 4-16 shows DNA damage observed in unirradiated (0 Gy) samples of all cell
suspensions. Whole blood displayed the least amount of damage in control sampies
with all the cells classified as either Grade 1 (96%) or Grade 2 (4%) while isolated
lymphocytes (81% Grade 1, 7% Grade 2, 4% Grade 3, 6% Grade 4, 2% Grade 5)
and cryopreserved isolated lymphocytes (76% Grade 1, 13% Grade 2, 2% Grade 3,

4% Grade 4, 5% Grade 5) produced comets in all categories of DNA damage.
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4.5.4 Dose-response relationships

Figure 4-17 compares dose-response relationships of ali ceil suspensions in
response to gamma- and neutron irradiation. Control (0 Gy) values have not been
subtracted from tail factors in order to compare the formation of comets in

unirradiated samples.

All cell suspensions showed statistically significant dose-response relationships in
response to both qualities of radiation with tail factors of whole biood samples
ranging from 3 to 65 for gammas and 3 to 35 for neutrons. {solated lymphocytes
expressed higher background damage with tail factors ranging from 10 to 62
(gammas) and 11 to 38 (neutrons). Cryopreserved isolated lymphocytes produced

slightly higher tait factors of 12 to 70 for gamma-irradiated samples.

Neutron-irradiated samplies of whole blood and isolated lymphocytes were less
radiosensitive to radiation doses above 1 Gy. expressing consistently lower tail
factors than gamma-irradiated samples. Tail factors of 4 Gy-irradiated samples were

82 (gammas) and 38 (neutrons) for isolated lymphocytes. and 64 {(gammas) and 35

{neutrons) for whole blood samples.

The difference between tail factors for gamma- and neutron-exposed cells was
significant only in the 4 Gy-sample of isofated fymphocytes (p < 0.007}. Boththe 2

and 4 Gy samples of whole blood displayed a significant difference with p-values of

0.00002 and 0.048 respectively.

The difference between control samples and irradiated samples was most significant

in gamma-irradiated whole blood with a p-vaiue of 0.026 in the 0.25 Gy-sample and
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highly significant in the 4 Gy sample with a p-value of 0.00006. Other cell

preparations were only significant above 1 Gy.

Dose-response of all exposed cells

Tail Factor

| o as 1 15 2

| Dose in Gy

- - & - -Isol Lymphs Gamma - - & - -Isol Lymphs Neutrons — -& — Cryo Lymphs Gamma
—8— Whole Bicod Gammas ——=&—— Whole Biood Neutrons

Figure 4-17: Dose- response relationship of all cell preparations in response to gamma- and neutron radiation.
Data points represent the average tail factors of three independent experiments.
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4.6. Discussion

4.6.1 Methodology

The alkaline comet assay was validated for the detection of initial DNA strand breaks
in lymphocytes and leukocytes induced by gamma- and neutron irradiation. Although
the principle of the method is relatively simple and easy to perform, a small vanation
in certain experimental conditions can influence the outcome of the assay

significantly.

The temperature of the electrophoresis buffer is one such variable that acts directly
on the consistency of the agarose and ultimately determines the migration pattern of
DNA fragments. It was found that a buffer temperature of 21°C produced controls
with too much DNA in the tail (tail factor not calculated) but a temperature of 7 to
13°C proved to be optimum for the experimental conditions of this study (Figure 4-1).
Rojas et af. (1999) confirmed this result, stating that an unwinding and

electrophoresis temperature of 15°C appeared to give maximum sensitivity without

comet formation in conirols.

It was also found that an incorrect method of neutraiisation could affect the
appearance and hamper the identification of comets. Slides w- re first dropped with
neutralisation buffer as suggested by Tice and Vasquez (1999). but unevenly coated
slides praduced comets with an unclear migration pattern. making it difficult to
classify comets into a category of damage. Submersing the slides in neutralisation

buffer rather than dropping the buffer onto the slides appeared te have solved the
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prablem, but great care had to be taken to prevent gels from slipping off the slides.
4.6.2 Dose-response

Dose-response curves indicating initial DNA damage were established by irradiating
cells with different doses of gamma- (low LET) and neutron (high LET) radiation.
Cells imadiated with neutron doses above 1 Gy displayed less damage than gamma-
iradiated cells. This could be attributed to the fact that low-LET radiation produces
DNA breaks throughout the nucleus while neutrons produce concentrated lesions,
known as “locally multiply damage sites” (LMDS) (Dainiak. 2002: Hill, 1999). The
higher quantity of smalier DNA fragments induced sy low-LET radiation was visible
as highly damaged cells with resultant higher tail factors. Although the lesions are
more lethal, less DNA fragments are produced by high-LET radiation resulting in
lower taif factors. This tendency was observed in ail cell preparations. No significant

difference in dose-response was observed in the 0 to 1 Gy dose region (p = >0.05).
4.6.3 Distribution of damage

Damage distribution histograms displayed distinct differences in the pattern of
damage in the three cell preparations. Whole blood samples displayed very few
hedgehogs (HH) and highly damaged cells (HDC) in control samples but the
presence of high numbers of hedgehogs and HDCs in all samples of cryopreserved-

and freshly isolated lymphocytes was a sucrising observation.

Most studies on the comet assay have used image analysis software that exciuded
HDCs and hedgehogs from analysis (Lebailly et a/.. 1997:) and groups either did not

comment on their observation (Wojewodzka et al.. 1998) or did not encounter these
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celis at all. One group that mentioned HDCs in their discussion was Banath et al.
(1998). They used whole blood and isoiated lymphocytes in their study on the repair
of DNA strand breaks and confirmed the findings of this study that isolated
lymphocytes showed more DNA damage than whole blood samples. They
speculated that the isolation procedure and/or the presence of radioprotective
substances in whole blood could be the reason for the difference in response.
However, the presence of radioprotective substances could not have influenced the
response of whole blood cells to radiation in the present study, as only 5 ul of whole
blood was suspended in 75 pl of agarose and would have no radioprotective effect in
such a high dilution. Itis more likely that endogen.,us damage to cells has led to
HDCs. Giovannelli et al. (2003) measured DNA strand breaks in polymorphonuclear
and mononuclear cells separately and aiso found more damage in isolated cells than
whole blood. They reported, “... breakage of DNA strands is the type of DNA
damage that appears to be specifically sensitive to gradient separation. whereas

oxidation of DNA bases does not seem to be affected”.

Banath et a/. (1998) did not comment on hedgehogs as such. but classified HDCs as

apoptotic or necrotic cells “since almost all of the DNA migrates away from the comet
head”. These cells were excluded from their calcuiation of mean tail moment. Due to
the fact that only initial DNA damage was measured in the present study. the

classification of HDCs and hedgehogs as apoptotic or necrotic cells would not apply

here. The high viability (99.3%) of isolated cells proves that these celis are not dead:
rather merely badly damaged. The fact that HDCs and hedgehogs appeared in ail
dose points of both lymphocyie preparations in a dose responsive manner suggests

that the isolation process made isolated cells mere vuinerabie to the effects of
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radiation than whole blood cells.

Although the distribution of DNA damage differed greatly among different cell
preparations, the dose-response relationships did not vary significantly. The use of
only one DNA damage parameter in analysis of genotoxic agents, e.g. tail factor or
mean tail moment, could thus confound the actual pattern of DNA damage that could
otherwise have been valuable in the assessment of the genotoxic potential of a

substance or agent.

4.7. Conclusion

The comet assay has been employed for the detection of DNA strand breaks after
different cell preparations were exposed to different qualities and doses of radiation.
Although the assay could not distinguish between cells irradiated with different
qualities of radiation in the low-dose (< 1Gy) region. the assay IS sensitive enough to
detect comet formation in whole blood exposed to gamma doses above 0.25 Gy.

Doses below 1 Gy did not produce statistically significant dose-response curves for

any of the other cell preparations.

The isolation procedure and cryopreservation of lymphocytes proved to play an
influential role in the induction of HDCs and/or hedgehogs and needs to be
investigated in more depth. |t was also shown that the observation of hedgehogs is
not an indication of apoptosis as this study was conducted immediatelv after

irradiation before an apoptotic response could have been elicited.

Once standardised for specific experimental conditions. the alkaline comet assay is a

sensitive and reliable method for the detection of radiation-induced DNA strand
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breaks in individual cells. The assay could be useful as indicator of radiation damage

analysed in whole blood for doses above 0.25 Gy.
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Chapter

Cytokinesis-blocked micronucleus (CBMN) assay

5.1. Introduction and literature review

lonising radiation is one of few agents that cause direct DNA breakage in a cell
(Fenech, 2000). In vitro exposure of peripheral lymphocytes to these agents resuits

in chromosome aberrations that may persist for the fifetime of the ceil (Albertini et a/,

2000).

Classical cytogenetic analysis of chromosome aberrations in metaphases has been
the gold standard of biological dosimetry for many years. but the complexity and
tediousness of this technique has led to the development of the much faster and

simpler cytokinesis-blocked micronucieus {CBMN) assay developed by Fenech and

Moriey (1585).

Micronuclei are small bodies in the cytoplasm resembling the nuclear material in
morphology and staining pattern. They are formed when a broken chromosome or
chromosome fragment cannot travel to the spindle duning mitosis and is thus not
included in either daughter nuclei (Albertini et a/.. 2000). Anincreased frequency of
micronuclei in a cell may be considered as a biomarker of permanent genotoxic

damage, reflecting either clastogenic or aneugenic modes of action {Albertini et af..

2000).

Micronuclei are ideally scored in binucleated cells and can only be expressed in

dividing eukaryotic cells (Fenech, 2000). They are mostly studied in cultur=d isclated
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tymphocytes after being stimulated to divide by a mitogen, e.g.phytohaemaggiutinin.
Cytochalasin-B is an inhibitor of actin polymerisation, preventing the formation of the
microfilament ring that constricts the cytoplasm between two daughter nuclei during
cytokinesis (Fenech, 2000). This action prevents the accumulation of binucleated
celis in almost all dividing cells. The use of Cytochalasin-B was introduced into the
original micronuclei assay to enable reliable comparisons of chromosome damage

between; cells with different celi cycle kinetics (Fenech, 2000).

The combination of the CBMN assay with immunochemical labelling of kinetochores
or pancentromeric probes allowed the identification of the most important
mechanisms of micronuclei induction. Fluorescent in situ hybridisation (FISH) with a
pan-centromeric DNA probe can be used to distinguish micrenuclei originating from

chromosome breakage and those from chromosome loss (Sari-Minodier et al.. 2002).

Despite considerable variation in methods and vanables influencing the
measurement such as incubation periods. reagents and cell fixation. the induction of
micronuclei is accepted as an effective biomarker of DNA damage. However. to
validate the assay as a reliagble biomarker of genotoxicity. the International
Collaborative Project on Micronucieus frequency in Human Popuiation (HUMN) was
intated to compare data on micronuciei frequency in different populations and celf
types (Fenech. 1999). As a result, a protocol has been develuped and published
(Kirsch-\olders et al., 2603) while Fenech ot a/. (2003a) compiied detailed scoring

criteria for the CBMN assay, using isolated lymphocyte cultres as reference.

The CBMN assay is not only employed in the field of genetic toxicology. but also for
human biomonitoring studies (Chang et al., 1999 Kryscio et al.. 2001: San-Minodier

etal, 2002 Thierens et al.. 1995 and 2000; Laffon et a/ . 2002). and in investgations
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of intrinsic radiosensitivity (Floyd and Cassoni, 1994; Jones et al., 1994 and 1995;

Vral ef af. 2002; Widel et a/., 2003).

The CBMN assay has also been applied in clinical studies and was able to detect
cytogenetic damage in lymphocytes from patients treated with 131-lodine (Guiterrez
et al., 1999). Fenech et al. (1998) investigated the effect of folate and vitamin B12 on
DNA damage and plasma homocystein and found that elevated homocystein levels

could be a risk factor for chromosome damage.

Due to the technical variability of the CBMN assay, it needs to be validated and
standardised for each laboratory to ensure consis‘ent results. The aim of this
experiment was thus tc perform the CBMN assay according to a protocol used by the
radiobiology laboratory at iThemba LABS at Faure (Siabbert, 2004, personal
communication) and evaluate the results in terms of accuracy. repeatability and
consistency. The experiment was also aimed at establishing dose response curves

for ®Co v-rays and a 66MeV neutron beam for doses between 0 and 4 Gy

5.2. Methodology

5.2.1  Cell preparation

EDTA-blood from one healthy female donor was used throughout the study.
Peripheral lymphocytes were sterilely isolatad with Histopaque 1077 (Sigma),
washed with phosphate buffered saline (PBS) and diluted :n 10 mi RPMI 1640
(Roswell Park Memorial Institute). supplemented with 15% heat inactivated foetal calf

serum (FCS). Five millilitres of cell suspension were pipetted into reund-bottom

culture tubes.
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5.2.2 lrradiation

Gamma irradiation was performed using a ®*Co v-source (Eldorado 76, Atomic
Energy of Canada Ltd.), delivering a dose-rate of 0.29 Gy/min at a source surface
distance (SSD) of 70 cm, a field size of 30 x 30 cm?and a gantry angle of 180°.
Tubes were placed side-by-side in the centre of the radiation beam on a 0.5 mm-thick
Perspex sheet with a 5 cm thick Perspex block on spacers serving as backscatter
material. The dose at the position of the tubes was verified by using a 0.6 cc thimble
Farmer ionisation chamber, type 2571 and a Farmer electrometer, model 2570/1 (NE
Technology). The dosimetry system was calibrated against a national standard at
the CSIR. The experimenta! set-up was also verified by irradiating seventeen
calibrated thermoluminescent dosimeters (TLDs) with a dose of 2 Gy. The average

TLD-dose registered after read-out in a TOLEDO dosimetry system was 2.055 Gy.

Neutron irradiation was performed with the cyclofron at iThemba LABS at Faure,
using a dose rate of 0.35 Gy/min with 66 MeV protons bombarding a 19.6 mm thick
beryilium target. The p(66)/Be{40) neutron beam generatec nad a large spectrum of
energy with a maximum value of 64.15 MeV (Schreuder. 1992). A field size of 20 x
20 em?and SSD of 150cm was used at a gantry angle of 0°. Tubes were placed
side-by-side in the centre of the beam on a 10cm thick perspex block with 2cm nylon
as build-up material and 6 cm Perspex as backscatter. The dose at the position of
the cells was verified by means of an 80 cc Far West {model IC-80) ionisation

chamber (Far West Technoiogy) and a BNC Portanim (modei AP-2H) current digitiser

{Berkeley Nucieomics. Corporation. USA}.

Doses of 0.25, 0.5, 1.0, 2.0, and 4.0 Gy were applied for both types of irradiation.

Controi samples (0 Gy) were treated identical but sham irradiated.
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5.2.3 Incubation and cell harvest

Immediately after irradiation, lymphocytes were stimulated to divide by adding 50 pl
of the mitogen, lyophilised phytohaemagglutinin (PHA, Gibco, 3108) at a
concentration of 3 mg/mi. Three different lots of PHA were used for different
experiments. Tubes were incubated at 37°C with loose lids in a humidified
atmosphere containing 5% CO,. After 44 hours, 150 ul (3 pg/ml) of Cytochalasin B
(Cyt-B, Sigma) was added to each culture tube to block cytokinesis. Cultures were
then re-incubated for a further 28 hours (72 hours total incubation time). Tubes were
removed from the incubator and centrifuged for 5 min at 300 x g. Supernatant was
removed carefully and the cell pellet was gently mixed. Five millilitres of 0.075 M KClI
were added drop-wise while tubes were either voriexed at low speed or shaken by
hand. Tubes were centrifuged for 8 minutes after which the supernatant was
discarded and the cell pellet resuspended in the remaining fluid. Five millilitres of
freshly prepared Camoy's fluid (methanol:acetic acid 3:1} were added in the same

manner as the KCl. Tubes were placed in the fridge at 4°C until slides were prepared

for analysis.
5.2.4  Slide preparation

Tubes were centrifuged, the supematant discarded and the cr is resuspended in
remaining fluid. Ten drops of cell suspension were dropped onto clean. labelled.
microscope slides and left on a flat surface at room temoerature to dry for at least 24
hours. Slides were stained with acridine orange (TAAB Lab Equipment) at a
concentration of 40 ug/ml for 1 minute. washed in distilled water and pH 6.8 buffer
(Gurr) for | minute, covered with a cover slip. and sealed with Entalan to prevent
drying. Slides were analysed immediately using a fluorescence microscope.
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5.2.5 Microscopic analysis

Two hundred viable cells were analysed and reported as containing 1, 2, 3, 4, or
more nuclei per cell. The nuclear division index (NDI) is an indication of the

efficiency of the PHA to stimulate lymphocytes in Go to undergo mitotic division.

The formula for the calculation of the NDI is:

Nixl+Nax2+N:x3+Nex4
total cells counted

NDI =

where N, indicates scorable cells containing 1 to 4 nuclel.

Five hundred binucleated (BN) cells per slide were examined for the presence of

micronuclei and were reported as containing 0. 1. 2. 3. 4 or more micronucle: per BN

cell.

The formula for the calculation of the total number of micronucler present in the cell

sample was as follows:

BN:x1-BN2x2-BN:x3-BN«x 4 500
total BN cells counted

MN/500 cells =
where BN, indicates binucleated cells containing 1 to 4 micronucle!.
The total number of micronuclei and the ND! were calculated for each dose point.

5.2.6  Scoring criteria

The scoring criteria adopted by the HUMN project were used for analysis of

micronuciei in this study (Fenech et al.. 2003a). Only binucleated cells with toth
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nuclei situated in the same cytoplasm were scored. The nuclei were more or less
equal in size with intact cytoplasm. The diameter of the micronuclei was not greater
than a third of the main nucleus and had the same staining intensity as the main
nucleus. Micronuclei could touch but not overlap the nucleus. Apoptotic and necrotic
cells were identified by chromatin condensation and cytoplasmic vacuoles

respectively and were excluded from analysis.

A B Cc D
Figure 5-1: Criteria for choosing binucleated (BN) cells in the CBMN assay. A: Ideal BN cell; B: BN cell with

touching nuclei; C & D: BN cell with nucleoplasmic bridges. All of the above cells can be scored for
micronuclei (Redrawn from Fenech, 2003a).

B c D
arance and relative size of MN in BN cells. A: Ceil with two micronuclei; B:

Fi; : Typi - b
tgure 3-2: Typical appe Binucleated cell with nucleoplasmic bridge: D: Binucleated cell

Micronuclei touching but not overlapping; C > Bin
with six micronuclei (Redrawn from Fenech, 2003a).
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A B

Figure 5-3: Photomicrographs of BN lymphocytes containing one (4) and two (B) micronuclei.

5.2.7 Statistical analysis

Dose-response curves were generated with Microsoft ® Excel 2000 (S.0.2720).
Standard deviations and averages were calculated using the STDEV and AVERAGE

statistical functions respectively. Coefficients of variation were calculated using the

following formula:

CV = SD/Mean x 100

p-Values were calculated using the two-sample student’s t-test (TTEST function),

assuming unequal variances.

Analysis of doseresponse curves was performed with GraphPad Prism version 3.0

for Windows (GraphPad Software, San Diego, California, USA).

5.3. Results

Three experiments were carried out in which lymphocytes were exposed to gamma
and neutron doses ranging from 0 to 4 Gy. Two slides were prepared per dose point

and ideally 500 cells were scored per slide. All graphs have been constructed from
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data displayed in Table 5-1 to Table 5-6. Dose-response curves were compiled by
plotting the number of micronuclei per 500 binucleated cells as function of radiation
dose. The nuclear division index (NDI) and the number of micronuclei per 500
binucleated cells were caiculated according to the formulas explained in section 5.2.5
of this chapter. The data displayed in columns 1 to 5Srepresent the number of

micronuciei scored in the total number of cells analysed.

To compare the micronucleus yield distributions relative to Poisson distribution, the
relative variance (o“fy), and the dispersion index (u) were determined. Negative p
values indicate under dispersion and positive y values indicate over dispersion of an
observed Poisson distribution. A p value of >1.96 is regarded as significantly

different from Poisson.
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Table 5-1: Results of micronucieus frequencies in lymphocytes exposed to 0 to 4 Gy gamma radiation. AN =

Micronucileus: NDI = Nuclear division index; o y = relative variance: y = dispersion index.

Experiment 1 - Gammas

Dose Number of MN in binucleated cells

in

Gy 0

0 484
0.25 482
0.5 500
1.0 1114
2.0 784
4.0 257
Average

1

16
17
29
121
204
N7

2

15

254

3

w N O O O

113

4

o O o o o

o o

[

14

Cells
scored

500
500
531
1252
1037
1015

MN/
500
cells

16
18
31
63
147
726

NDi

1.70
1.67
1.65
1.67
1.75
1.81
1.71

2

o‘ly

0.97
1.07
1.06
1.14
1.07
1.03
1.06

-0.49
1.13
1.01
3.59
1.54
0.72
1.25

Table 5-2: Results of micronucleus frequencies in ymphocites exposed 1o 010 4 Gy neutron radiation. \IN -

Micronucleus: NDI = Nuclear division index; o v - relanve variance; y - dispersion index.

Experiment 1 - Neutrons

Dose
in Gy

0.25
0.5
1.0
2.0
4.0

Average

Number of MN in binucleated cells

965
922
869
729
493
185

1

27
67
111
222
336
370

2

8
11
18

117
283

3

11

39

88

4

(oo R v B oo B o

43

Cells
scored
1000
1000
1000
1000
1000
1000

MN/
500
cells

45
77

374
725

NDI

1.78
1.68
1.72
1.88
1.70
*.55
1.72

1.33
1.16
1.18
1.10
1.13
0.84

7.47
3.58
3.63
2.22
2.91
-3.55
2.7
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Table 5-3: Results of micronucleus frequencies in lvmphocytes exposed to O to 4 Gv gamma radiation. MY =
Alicronucleus; NDI = Nuclear division index; o v = relattve variance; it = dispersion index.

Experiment 2 - Gammas

Dose Number of MN in binucleated cells Cells MN/ NDI oy g
in Gy scored 500

0 1 2 3 4 5 celis
0 583 17 0 4] 0 0 600 14 1.17 0.97 -0.48
0.25 969 26 3 o 0 0 1000 18 1.39 1.24 5.51
0.5 953 43 3 1 0 0 1000 26 1.38 1.18 1.06
1.0 987 27 4] 0 0 0 1000 20 1.26 1.27 6.11
2.0 821 161 17 1 0 0 1000 99 1.31 1.04 0.11
4.0 571 302 100 26 1 0 1000 292 1.32 1.05 1.06

Average 1.31 1.12 2.22

Table 54 Resulis of micronucleus frequencies in lvmphocyies exposed 1o 0 1o 4 Gy neutron radiation. AN -
Micronucleus: NDi = Nuglear division index; o v - relattve variance: u = dispersion index.

Experiment 2 - Neutrons

Dose Number of MN in binucleated cells Cells MN/5 NDI oy g
in Gy scored 00
0 1 2 3 4 5 cells

o 981 18 1 0 0 0 1000 10 128 108 186
0.25 964 34 2 0 a 0 1000 19 124 107 155
0.5 916 75 7 2 0 0 10040 48 1.34 118 4.04
1.0 643 131 23 1 0 0 800 115 112 108 152
2.0 585 237 €6 12 ) 0 500 225 119 1086 117
4.0 204 188 77 28 3 0 500 438 1.1 0.94 090
Average .21 1.07 1.54
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Table 5-3: Results of micronucleus frequencies in lviphocyvies exposed 1o 0 to 4 Gy gamma radiarion. AN =
Micromucleus; NDI = Nuclear division index; o-v = relative variance; u = dispersion index.

Experiment 3 - Gammas

Dose  Number of MN in binucleated cells Cells MN/ NDI oy m
in Gy score 500

0 1 2 3 4 5 d cells
0 985 13 2 0 o 0 1000 9 1.61 1.22 5.06
0.25 _ 1073 27 0 0 0 a 1100 12 1.45 0.98 -0.57
0.5 949 43 8 0 0 0 1000 30 1.29 1.2 481
1.0 930 66 4 4] 0 0 1000 37 1.40 1.04 0.80
2.0 714 170 16 0 0 0 S00 112 118 0.94 -1.38
40 256 219 76 11 & 0 568 377 1.22 0.93 -1.25
Average 1.36 1.05 1.25

Table 5—6: Results of micronucleus frequencies in fvmphocytes exposed to 0 o 4 Gy neutron radiation. AN
Micronucleus: NDI = nuclear division index; o v = relative variance; u = dispersion index.

Experiment 3 - Neutrons

Dose Number of MN in binucleated celis Cells MN/ NDI oly
in Gy scored 500

1 2 3 4 5 cells
c 974 28 0 0 0 0 1000 13 119 0.98 -0.57
6.25 962 35 3 0 0 0 1000 21 144 111 241
0.5 800 &7 13 0 0 0 1000 57 1.54 1.2 2.65
1.0 794 175 26 5 0 0 1000 121 133 110 219
2.0 458 184 48 7 3 ¢ 700 224 118 1.1 2.07
4.0 69 72 44 10 5 0 200 526 112 085 055
Average 130 106 137
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The MN data has been analysed by means of a second-degree polynomial fit. The
coefficients reflect the alpha and beta parameters of a linear quadratic model (Table

5-7). Alpha values represent lethal damage and beta values reparable damage.

Table 5-7: Statistical data on micronucleus frequencies in hmphocytes exposed to gamma and neutron
radiation. Alpha and beta values of dose response curves were derived from a linear quadratic model.

Gammas Neutrons

a - value B — value a — value B — value
(Gy™) (Gy?) (Gy™) (Gy?)
Experiment 1 70 | 43.71 150.8 6.79
Eiﬁerimeﬁt -2 b 17.57 106.4 0
7Experiment 3 1277 19.80 86.95 10.24
SD 47.8 (All) 154 (Exp2&3) 49.7 (Al) 127 (Exp 2 & 3)
cv 31 (Al) 24 (Exp 2 & 3) 32 (All) 9 (Exp 2 & 3)

5.3.1 Inter-experimental variability

Standard deviations and coefficients of variation of all three evzeriments are
displayed in Table 5-7. Micronucleus frequencies in experiment 1 were consistently
higher than in the other two experiments resuiting in CVs ranging from 9% to 55% for
gammas and 21% to 51% for neutrons. If experiment 1 was excluded from the
calculation of CVs, the values decreased to between 9% and 44 % for gammas and
0.5% and 18% for neutrons. The average ND! for experiment 1 (1.72) was also 32%

higher than the average ND{ of 1.3C for the other two experiments.
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Dose response
All experiments

MN/500 cells

|
|
! Dose in Gy

[I—Batch1G---l---Batch1N+Batch26---A-- Batch2N —= — Batch3G s Batch3N

Figure 5-4: Dose-response curves of micronucleus frequencies of lymphocytes exposed to gamma and neutron
radiation. All data points represent the values of one experiment. Control values (0 Gy) have not been
subtracted from data points.

5.3.2 Dose-response

Both radiation qualities induced micronuclei formation in lymphocytes in a dose-
responsive manner (Table 5—1 to Table 56 and Figure 5-4), ranging on average
from 12 micronuclei per 500 cells in unirradiated samples to 335 in gamma- and 482
in 4 Gy neutron-irradiated samples. Neutron data produced linear dose-response

curves, while gamma data displayed linear-quadratic curves.

Alpha values for neutron-exposed samples ranged from 86.95 to 150.8 and were
consistently higher than gamma-exposed samples, which ranged from 0 to 12.77. An

alpha value of zero was assigned when the estimate was not significantly different

from zero and inter-experimental variability was too high.
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5.3.3 Dispersion of micronuclei

Qver the three experiments micronucleus frequencies were over dispersed (> 1.96)

in 5 dose points for gammas and 10 dose points for neutrons and under dispersed in
5 dose points for gammas and 4 for neutrons. The average relative variances (a°/y)
ranged from 1.05 to 1.12 across both radiation qualities with no significant difference

in the values for gammas and neutrons.

5.4. Discussion

High inter-experimental variability was observed between experiment 1 and the other
two experiments; the influence cf different lots of PHA could have contributed to this
observation. It was conspicuous that experiment 1, apart from higher micronucleus
frequencies, also produced a NDI that was 32% higher than those from the other two
batches. The possibility that the quality of PHA could influence the formation of
micronuclei should be investigated. The high frequency of micronuclei in the 4 Gy
gamma-irradiated samples in experiment 1 may have influericed other statistical

data.

From the alpha and beta values it is clear that neutron radiation induced a linear
dose response while gamma radiation induced a linear-quadrat'c dose response.
The low alpha values observed in the gamma curve. confirms the fow-LET quality of
gamma radiation with most of the induced damage of the reparable type. The two
zero-values observed in the first two experiments were possibly due io large inter-
experimental vanability. The neutron beam produced higher alpha values in
accordance with the more densely ionisation pattern of high-LET radiation where less

celis are hit but with more lethal consequences.
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The assay was not sensitive enough to detect significant radiation damage below 0.5

Gy in either of the two radiation qualities.

The dispersion of micronuclei was not significantly difierent for gammas and neutrons

and produced p values of close to one as expected for gamma-exposed cells.

5.5. Conclusion

The CBMN assay is the gold standard as an ex vivo measure of chromosome
breakage and loss and has been standardised by the HUMN project with respect to
methodological variables and scoring criteria (Fene<h et a/., 2003b). Despite the use
of these criteria and an established experimental protocol in this study, the inter-
experimental variability between three experiments was unacceptable. It has been
suggested that different lots of PHA could induce different micronucleus frequencies;
this observation should be investigated thoroughly before any attempt is made to

employ the assay in its current format as biolegical indicator of radiation damage.

The assay was sensitive enough to distinguish between low- and high-LET radiation
doses above 0.5 Gy and therefore the potential exists to use the assay as a
biomarker of radiation damage for radiation doses above 0.5 Gy. Lymphocytes

responded to both radiation qualities in a dose-responsive manner.

80



Chaprer 6 Apoprosts

Chapter 6

Apoptosis

6.1. Introduction and literature review

When a cell is subjected to stress signals, e.g. radiation, chemotherapeutic drugs or
withdrawal of growth factors, a range of gene products are activated to prepare the
cell to either repair the damage or to die (Ross, 1999). These stimuli can activate a

variety of pathways, depending on the specific cell type and stress signal.

Apoptosis is defined as “programmed cell death”, and can either be a normal
physiological process whereby tissue homeastasis is maintained or it can be induced
by radiation. Apoptosis is important, not only in tissue development. but also in the
immune defence and in the elimination of cancerous cells (Lewin, 2000). Defects in
genes that control apoptesis and the rescue of cells destined for destruction can
promote cancer development or result in autoimmune disease. In contrast.
excessive activation of apoptosis can lead to neurcdegenerative diseases.

myocardial infarction, and AIDS (Tannock and Hill, 1998).

Apoptosis is still regarded as an uncommon mechanism for rad:ation-induced cell
death (Fajardo et a/., 2001). However, in several tissues apoptosis ma; be the main
mechanism of cell death. The high level of radiosensitivity and rapid loss of certain
lymphocytes may be explained by interphase cell death due to apoptosis (Fajardo et

al., 2001).
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lonising radiation induces two types of cell death: mitotic (clonogenic) cell death or
apoptosis (interphase cell death). Mitotic cell death results when a cell is unable to
divide any further and therefore loses its clonogenicity (Shinomiya, 2000). Apoptosis
is highly cell type dependent. Cells from the haematopoietic- and lymphoid systems
are particularly sensitive to radiation and cells from epithelial origin less sensitive

(Steel, 2002).

Radiation activates signalling pathways in the nucleus and/or the plasma membrane.
Proteins involved in the recognition of nuclear damage include poly (ADP ribose)
polymerase (PARP), DNA dependent protein kinase and p53 (Fajardo et al., 2001).
Radiation-induced apoptosis may be p53 dependent or independent. The later
events of the apoptosis process are similar for various triggers and involve the
activation of a group of calcium-magnesium-dependent enzymes, including an

endonuclease that cleaves nuclear chromatin at select internucleosomal linker sites.

The morphological changes during apoptasis is characterised by membrane blebbing
and nuclear and cytoplasmic condensation. In the final stages, the dying cells

become fragmented into apoptotic bodies that are ultimately removed by phagocytes.

Figure 6-1: Changes in cell structure during apoplosis. A shows a normal cell while B shows an apoptosing
cell. Arrows indicate condensed nuclear fragments (Lewin, 2000)
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Molecularly, apoptosis is a complex process, involving different biological systems.
Tannock and Hill (1998) divided the process into three phases. The induction phase
is activated by different stress stimuli and involves the triggering of the apoptosis
cascade by caspases (cysteine-dependent, aspartate-specific proteases). Caspases
lie in a latent state in cells but become activated in response to cell death signals,
manifesting as the effector phase. The last phase of the apoptotic cascade involves

the degradation of DNA by various enzymes that prepare the cell for phagocytosis.

Two major pathways of caspase activation have been identified, namely the
receptor-mediated pathway and the mitochondria-mediated pathway. Both
pathways culminate in the activation of caspase-3, a major downstream effector
caspase (Schimmer et al., 2001). A third minor pathway has also been identified
whereby Granzyme B, synthesised by cytotoxic T-cells, directly activates caspase-3
(Schimmer et al., 2001). A simplified version of the major pathways of apoptosis is

given in Figure 6-2.

Apoptosis Signal
/ \
Receptor : Mitochondria
Protfase Cytoctomec
O

v

PARP Cleavage

v

DNA Degradation

Figure 6-2: A simplified representation of the major pathways involved in apopiosis.
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in addition to the caspase family of proteases, another proteolytic system is involved
in cell death. Although this system is not weli understood the ubiquitin-proteasome
degradation system has been proved to be involved in the degradation of most short-
lived cytoplasmic and nuclear proteins (Lewin, 2000). Many of these proteins are
invoived in the regulatory functions of celis and so the ubiguitin system itseif is a vital
regulatory system controlling the concentration of key proteins by sefective
degradation. This system has been positively associated with the control of

apoptosis in human lymphocytes (Masdehors et a/., 2000).

The sequence of events described above is induced by death receptors such as
tumour necrosis factor {TNF) or Fas, a cell surface receptor. In contrast. radiation-
induced apoptosis is less well studied and the processes foliowing radiation of cells

are still being investigated.

Different aspects of the apoptetic cascade have been studied in recent years.
resulting in the development of novel technigues for the detection of key enzymes
and proteins involved in the process. One such technique take: advantage of the
fact that the protein Annexin V binds to phosphatidy! serine (PS) in apoptotic cells.
Relatively early in apoptosis. PS relocates from the inner phospholipid layer to the
outer to the outer phospholipid layer of the cell. signalling the desire of the cell to die
and be phagocytosed (Bacso, 2000} Annexin V binds to PS and. in conjunction with
propidium iodide as an exclusion dye for cell viability. this flow cytometric assay can
detect apoptotic cells and discriminate between apoptosis ars necrosis (Wilkins,
2002). This assay has also been applied in stwudies cf radiosensitivity of lympnocyte
subpopulations (Schmitz. 2C03). human cervix tumour cell lings (Sharidan. 2001},

and patients recelving radiotherapy treatment {Crompton. 1599;,
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Anather flow cytometric assay measuring the degradation phase of apoptosis is the
TUNEL (terminal deoxynucleotidyltransferase [TdT] dUTP nick end [abelling) assay.
TdT recognises breaks in DNA and by adding a fluorescin-labelled nucleotide to the
free 3" hydroxyl end, quantification of apoptosis by flow cyiometry is possible (Bebb.,

2001; Barber, 2000).

Caspase 3/7 activation is one the key events in the apoptosis cascade of most cells
and is mostly detected with a flucrescent caspase substrate and analysis by
spectroflucrometry. The amount of fluorescent product is proportionat to the amount

of caspase 3/7-cleavage activity present in the sample (Louagie et al.. 1999).

Fluorescent inhibitor of caspases (FLICA) is used to arrest ceils in apoptosis.
preventing their disintegration and loss from analysis {(Smolewski. 2002a and 2002b).
By using this method, it was possible to study cumulative apoptosis in human
promyelocytic leukaemic HL-60 cells. detecting three different stages of apoptosis.
However. the time frame of the TUNEL. Annexin V and FLICA methods are different
and the apoptotic index measured by these methods may thus differ. particularly in

the iater stages of apoptosis.

There is some disagreement on the best marker for apoptosis: therefore it could be
advantageous tc include an analysis of the morphological features of celis
undergoing apoptesis by flucrescence-. light-. or electron micrescopy (Vral et &/,

19898; Cortese. 2001).

o
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6.2. Aim of study

Radiation-induced apoptosis is characterised by a variety of morphological,
biochemical and genetic markers. The complexity of the apoptosis cascade and the
varied manner in which cells respond to stress signais necessitates a study design
that measures multiple aspects of apoptosis. The aim of this study was thus to
analyse the apoptatic response of isolated lymphocytes during different phases of
apoptosis after exposure to different qualities and doses of low-level ionising
radiation. The study was structured to investigate the ability of the assays to detect
the induction of apoptosis by low-level radiation in ¢ dose- and time-responsive
manner and ultimately to validate the assays for use as predictors of intrinsic

radiosensitivity and as possible biological dosimeters in the low-dose region.

6.3. Overview of methods

6.3.1 Assay principles

The activation of the various phases of the apoptotic cascade was studied by
measuring the endpoints afier different post-irradiation incubation periods. Uniess
otherwise stated. three independent experiments were performed for each endpoint

and time interval.

The effector phase of apoptosis. marked by tne activation of caspases. vas studied
by using the Apo-ONE ¥ Homogeneous Caspase-3/7 Assay (Cat G7791).
developed by Promega Corperation (Promega. 2002). The caspases-3/7 substrate
rhodamine 110 {Z-DEVD-R11C) exists as a proflucrescent substrate pricr o the

assay. Upon seguential cleavage and removai of the DEVD peptides by
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caspases-3/7 activity and excitation at 499 nm, the rhodamine 110 leaving group
becomes intensely fluorescent. The amount of fluorescent product is proportional to
the amount of caspases-3/7 cleavage activity present in the sample (Promega,
2002).

The degradation phase of apoptosis was investigated by employing a novel TUNEL
method, the Apo-Direct™ Assay (Cat. 55631), developed by BD Biosciences (2001).
This assay is a single-step method for labelling DNA breaks with FITC (fluorescein
isothiocyanate) -dUTP, followed by flow cytometric analysis. Non-apoptotic cells do
not incorporate significant amounts of the FITC-dUTP owing to the lack of exposed
3’-hydroxyl DNA ends (BD Biosciences, 2001). Figure 6-3 shows how the DNA

breaks are labelled by addition of FITC-dUTP at break sites.

FITC-dUTP Labeled
Break Sites

Add FITCAUTP To
3-OH DNA Ends

Figure 6-3: Diagrammatic representation of the APO-DIRECT TUNEL assay. TdT -atalyses the addition of
FITC-dUTP at the 3-OH sites of DNA strand breaks of apoptotic cells (BD Biosciences, 2001).

As celiular morphology has always been the gold standard for detection of apoptotic

features in cells, this method was included in the study to complete the apoptotic

picture of isolated lymphocytes.
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6.3.2  Cell preparation for all assays

Blood from one healthy female donor was drawn into a 4.5 ml Vacutainer tube
containing either EDTA- or lithium heparin as anticoagulant. Peripheral lymphocytes
were isolated with Histopaque 1077 (Sigma), washed with PBS and dituted in 10 m!
RPMI 1640, supplemented with 15% heat inactivated foetal calf serum, 2 g/l NaHCOs
and 1% Penstrep. Five millilitres of cell suspension were pipetted into round-botiom

culture tubes for radiation treatment.

6.3.3 Irradiation procedure and equipment

Gamma irradiation was performed using a Co r-source (Eldorado 76, Atomic
Energy of Canada Ltd.), delivering a dose-rate of 0.29 Gy/min at a source surface
distance (SSD) of 70 cm, a field size of 30 x 30 cm? and a gantry angle of 180°,
Tubes were placed side-by-side in the centre of the radiation beam on a 0.5 mm-thick
Perspex sheet with a 5 cm thick Perspex block on spacers serving as backscatter
material. The dose at the position of the tubes was verified by using a 0.6 cm®
thimble Farmer ionisation chamber, type 2571 and a Farmer electrometer, mode!
2570/1 (NE Technology). The dosimetry system was calibrated against a national

standard at the CSIR in Pretoria.

The experimental set-up was also verified by irradiating seven’aen calibrated
thermoluminescent dosimeters (TLDs) to a dose of 2 Gy. The average TLD-dose

registered after read-out in a TOLEDO dosimetry system was 2.055 Gy.

Neutron irradiation was performed using the cyclotron at iThemba LABS at Faure,

using a dose rate of 0.35 Gy/min delivered by 66 MeV protons bombarding g 19.6
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mm thick beryllium target. The p(66)/Be(40) neutron beam generated had a large
spectrum of energy with a maximum value of 64.15 MeV (Schreuder, 1992). A field
size of 20 x 20 cm? and SSD of 150 cm was used at a gantry angle of 0°. Tubes
were placed side-by-side in the centre of the beam on a 10 cm thick perspex block
with 2 cm nylon as build-up material and 6 cm Perspex as backscatter. The dose at
the position of the cells was verified by means of an 80 cm® Far West (model 1C-80)
ionisation chamber (Far West Technology) and a BNC Portanim (model AP-2H)

current digitiser (Berkeley Nucleomics, Corporation, USA).
6.3.4 Incubation

Cultures were incubated at 37°C in 5% CO; in a QUEUE water-jacketed Co;
incubator (Model 2710, Q-Systems Inc., New Jersey) until required for further

processing.
6.3.5  Statistical analysis

Dose-response curves were generated with Microsoft ® Excei 2000 (2.0.2720).
Standard deviations and averages were calculated using the STDEV and AVERAGE
statistical functions respectively. Coefficients of variation were calculated using the

following formula:
CV = SD/Mean x 100

p-Values were calculated using the two-sample student’s t-test (TTEST function}.

assuming unequal variances.
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6.4. Methodology

6.4.1 Caspase-3/7 Activity

6.4.1.1  Pilot study

A pilot study was conducted to optimise the Apo-ONE ™ Homogeneous Caspase-3/7
Assay for the detection of caspase activity in lymphocytes isolated from EDTA blood
by irradiating cell suspensions (0.2 x10° cells/ml) with ®Co-gamma doses of 0, 0.25,
0.5, 1.0, 2.0 and 4.0 Gy at different time intervals in order for analysis to take piace
simultaneously. Cell cultures were incubated in rou.d bottom cuiture tubes with

loose lids for 12, 24, 36, 48, 72, and 96 hours.

Prior to starting the assay, the Homogeneous Caspase-3/7 reagent supplied with the
kit was prepared by thawing the reagents and mixing 100 ul of Caspase Substrate Z-
DEVD-R110 (100X) with 10 mt Apo-ONE ™ Homogeneous Caspase-3/7 Buffer. One
hundred millilitres of Homogeneous Caspase-3/7 reagent was added to each well of
a white 96-well plate containing 100 pi of cell suspension, blank (reagent plus
medium) or control (0 Gy sample plus reagent). Samples were performed in
duplicate. The plates were gently shaken on a plate shaker at room temperature for
3 hours after which it was covered and taken to the Cary Eclipse Fluorescence
Spectrophotometer (Installation category 11, Varian Instruments. Australia) for

analysis. An excitation filter with a wavelength of 485 to 530 nm was usad to coiiect

data.
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6.4.1.2 Time-response study

Cell samples were prepared according to the experimental protocol for the pitot study
but the cell count was raised to 0.6 x 10°/ml to improve the fluorescence signal. One
culture tube was prepared per radiation quality per dose point. All samples were
iradiated simultaneously with gamma- and neutron doses of 0 to 4 Gy (see pilot
study) and incubated for 6, 12, 24, 30, 36, 42, 48, 60, 72 and 90 hours. To ensure a
homogeneous cell suspension, culture tubes were vortexed at each time interval
before samples were removed for the assay. Samples, blanks, and negative controls
were pipetted into triplicate wells and shaken for 30 seconds in an automatic plate
shaker before it was incubated for 2.5 hours at room temperature. Samples were

analysed as for the pilot study.
6.4.1.3 Dose-response study

The protocol for the time response study described above was followed to establish
dose-response curves for neutron and gamma irradiation doses of 0, 0.25, 0.5, 1.0,
2.0, and 4 Gy after an incubation period of 36 hours. The experiment was performed

in triplicate. One of the experiments included a blood sampie from a second donor to

verify the results.
6.4.2 DNA fragmentation

Blood was drawn into 5 ml Vacutainer tubes containing either EDTA or F'thium
heparin as anticoagulant Lymphocytes were isolated and irradiated as described for
the caspase experiments and incubated for 48 hours before treatment with the APO-

DIRECT ™ TUNEL Assay (BD Biosciences, Pharmingen, USA).
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6.4.2.1 Cell fixation

Irradiated cell samples were taken from tﬁe incubator, centrifuged for 5 min at 300 x
g after which the supernatant was discarded. Two and a half millilitres of fresh 1%
(w/v) paraformaldehyde in PBS were added drop-wise and celis were placed on ice
for 45 minutes. Cells were washed twice in PBS after which 2.5 ml of ice cold 70%
ethanol were added. Ceils were stored at —20°C untii required for flow cytometric

analysis.
6.4.2.2 DNA labelling procedure

One-millifitre aliquots of the positive and negative control celi suspension
(lymphoblastoid cell line) supplied with the kit were resuspended and centrifuged for
5 min at 300 x g with the test samples. All samples were transferred to plastic test
tubes suitable for flow cytometric analysis (Falcon 2054, Beckton Dickinson).
Ethanol was carefully removed Dy aspiration and 1 mi of wash buffer supplied by the
manufacturer was added to each sample. Samples were washed twice with the
wash buffer after which 50 pt of fresh labelling solution was added. The labelling
solution for one sample consisted of 10 pl reaction buffer, .75 pi TdT enzyme, 8 i
FITC-dUTP and 32.25 pl of distilled water. The manufacturer supplied all reagents
except the distilled water. Samples isolated from EDTA-blood were covered and
placed on a shaker overnight at room temperature while samples isolated from

heparin blood were covered and incubated for | hour at 37°C.

At the end of the incubation time. samples were washed twice with 1 ml of rinse
buffer supplied by the manufacturer. The cell pellet was resuspended in 0.5 mf of the

Propidium lodide/Rnase solution supplied by the manufacturer. covered with tir. foil
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and incubated for 30 min at room temperature. Samples were analysed within 2

hours.
6.4.2.3 Flow cytometric analysis

Samples were analysed on a dual colour FACSCalibur flow cytometer (Beckton
Dickinson) equipped with a 488 nm Argon laser as the light source. Pl fluoresces at
623 nm and FITC at 520 nm. A total of 10 000 events were collected in the
lymphocyte region on the light scattergram with the DNA area signal displayed on the
Y-axis and the DNA width displayed on the X-axis. From the gating display, a region
was drawn around the non-clumped cells and a secc nd gated dual parameter display
was generated. The DNA (linear red fluorescence) was displayed on the X-axis and
the d-UTP (log green fluorescence) on the Y-axis. The percentage of FITC-positive

cells was calculated as a percentage of the total number of lymphocytes analysed.
6.4.3 Cellular morphology

6.4.3.1 Cell preparation

EDTA-blood collected from the same donor was prepared according to the protocol
followed for caspase measurement. Cell suspensions were irradiated with gamma
doses of 0 and 4.0 Gy and incubated at 37°C for 24, 48 and 72 hours after which it
was fixed with 5 ml of a fresh Carnoy’s fluid (methanoi:acetic acid 3:1). The fixative
was added drop-wise while vortexed at iow speed. Samples were stored at 4°C until
slides were prepared. Cell suspensions were spun down and the supernatant
aspirated until approximately 0.5 mi of fluid was left in tube. Cells were mixed,
dropped onto duplicate slides, and left at room temperature to dry for at least 24

hours before staining. Slides were stained for 1 minute with 40 pg/ml acridine orange
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DNA binding dye, rinsed in water and buffer (pH 6.8) for 1 minute each and analysed

with fluorescence microscopy.
6.4.3.2 Microscopic analysis

Cells were classified into 4 cell types according to the morphological appearance of
the nucleus and cytoplasm as described by Gasiorowski ef al. (2001). The criteria

that were used for the classification of cells are summarised in Table 6—1.

Table 6-1: Criteria used for classification of morphological feai.ires as analysed by fluorescence microscopy.

Type1 Nommal cell Round, green fluorescent nucleus with well-preserved red
cytoplasm

Type 2  Nuclear condensation Nucleus starting to condense with bean-shaped appearance
Type 3 | Apoptotic cells Cells displaying typical round, apoptotic bodies

Type 4  Abnormmal morphology Cell remnants with no distinguishable nucleus or cytoplasm

Figure 6-4: Photomicrograph of normal and apoptotic cells 24 hours after exposure to gamma radiation. A)
normal cell, Bj typical nuclear blebbing, C) cell with apoptotic bodies in the cytoplasm.
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6.5. Resulits

6.5.1 Caspase 3/7

6.5.1.1 Pilot study

A pilot study was undertaken to standardise the Apo-ONE ™ Homogeneous
Caspase-3/7 Assay and to obtain an overall time- and dose-response of the
activation of caspase 3/7 in irradiated lymphocytes. Figure 6-5 shows caspase
activity in isolated lymphocytes after exposure to different doses of gamma radiation.
Results are given in terms of a fluorescence ratio, which was calculated by dividing
all data points by the control (O Gy) value. Data points represent the values of one

experiment. Duplicate wells were prepared for each data point.

A B

Pilot Study - Raw Data Pilot Study - Normalised data

i |

Fluorescence ratio

Fluorescence (arbitrary units)

Time intervals (h) |

[—s—g—e gx —=—05—=—1 —@—2 —&—2 |‘

Figure 6-5: Time-response curves of caspase 3/7 activity for gamma-irradiated isolated lymphocytes. Caspase
activity was measured by the Apo-ONE ™ Homogeneous Caspase-3/7 Assay and is expressed as fluorescence
(1) or fluorescence ratio (B), compensating for caspase activity present in unirradiated cells (0 Gy) samples.

95



Chapter 6 Apoptosis

With fluorescence ratios of 1.4, 1.1 and 1.8 for doses of 1, 2, and 4 Gy respectively, a
peak of caspase activity was observed 24 hours post-irradiation with a second period
of caspase increase for 1 Gy (1.1) and 4 Gy (1.9) after 48 hours. The 0.25 and 0.5
Gy samples were incubated for 86 and 72 hours respectively and produced

fluorescence ratios of 1.5 and 0.98.
6.5.1.2 Time-response study

An extensive time- and dose-response study was undertaken whereby isolated
lymphocytes were exposed to different doses of gamma- and neutron irradiation and
incubated for time periods ranging from 6 to 90 hours. Caspase activity was
measured using the Apo-ONE ™ Homogeneous Caspase-3/7 Assay after each time
interval. Results are given in terms of a fluorescence ratio after compensation for
caspase activity present in unirradiated cells (0 Gy samples) as described in section
6.5.1.1. Fluorescence ratios for gammas and neutrons are presented in Table 6-2
and Table 6-3 respectively and represent the values of one experiment. Triplicate

samples were prepared for each data point.

. g T - . .
Table 6-2: Fluorescence ratios as measured by the Apo-ONE *~ Homogenzous Caspase-3 7 Assav in a time-
response siudv on caspase aclivity in gamma-irradiated homphocytes.

Time (h) after irradiation

"Dose | 6 12 24 130 .36 42 43 50 72 90
: InGy ! : ‘ ; : |
0 i10 10 10 .10 10 10 10 10 10 10

025119 120 112 112 114 110 107 104 108 107
0.5 103 097 111 145 - 105 104 - 098 098 105 . 097
10 148 448 121 127 118 | 118 106 - 142 143 107
20 128 140 134 151 150 138 131 128 123 1.2
40 129 150 140 - 164 1859 143 134 138 133 137
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Table 6-3: Fluorescence ratios as measured by the Apo-ONE ™ Homogeneous Caspase-3/7 Assay in a time-

response siudy on caspase activity in neutron-irradiated lymphocytes.

0 10
025 100
Frarra

. 40 | 133

10

105
o
i
119
128

24

10
107

109 )
107 |
?'1.13
130

Time (h) after irradiation

. 30
10
101
101 |

1.0

107
L 130

;'36

10
099
R
097 |
1.11
a7

‘42

10
102
102
i
125

- 48

1.0

1.02
0.98.......5 “ .
1A:0 e

1_'22

1.03

Figure 6-6 displays the time-response relationship of isolated lymphocytes to gamma

radiation after different incubation periods. The 2 and 4 Gy gamma-irradiated

samples displayed a peak of caspase activity between 24 (1.34 and 1.40

respectively) and 38 hours (1.50 and 1.59 respectively) post-irradiation, but apart

from the slight peak detected in 0.5 Gy and 1.0 Gy-samples at 30 hours (1.15 and

1.27 respectively), isolated lymphocytes exposed to lower doses of gamma radiation

did not respond in a time responsive manner.
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Figure 6-6: Time-response curves of caspase 3/7 activity for 0 to 4 Gy gamma-irradiated isolated lymphocytes.
Caspase activity was measured by the Apo-ONE ™ Homogeneous Caspase-3/7 Assay and is expressed as a
fluorescence ratio, compensating for caspase activity present in unirradiated ceils (0 Gy) samples.
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Figure 6-7: Time-response Curves of caspase 3/7 activity for 010 4 Gy neutron-irradiated isolated hymphocytes.
Caspase activity was measured by the A  po-ONFE. ™ Homogeneous Caspase-3/7 Assay and is expressed as a
Jluorescence ra;!io, compensating for caspase activity present in unirradiated cells (0 Gy) samples.
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Figure 6-7 shows the time-response relationship of isolated lymphocytes exposed to
neutron radiation after different incubation periods. Neutron-irradiated samples did
not respond in a time-responsive manner in any of the dose points. A slight upward
trend was detected in samples above 1 Gy, indicating a possible late response to

neutron irradiation in these samples.
6.5.1.3 Dose response study

As a peak of caspase activity was identified in the pilot study after 36 hours of
incubation, it was decided to conduct a dose response study 36 hours post-
irradiation. Isolated lymphocytes were exposed to lifferent doses of gamma-and
neutron irradiation and analysed spectroflucrometrically. Fluorescence ratios,
averages, standard deviations, coefficients of variation (CV) and p-values of three
independent experiments are displayed in Table 6—4 and Table 6-5. The p-values
indicate the significance of the difference between the control (0 Gy) value and all

other dose points. A p-value of < 0.05 was regarded as significant.

Table 6—~1: Fluorescence ratios of three independent experiments as measured by the Apo-ONE ™
Homogeneous Caspase-3 7 Assay in a dose-response study on caspase activily in gamma-irradiated fmphociies
36 hours post-irradiction. The p-values indicate 1he significance of the difference between the control 10 Gy,
value and a specific dose point. A p-vaiue of < 0.05 is regarded as significant. SD = Standard Devianon

. Gammas
Dose in Gy Batch1 . Batch2 Batch3 Average +18D cv p-value

0 10 10 1.0 1.0 0

025”6 o o o o Lo
e o S o . SR
10 132 106 1.38 1.26 L0713 0.407
20 153 125 1.53 1.44 016 . 11 0.190
0 I 128 1.93 164 1032 .20 0078
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Table 6-5: Fluorescence ratios of three independent experiments as measured by the 4po-ONE ™

Homogeneous Caspase-3/7 Assay in a dose-response study on caspase activity in neutron-irradiated
lymphocytes. The p-values indicate the significance of the difference berween the control (0 Gy) value and a
specific dose point. A p-value of < .05 is regarded as significant. SD = Standard Deviation

" Neutrons

" Dose mGy ' Batch 1 Batch2 Batch 3 . Average + One SD %CV ﬁ-valu;es |
0 T 10 - o N | K ©
025 148 114 103 ' 121 022 18 0ot
i 123 . 12 . S 8 o
10125 R 117 B e S

: 2.0 133 127 126 129 ;004 3 . 0.971
. 4.0 172 1125 141 146 i 024 16 0900

Figure 6-8 displays the detection of caspase activity in isolated lymphocytes 36
hours after irradiation. Although the ratio of caspase production in gamma-irradiated
cells was relatively low (average 1.14 to 1.64) a linear response was observed.
However, the response in neutron-exposed cells showed hypersensitivity below 1 Gy

with a linear response above 1 Gy.

Isolated lymphocytes responded to both radiation qualities in a dose responsive
manner. However, nane of the dose points produced significant p-values when
measured against the control. Similarly, the difference in response between gammas
and neutrons was also nat significant in any of the dose points. Maximum caspase
activity was detected in the 4 Gy gamma-irradiated samples with a fluarescence ratio
of just over 1.6. Neutron-iradiated samples dispiayed a hypersensitivity to doses of
0.25 and 0.5 Gy with flucrescence ratios of 1.21 and 1.23 respectively, reaching a

maximum fluorescence ratio of only 1.46 in the 4 Gy sample.

Inter-experimental variability was measured by means of CVs. which ranged between

100



Chapter 6 ) Apoptosis

3 and 20%. The neutron-iradiated samples produced a better average CV (10%)

across all dose points compared to gamma-irradiated samples (14%).

Average fluorescence ratios
36 hours post-irradiation

20 -

Fluorescence ratio

0.0 05 1.0 1.5 20 25 3.0 35 40 45 |

Dose in Gy

Figure 6-8: Dose-response curves of caspase 3/7 activity for gamma- and neutron-irradiated isolated
lymphocytes. Caspase activity was measured by the Apo-ONE ™ Homogeneous Caspase-3/7 Assay and is
expressed as a fluorescence ratio, compensating for caspase activity present in unirradiated cells (0 Gy)
samples. Data points represent the average values of three experiments and error bars indicate = one standard
deviation.
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Figure 6-9 shows the results of one experiment in which blood from a second male
donor (KS) was included. The results show that caspase production in gamma- and
neutron-irradiated samples was consistently higher in samples of KS (maximum 1.5
compared to 1.3), indicating possible inter-individual differences in radiation-induced
caspase production. However, caspase activity in irradiated samples was still very

low for both donors.

Dose response - Two donors

Fluorescence ratic

0.8 : ‘ : : , ,
0.00 0.50 1.00 1.50 2.00 250 3.00 350 400

Dose in Gy

—@&— AR Gamma - - & - -KS Gamma —#&—— AR Neutrons - - # - - KS Neutrons

Figure 6-9: Dose-response curves of isolated lymphocytes of two donors exposed to gammas and neutrons.
Caspase activity was measured by the Apo-ONE ™ Homogeneous Caspase-3/7 Assay and is expressed as a
Sfluorescence ratio, compensating for caspase activity present in unirradiated cells (0 Gy) samples. Data points
represent the values of one experiment.

102



Chapter 6 B , ) Apoptosis

6.5.2 DNA Fragmentation

Lymphocytes were isolated from EDTA and heparin blood respectively and exposed
to different doses of gamma and neutron radiation. Samples were incubated for 48
hours, processed by using the Apo-Direct TUNEL Assay, (BD Biosciences,
Pharmingen, 2001) and analysed using a flow cytometer. Three independent
experiments were performed on EDTA blood and were processed on separate days.
Two experiments were performed on the same day on heparin blood and were
processed together. Data were not corrected for spontaneous apoptosis in order to
compare the number of FITC-positive cells in unirradiated samples of different

experiments.

Apoptotic populations of cells are presented by means of scatter plots and
histograms generated by the FACSCalibur software during sample analysis (Figure
6-10 and Figure 6-11). The percentage of FITC-positive cells (with fragmented DNA)
calculated from these data is summarised in Table 6-6 to Table 6-9 and is

graphically displayed in Figure 6-12 as function of radiation dose.

Pos Contral

266
56

1c?

Pos Control & Neg Control

e16
1

Events

10!
b

40°

Figure 6-10: Flow cytometry data of control cells supplied by the manufacturer of the Apo-Direct TUNEL
Assay. The cell population in the red circle in A represents the FITC-positive apoptotic cells. The M1 region in
B and C indicates the percentage of FITC-positive cells.
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Figure 6-11: Flow cytometry data of irradiated lymphocytes as measured by the Apo-Direct TUNEL Assay.
The intensity of FITC-positive calls is displayed on the x-axis while the number of events analysed are displayed
on the y-axis. The fraction of FITC-positive cells is the number of cells in the M1 region as percentage of the

total population.
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Table 6-6: Results of three independent experiments in which lymphocytes in EDTA blood were isolated and
exposed to gamma radiation. The percentage of FITC-positive cells was measured by the Apo-Direct TUNFEL
Assay. p-Values indicate the significance of the difference between the control (0 Gy} value and a specific dose
point. A p-value of < 0.05 was regarded as significant and is printed in red. SI) = Standard Deviation

Gammas - EDTA blood
_Dose in (_5y Ba;ch_1 B;tchz_ Biait;:hrs __A;;;aéei +1 S[; cv i p:VaI;
_D_ : i ﬁ1778_66 22.32 | _9_7277 16.90 | 7767.487 58 _ | -
025 1479 2030 1477 1662 319 19 0951
05 2249 2475 1801 2175 343 16 033
7077 - _18.97 ! _28.0577 1 _21 .Sé - 727278_5 - 4638 21 | 6._273
_57 | 29_..';;5_ 722.72 2:.42 24,50 425 17 0.176
4.0 a 23?90_ : 2:{.71 26:61 26.07 1?96 8 0.124
71;09 cor;trol | 5”3.78 : 2494 32.777 W 30.50 ] 484 16
Neg control 282 285 309 292 015 5

Table 6-7: Results of three independent experiments in which lymphocytes in EDTA blood were isolated and
exposedto neutron radiation. The percentage of FITC-positive cells was measured by the Apo-Direct TUNEL
Assay. p-Values indicate the significance of the difference between the control (0 Gy) value and a specific dose
point. A p-value of < 0.05 was regarded as significant and is printed in red. SD = Standard Deviation

Neutrons — EDTA blood
Dose in G; Ba:c; 1 Batch 2 Batch 3 Average :+OneSD CV  p-Value
_t_) o 16;9 H 12;.57 8.37 12.58 420 33
(7)72;77 | 16_57__ ”24.16 | 7;4.95 18.59 4.90 26 0.201
I]_.'x ) | 30.46 27.43 16.56 24.82 .31 30 0.086
;:0 - i 21?6.3_ 2567 24 44 23.91 _2.07 7 9 0.028
72:07 - 7252.82- 7 21.16 2480 26.26 5.97 23 0.039
_4[; - 1-:-%5‘01 33.92 31.60 33.51 1.71 5 0.005
P_o:ontrt;l ] 33.78_ . 2494 32.77 30.50 484 16
Neé]i;:;t_r;l 2382 7 2.85 3.09 292 0.15 5
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Table 6-8: Resulis of two experiments in which lymphocytes in heparin blood were isolated and exposed to
gamma radiation. The percentage of FITC-positive cells was measured by the Apo-Direct TUNEL Assay. p-
Values indicate the significance of the difference between the control (0 Gyj value and a specific dose point. A
p-value of < 0.03 was regarded as significant and is printed in red. SD - Standard Deviation

Gammas - Heparin blood

Dose in Gy Batch 1 Batch 2 Aveﬁge +1S8SD p-Value
0 o 712-2g7 10;7 11._38_ | -1.23 -11—7
025 2210 1727 1969 343 17 0149
;r _24§7 ] 2447 y 2472 0_.\.‘-’,_5_ - _1 0.029
| 1.0— I 73;34 ) ;1.07 B 32.2{ ;; N 75 _O_OO_E_S
) 20— : 3:6.7?’37 31.29 34.01 3.85 11 0.055
4(; o 74_3,25 7 44 87 44 06 1.15 3 0.001
;;s ;:ontro_l M 24-.1_0“ 30.22 27.167 433 16
-Ne;;:ontrol . 1.177 | _‘1.:4_ -1.16 _ 0.02 2

Table 6-9: Results of two experiments in which lymphocytes in heparin blood were isolated and exposed to
neutron radiation. The percentage of FITC-positive cells was measured by the Apo-Direct TUNEL Assay. p-
Values indicate the significance of the difference between the control (0 Gy) value and a specific dose point. A
p-value of < 0.05 was regarded as significant and is printed in red. SD = Standard Deviation

Dose in Gy

Pos control

2410

Batch 1
1b.61
227
257.20
25.80
a0
46.67

147

Neutrons — Heparin blood

Batch 2

10.86

18.61
26.33

33.58

40.40

51.57
30.22
1.14

25.77

Average
10.74
20.44

29.69

40.71
4912

27.16
1.16

+18D
0.;IS
2.59
0.80
5.50
0.43

3.48

433
0.02

Ccv

16

p-Value

0.117

o e
b (= ]
[\ %] —t
w (8]

(=]
o
o=
L]

0.040
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6.5.2.1 Inter-experimental variability

Data displayed in Table 66 to Table 6-9 represent the results derived from scatier
plots generated by flow cytometrical analysis. The percentage of FITC-positive cells

was regarded as a measure of DNA fragmentation and was statistically analysed.

Three experiments were carried out in which lymphocytes isolated from EDTA- and
heparin blood were exposed to gamma and neutron radiation. Inter-experimental
variability was analysed by means of coefficient of variations (CV) calculated for each
dose point. Inter-experimental variability in EDTA samples was consistently higher
than in heparin blood with CVs ranging from 5% in <ells exposed to 4.0 Gy neutrons
to 38% in unirradiated samples. CVs for heparin blood ranged from 1% (2.0 Gy
neutrons) to 19% (1 Gy gammas). Unirradiated samples produced CVs of 11% and
2% for gammas and neutrons respectively. The CV for the positive control was 16%
in both blood preparations and could be considered as true measure of experimental
variability for the Apo-Direct TUNEL Assay as positive cells were provided by the
manufacturer and did not go through the same cell preparations as the other blood

samples.
6.5.2.2 Dose-response relationships

Figure 6-12 displays the dose response relationships of lymphrcytes in response to
gamma- and neutron radiation. Lymphocytes were isolated from EDTA- and heparin
blood and were analysed in different experiments. Data is displayed on the same
graph for comparison of results. Control values (0 Gy) have not been subtracted

from data points in order to compare background apoptesis in different cell
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suspensions.

Lymphocytes responded to both radiation qualities in a dose-responsive manner with
a maximum of almost 50% TUNEL-positive cells in the 4 Gy neutron-exposed
heparin cells. EDTA cells did not respond to the same degree with a maximum of

only 33% TUNEL-positive cells in the 4 Gy neutron-expbsed sampie.

With the exception of the EDTA gamma-exposed samples, all other cell preparations
expressed an area of low-dose hypersensitivity to both radiation qualities between 0
(11%) and 1 Gy (32%} while the gamma-irradiated EDTA-samples reached a plateau
at only 26% (4 Gy). Neutron-irradiated samples prcduced consistently higher
TUNEL-positive cells (33.5 and 49.1% for EDTA and heparin blood respectively)

while gamma-irradiated samples reached a maximum of 44% in the 4 Gy heparin

sample.
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(p=0.008). Other p-values ranged between 0.242 and 0.828 (Table 6-10).

Table 6-10: p-! alues indicanng the significance oy the dyfference in apuplolic response benvesn gamma- and
neurron irradicted cells. Povalues were oblained by performing tae TTEST juncrion ol Microsoft Exce! 2060 P-
values of < 0.03 was regarded as significan! and is prinied in red

Dose in Gy EDTA Blood Heparin Blood
0 0.426 0.583
0.25 0.585 0.828
0.5 0.580 $.285
1.0 0.744 G.634
2.0 C.7G0 0.242
4.0 0.264
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6.5.3  Cellular morphology

The resuits of one experiment in which cell samples were exposedto C and 4 Gy
gamma radiation are summarised in Table 6—11 in graphicaliy dispiayed in Figure
6-13 and Figure 6-14. Cells were stained with ethidium bromide and analysed by
flucrescence microscopy during which cells were classified into four cell types
accoerding to the criteria tabulated in Table 6—1. A minimum of 200 cells was

randomly scored per dose point.

able 6-11: Pzreentage of gamma-irradiated ceils classified 1nr eacn coll rope arter anaiysis with a
Table 6-11: F g 2 red ceils elassified inrs eacn colf rpe ot i L
Auorescence microscope. A mummum of 200 cells was scored per dise poial

Dose Normal celis Condensed Apoptotic Celi

in Gy DNA bodies remnants
24 hours g 72 18 12 0

4 65 13 16 3
48 hours 0 50 35 14 !

4 3z 34 32 3
72 hoursu 0 41 20 27 13

4 ] 13 13 86

The percentage of normal cells in control sampiss aecreased from 72% at 24 rours

R
()]
3]
o
)
5

10 41% at 72 hours post-irradiation. This gecrease in normail calis was noti

irradiated samples with 85% ai 24 hours and only 8% at 72 hours post-irradiaticn.

L. L . P - . - P I . ripil AT
apoptotic celis in irraaigtea sampiss regcnec = ceax at 48 hours (32%) ana

) — - . sl b A Es & o - ~
garrazsed in “;3':(/,3 at [z "ours., Nz cai ramnanis wers v:sibie in ururracia g0 sSaroiss

; ; ; 2am b 4R T ; e i =
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Cellular morphology - 0 Gy Gammas

@ O Cell remnants
) B Apoptosis

(&) ODNA Condens
= B Nomal

24 hours 43 hours 72 hours
Time interval (h)

Figure 6-13: Dose- and time-response of unexposed isolated lymphocytes in terms of microscopic cellular
morphology.

Cellular morphology - 4 Gy Gammas

OCell remnants
B Apoptosis
CIDNA Condens
B Normal

% Cells

24 hours 48 hours 72 hours

Time interval (h)

Figure 6-14: Dose-and time-response of isolated ymphocytes exposed to 4 Gy gamma irradiation in terms of
cellular morphology.
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6.6. Discussion

6.6.1 Caspase 3/7 activity

The induction of caspase 3/7 activity was measured in isolated lymphocytes by
irradiating cell suspensions in vitro with different qualities and doses of radiation.
Only a low concentration of caspase 3/7 was detected in irradiated cells after an
incubation period of 36 hours and showed a hypersensitivity to high-LET radiation

(neutrons) in the O to 0.5 Gy region (Figure 6-8).

Louagie ef al. (1999) investigated caspase activity i1 irradiated lymphocytes and
found only a low activation of caspase 3 after 5 Gy of gamma radiation. In addition.
they found no cytochrome-c release at any time after irradiation, despite the
presence of high amounts of mitochondrial cytochrome-c in total cell lysates. In
contrast, staurosporin-treated lymphocytes showed a pronounced cytochrome-c
release. Although the addition of caspase inhibitors decreased TUNEL-positive cells
from 40% to 20%, Louagie et a/. (1999) concluded that caspass-3-like proteases had
only a limited involvement in the apoptotic process of lymphocytes after radiation.
From these results it was evident that radiation-exposed lymphocytes follow another

apoptosis pathway than cytochrome-c release and caspase activation.

Masdehars ef al. (2000) shed more light on this observation wiir: their investigation of
the ubiquitin-dependent proteolytic pathway of apoptosis in irradiated lymphocytes.
They found that poly ADP-ribose polymerase (PARP), usually cleaved by caspases,
was regulated by a caspase-independent “N-end rule” pathway. By using dipeptide

competitors for the NHx-terminal amino acids, they praved that only substrates of
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ubiquitination with the same basic NH,-terminal amino acids are involved in
lymphocyte apoptosis. Wajcik (1999) confirmed these findings by stating: “Ubiquitin
antisense inhibition considerably diminished the proportion of apoptotic lymphocytes
after y-irradiation, which clearly implied an active role for this system in cell death”.
Delic et a/. (1993) investigated whether ubiquitin could be associated with apoptotic
cells by means of anti-ubiquitin immunostaining and showed that ubiquitin was
increased only in apoptotic cells and not all irradiated cells. They suggested that the
ubiquitin gene is one of the genes that are activated during apoptosis and that
ubiquitination of nuclear proteins might be involved in chromatin disorganisation and

cligonucleosomal fragmentation.

The results of this study clearly show that caspases are not significantly activated in
iradiated lymphocytes; the findings of this study are thus in agreement with Wajcik et
al. (1999) and Delic et al. (1993) that a ubiquitin-dependent proteolytic pathway may
well regulate the cleavage of PARP and subsequent DNA degradation in radiation-
exposed lymphocytes. From the evidence of the literature and the results of this
study, a possible sequence of events is proposed in Figure 6-15, although it is not
suggested that the exact mechanism and time frame of events are fully understood.
The ubiquitin-pathway (printed in green} is given in relation to the well known

receptor- and mitochondria-mediated pathways.

114



Chapter 6 Apopiosis

Apoptosis signal

h 4

Ng

Granzyme B L.l Caspases Ubiquitin

PARP cleavage

DNA degradation

Figure 6-15: Schematic representation of the major pathways involved in apoptos s. The ubiquitin-pathway
involved in radiation-induced apoptosis in lymphocytes is given in relation to the classical pathways invofvfng
death receptors and mitochondria. i ’

The observation of low-dose hypersensitivity of lymphocytes to high-LET radiation

may be as a result of the bystander effect as it has been shown that radiation
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damage could be induced in cells not traversed by radiation (Mothersili and Seymour
2003). Although the actual mechanism is still unclear, cellular communication seems

to play a key roie in this phenomenon.

Although caspase activity was low in expesed cells, it was clear that caspase activity
increased as the radiation dose increased. Dose-response curves for gamma- and
neutron-exposed lymphocytes did not differ significantly at any dose point. it is

surprising however that the neutron-exposed celis showed lower caspase activity

above 1 Gy than gamma-exposed cells. This could be explained by the fact that ow
LET radiation produces mainly indirect DNA damage, resulting in the production of
free radicals in the cell, while high-LET radiation produces more direct DNA damage.

Being active in the cellular medium, free radicals could initiate caspase activation,

especially in the high-dose region.

E ™ Homogeneous Caspase-3/7

The aim of this study was to validate the Apo-ON
Assay for use as biological dosimeter. From the results of the study it is clear that
this assay is not suitabie as biological dosimeter as only low 'zvels of caspase 3/7
activity were present in irradiated lymphocytes. [n addition it was shown that
iradiated lymphocytes do not activate caspases as major route of apoptosis; this

would mean that no assay measuring caspase activity in lymphocytes would be

suitable as biological indicator of radiation damage.
6.6.2 DNA Fragmentation

The presence of fragmented DNA in lymphocytes after exposure to different qualities

and doses of radiation was investigated by empioying the Apo-Direct TUNEL Assay.
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Samples were incubated for 48 hours after which it were analysed by flow cytometry.

The decision to use heparinised blood in addition to EDTA-bljood was taken after low
levels of DNA fragmentation was observed in the initial experiments on EDTA blood
and some researchers used heparinised blood in their studies (Crompton et af, 1999;
Louagie et af, 19899). Favourable results obtained from the positive and negative
control cells supplied by the manufacturer confirmed a sound methodology. in
addition, the incubation period for FITC-labelling was changed from overnight
incubation on a shaker to 60 min in a 37°C incubator to rule out the possibility that

the extended period of shaking could have damaged the cells.

These changes proved to be successful. Although two experiments could not be
regarded as a true measure of inter-experimental variability the results obtained with
heparin blood were in agreement with those from other studies performed on
irradiated lymphocytes (Masdehors ef al., 2000; Louagie et a/., 1999). Results

obtained from EDTA-blood were not considered in the discussion.

Dose response curves for gamma- and neutron-exposed cells were not significantly
different at any dose point when p-values are taken into consideration (Table 6-10).
The two curves followed the same siope up to 1 Gy after which the gamma curve
reached a slight plateau between 1 and 2 Gy and slowly increased to 4 Gy. The
neutron curve followed a constant increase to 4 Gy with 11% more TUNEL-positive

cells at 4 Gy (49% for neutrons and 44% for gammas).

The Apo-Direct TUNEL Assay could be useful as biological dosimeter once it has
been standardised and a standard curve established from the population to be

monitored. H was sensitive enough to detect DNA fragmentation in

-
-
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lymphocytes below 0.5 Gy of gamma- and neutron radiation although it could not

distinguish between the two radiation qualities.

6.6.3  Cellular morphology

Cellular morphology is the hallmark of apoptosis and by including one experiment in
which cells were exposed to 4 Gy gamma radiation, the typical morphologicat
features of irradiated cells were analysed after incubation periods ranging from 24 to

72 hours.

As expected, most of the control cells appeared normal after 24 hours of incubation
(73%) although it was clear that 4 Gy of gamma radiation had an adverse effect on
lymphocytes at 24 hours after irradiation (65% normal cells). After 72 hours of
incubation though, only 41% and 8% cells displayed normal morphology in control
and exposed cells respectively. The largest fraction of apoptotic celis in the control
sample appeared after 72 hours, while a peak of apoptotic cells in the irradiated
samples was detected after 48 hours. This is not surprising as highly damaged cells
in irradiated samples disintegrate and are only visible as cell remnants at 72 hours

(66%).

Cellular morphology was not validated for use as indicator of radiation damage, but it

confirmed the apoptotic response of lymphocytes to radiation.
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6.7. Conclusion

From the three apoptosis assays evaluated in this study only the Apo-Direct TUNEL
Assay could be considered as biological dosimeter. Much was learnt from the Apo-

ONE ™ Homogeneous Caspase-3/7 Assay, but the observation that lymphocytes do
not follow the caspase proteolytic pathway of apoptosis rules out the possibility of

using this assay as biological indicator of radiation damage.

Neither the Apo-ONE ™ Homogeneous Caspase-3/7 Assay nor the Apo-Direct
TUNEL Assay displayed a significant difference between the dose-response
relationships of gamma- and neutron radiation although distinctly different slopes
were visible at higher doses. Further experiments of one assay would be necessary
to confirm this tendency. Neither of these assays would thus be suitable for the

discrimination of DNA damage induced by different radiation qualities.

The difference between control values and other dose points were significantly

different above 0.5 Gy for the Apo-Direct assay but was not significant in any of the

dose points for the Apo-One Assay.

Crompton et al. (1999) proposed & rapid assay of intrinsic radiosensitivity based on
apoptosis in human CD4 and CD8 T-lymphocytes. The leukocyte apoptosis assay
(LAA) provides a rapid screen for genetically hypersensitive caricer patients identified
to receive radiation therapy. The Apo-Direct TUNEL Assay could fulfil the same role
as predictor of radiosensitivity although it would be more expensive than LAA. |t
provides the advantage of measuring multiple features of apoptotis such as cell size

and DNA fragmentation where the LAA only relies on changes in cell size and
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granularity.

Before implementing the Apo-Direct TUNEL Assay as predictor of intrinsic
radiosensitivity, it would be necessary to establish a siandard curve from the
population to be analysed by irradiating lymphocytes with different doses of gamma
radiation and determining the percentage of TUNEL-positive cells in the sample after
different incubation periods. Should the radiation doses be expanded to cover doses
from 0.1 to 8 Gy, the same standard curve could be utilised as predictor of

radiosensitivity and biclogical dosimeter.
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Chapter 7

Discussion and Conclusion

in the past, radiobiological research was largely focused on the effects of high doses
of radiation. Recent developments in molecular biology and genetics have provided
new insights on the effects of low doses of radiation on different biological systems

and as a result new techniques have been developed to measure these effects.

Some of these novel technigues have been included in this study, i.e. the
spectrofluorometric measurement of caspases and the detection of fragmented DNA
by flow cytometric analysis. With the inclusion of the more established comet and
micronucleus assays, a range of biological endpoints could be analysed for the

detection of radiation-induced DNA damage in peripheral lymphocytes.

In addition to the more available lfow-LET gamma radiation beams, a high-energy
neutron beam was used as a second radiation gquality to provide the added
advantage of high-LET radiation. This approach added a unique flavour to the study,

as radiobiological data on low-dose high-energy neutrons are not freely available.

The comet assay was performed on different celi preparations' whole blood proved to
be the more sensitive indicator of radiation-induced DNA damags. Lymphocyte
isolation added a certain measure of uncertainty to the assay as an agent other than
radiation induced the formation of highly damaged cells and hedgehogs in
unirradiated cells. in contrast to the deductions from other research groups (Roser et

al, 2001; Lankoff et al, 2004), the results of this study proved that hedgehogs are not
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induced as a result of apoptosis. As the literature is unclear on the influence if the
isolation procedure, it would be useful to investigate this phenomenon before an

attempt is made to use the comet assay as biomarker of radiation damage.

The alkaline comet assay is sensitive and reliable to detect DNA damage in
lymphocytes induced by gamma- and neutron doses above 1 Gy. The difference in
the mechanism of DNA breakage between low- and high-LET radiation was detected
with the observation that neutrons induced less DNA fragments at higher doses than
gammas. Due to the high density of particles produced by neutrons, more energy
was deposited in the same cell with less fragmented DNA to migrate away from the

nucleus, resulting in lower tail factors.

The CBMN assay confirmed the difference in energy deposition between low- and
high-LET radiations. Damage induced by radiation doses above 0.5 Gy were
detected in a dose-responsive manner although it seemed as if the quality of PHA
could induce a positive correlation with the NDI and micronucleus frequency. As only
one experiment was performed with each lot of PHA, it was not possible to
investigate this observation in depth, but it is a tendency that needs to be clarified in

the future.

Although not in large quantities, caspase 3/7 showed a hypersensitivity to high-LET
doses below 0.5 Gy. This tendency could possibly be expiained by the bystander
phenomenon. The principle is based on ceilular communications in which irradiated
cells transfer a message to unirradiated cells that they were hit by radiation, eliciting
the same response in neighbouring cells. This low-dose hypersensitivity was only

observed in neutron-irradiated cells.
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The Apo-Direct TUNEL Assay detected a high percentage of TUNEL-positive celis in
a clear dose-responsive manner and was extremely sensitive to low doses of
gamma- and neutron radiation. This assay has the potential to serve as biological
indicator of low-doses of radiation damage as well as predictor of radiosensitivity.
The Leukocyte Apoptosis Assay measures apoptotic features in irradiated cells and
has been proved to be a good predictor of radiosensitivity in radiotherapy patients.
The Apo-Direct Assay should be even more sensitive in such a role, as more features
of apoptosis such as DNA fragmentation and changes in cells size are measured.
Although the cost implications could be a barrier the possibility of employing this

technique in radiotherapy centres should be investgated.

The detection of very low levels of caspase 3/7 in irradiated lymphocytes as
measured by the Apo-ONE Homogeneous Caspase 3/7 Assay was somewhat
surprising, but it has recently been elucidated that irradiated lymphocytes do not
follow the classical pathway of apoptosis in which caspases induce DNA
fragmentation, but rather the more unknown proteasome/ubiquitin route (Masdehors
et ai, 2000; Delic et al, 1993). However, both pathways induce the cleavage of PARP
and subsequent DNA fragmentation as was evident in this study. The activation of
ubiquitin in irradiated lymphocytes needs to be investigated further by means of

immunostaining, polyacrylamide gel electrophoresis, Western Fiotting, or flow

cytometry.

Various endpoints have been validated and discussed as biological indicators of low-
dose radiation damage. Of these, the Apo-Direct TUNEL Assay is the only assay
sensitive enough to detect the effect of low- and high-LET radiation doses below 0.5

Gy in lymphocytes. This assay has the potential to be standardized as a biological
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indicator of low-level radiation damage as well as a predictor of intrinsic

radiosensitivity.
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