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ABSTRACT

»

Human peripheral blood lymphocytes (HPBL) are
highly radiosensitive. A possible reason for this sensi-
tivity could be a deficienéy in the ability of HPBL to
repair damage to genetic mate{iai. The induction and
rejoining of DNA strand breaks after 6OCo gamma- OT
14.6 MeV neutron irradiation at low doses (1-2 Gy) was
followed ﬁy use of.-a new sensitive assay for fhe detection

of DNA strand breaks (Fluorescence Analysis of DNA Un-

winding) in order to test this hypothesis. Rejoining after
60

‘

Co gamﬁa-irradiation w%s rapid and biphasic with 70% of
the breaks heing rejoined with a t; of 2.é minutes, the
remaining fraction (30%) being rejoined with a ty of 35
minutes. The ability of-ﬁPBy to rejoin DNA strand breaks
does not change appreciably over 72 hours of culture.-
14.6 MeV neutrons are 'a high‘LET radiation with a greafer
biological effectiveness than 800 gamma-rays. It was’
thoughﬁ that the yield of strand breaks and their Fejoinihg
after 14.6 MeV neutron irradiation‘might be different than
tﬁosé after 60Co gamma-irradiation. The apparent yield of
DNA st;andabreaks induced by 1.4.6 Mef neutrons 1is 0.34

60

that induced by Co gamma;rays, in contrast to-fhe high

biologicél effectiveness of 14.6 MeV neutrons. Experiments .



‘DNA straqd breaks after 14.6 MeV neutron irradiation is

-
-

were done to test for protein-DNA crosslinks which could be.

.responsible for the low apparent yield of DNA strand breaks.

No positive evidence for the existence of extensive cross-
linking was found. A model involving the clustering of
DNA strand breaks within chromatin structure is presented

as a possible mechanism for the low yield.’ Rejoining of

rapid and biphasic, the kinetics differing from those after
60Co gamma-irradiation only'in that there are fewer of the
rapidly rejoined DNA strand b;eaks{ : . -

'The_extreme radiosensitivity of HPBL is probably

>_ not due to a deficiency in their ability to rejoin DNA

strand breaks. There is no obvious relation between the
induction and rejoining of DNA strend breaks after
14.6 MeV neutrons and the biclogical effects seen at these

doses.
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\ _RESUME“

Les lymphocytes périphéraux humains sont trés sensibles .

‘aux radiatipns. .Une des raisons pour une telle sensibilité
pourrait 8tre une déficience de 1'abilité des HPBL de reparer

-

. 1es dommages du matériel genethue. L'inductiqn et le raccom-

- -

_modage des scissions des chafnes d' ADN aprés irradiation i

+ “faibles doses de 60¢co - gamma ou 14.6 MeV neutrons ont gteé

- e -

: = ‘
'siivis en utilisant une nouvelle méthode sensible pour détec-
'r-u-." . .

+.. ter les.sci§sions des chaTnes d'ADN (Fluorescence Analysis of

.

. DNA Unwinding) afin de tester cette hypothése. LewgaccommOdage

GOCO

. “ﬂpres~rrrad1at10n avec - gamma était rapide et biphasique

avec 70% des sc1551ons raccommodees i une demi-vie de 2.8 min.,

-

la fraction. restante (30%) &tant raqcohmodée i une demi-vie de
35 miﬁ. L'abilité des HPBL & raccommoder les scissions de 1'ADN
ne varie pas signifisativement en 72;heures de culture. 14.6

MeV néﬁtroﬁs sont des radiations & hautes LET avec une plus
grande efficacité biologique que iés Tayons gamma 60¢co. oOn a
pensé que le taux de scissions et.leur‘racéommodage,aprés 14.6
MeV ifrgdiatiéh aux neutrons pourrait gtre différénts'de ceux
'aprés irradiation aux rayons gamma - 60co. - Le taux apparent
-des s;ﬁijlons 1ndu1tes par 14.6 MeV neutrons est 0.34 fois }ﬁi;
plus bas que celui causé ,par les rayons gamma - QOCp”a 1t 1nve;§p‘/f?
de 1la grande efficacité biologique de 14.6 MeV neutrons. Dgs/
expériences ont &té entreprises dans le but de détecter ;a/

P
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‘présence de ljens croisés \entre les protéines et l'ADN, qui

pourraient &tre responsablel\du taux apparent, peu &levié des

18
scissions d'ADN. On n'a pas trouvé d'évidence pour l'existence.

d'un grand nombre de liens croisés. Un modéle incluant 1'em-

-

paquetage des scissions d'ADN & l'intérieur de la structure
chromatique est présente comme mécanisme possible pour ex=

pliquer les taux peu &levés® Le raccommodage des scissions

f &

Les cinétiques n'étant différentes de celles observées aprés

irradiétion'gyec gamma -6 Co que par le nombre moins important
des scissions raccommodées rgpidement: L'extréme sensibilité
des HPBL aﬁx radiation n'est p;;bablemen; pas due 3 une‘défi—
ciehce de leur-capacité i raccommoder leé scissions des chaines
d"ADN. 11 m'y a pas de relation &vidente entfe l'indpctiqn et

raccommodage des scissions aprés 14.6 MeV neutrons et les

effets biologiques observés i ces doses.’

aprés irradiation avec 14.6 MeV neilitrons est rapide et biphasique. -

'
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DEFINITION OF TERMS -

The—relétive biological effectiveness (RBE) is the
‘ratip of the dose of one form of radiation needed to cause
a given efféct to the dose of a sécondfform of radiatioﬂ
used as a standard (usually X-rays) to. achieve the same -
effect. The RBE need not be the same for any given
radiation form at different doses and is also dependeﬁf o

on the cell type and endpoint measured.

Linear energy transfer is the amount of energy
deposited by a particle, -in its passage through a given
material; per unit distance (e.g. KéV/pm).

-
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- CHAPTER I ., .~ %"
Introduction L -
1.1 ‘Statement of Thesis .

DNA strand breaks ind?ced Ey ionizing radiation
are reported te be rejoined efficiently by cultured ”
mammalian cells. The aﬁi;ity of lymphocytes to carry -~
out this form of repair is less well defined. It is my

intention to study the rejoining of DNA strand breaks in
restin'_human peripheral blood lymphocytes after irradiation
\w&{;’;j:;:; 80¢o gamma-rays or 14.6 MeV neutrons. The _
purpose of this study will be twofold: first, to determine -
whether the cause of the extreme radiosensitivity'of lympho-~
cytes results from a deficiency iﬁ their ability to rejoin

DNA strand breaks; second, to determine whether the high
biological effectiveness of 14.6 MeV neutrons is related

to the number of strand breaks induced in DNA or to the rate

60Co gamma-

of rejoining of strand breaks, as compared‘to
rays, using the lymphocyte as a model system. .

"In order to accomplish this I have iSolated
human peripheral blood 1ymphbcytés by étandard methods and
irradiated them in vitro with low doses (<4 Gy) of 60¢,

gamma-rays or 14.6 MeV neutrons. I have determined the

relative yields of DNA strand breaks after irradiation of ;

P NS



1.2 The Lymphoé&te

(34

- - 2 -'.

the ‘cells withvéach radiatioﬁ type-by the use-of aﬁ assay
for DNA strand breaks in non-dividing cells recently
developed in Chalk River by Dr. H.C. Birnboim and J.J.._
Jevcak. I have teéted for the rejoiging'of strand breaks
in resting human peripheral'blood lymphocytes with }ime

60

at 37°C after ,irradiation with either °-Co gamma-rays or

14.6 MeV neutfons,

The lymphocyte is an integral part of the immune
system, which is the body's major defence against infecti&h.
The human peripheral blood 1ymphocyté (HPBL) represents
about one quarter of the leukocytes in blood, the remainder
being neutrophils, mqngcytesn macrophages, and minor granu-
locytes. HPBL are géﬂérally divided into two classes; T
cells and B célls. The T cell or thymus derived lymphocyte
is responsible.for cell %ediated immunity (cell cyto-
toxicity, allggraft rejection, eﬁc;), and the B cell or
bone marrow derived.lymphocyte is responsible for humoral
immunity (soluble ‘antibody production) (Mdrchalonis, 1977).
In the blood the HPBL is an inactive cell, carrying out

little or no DNA synthesis, transcription or translation

v ’ .
(Cline, 1975; Mitchell and Shifer , 1979). In the presence

‘of antigen, individual cells will respond by diffefentiating'
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and dividing once or twice before expressing their immune

-

-

‘function (e.g. qntiEody production). It is possible to

treat these cells with a polyclonal mitogen which ﬁill

. .
stimulate thé majority of HPBL to undergo metabolic
aé%ivation.and perform one or two mitbseénfﬁpme and
Weidermarnn, 1980). During this time tﬁe lymphoblast, as

. .

it is calleq, presents aistriking_contrést to the resting -
1ymphocyt-vt:fhe cell increases over tﬁree times inodiametef
and the mitechondria, ribosdmes,-and most other organegles
increase in nuﬁber. While the nucleus of the resting HPBL is
almost completel& heterochromatin, that of the iymphoblast.l
is dispersed. This is evidence of the marked increase-in

transcription which precedes DNA synthesis. The activities

of several DNA-related enzymes increases markedly from barely’

&

detectable levels; these include DNA poiy@erases (Loeb et 31;
1968), DNA ligase and single strand endonuclease (Pedrini

et al., 19?2). Some of these enzyme activities could be

used in repaif of damage to the DNA of cells as well'as
participating in the replication of the cell. As resting
HPBL have very low levels of these enzymes, it is possible
that they may be.defiqignt in their ability to repair

" damage to the genetic material.

1.3 Description of Radiation Types Used"

This project will deal with the effects of two
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. different forms of radiation.as DNA damaging agents. o ’

) " LIS . '
These are described as ionizing radiations as they are

éapable of producing energétic charged particles in matter.

=

The first type is gémﬁ#&rafs from,6PCo, a,radioisotope with
. . S X |
a half-life of 5.24 years. he principal products of each

radipactive disintegration afe two photons having different

kinetic energies, 1.17 and 1.33 MeV. G;mma-rays (photons)

lose'energy primarily by interaction with orbital electrons
of atoms in target matter. A photon may scatter inelasticaliy
to give rise to Compton‘electrons which have a maximum

energy of 1.117 MeV; but the majority will have an energy

"of less than 200 keV. Compton electrons are responsible

for over 90% of the total energy deposition f:gm-éOCo

5y -
gamma-rays. Compton electrons have enough energy tec cause

a large number of fufther'ionizations by collision with
other orbital electrons (Dertinger and Jung, 1970).

The major source erthese ionizations in
biological tissues is the water molecule. An energetic
electron can excite a water molecule which, as a result,

may cleave to form a hydroxyl radical and a hydrogen atom. |

The electron can also add on to a water molecule, which
will dissociate to form a hydrogen atom and a hydroxyl ion.
It can also combine with a proton to produce 2 hydrogen atom.

If it does not react before losing most of its kinetic
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energy, it will remain in solution 'as an aqueous electron

C
- reJectlon of an electron will dlssoc1ate to produce a proton

J. " The charged water molecule left behind after the

and a hydroxyl radical.
P ? ‘ 'The other form of radiation which will be used

in this study is the fast neutron. To generate a beam

of neutrons, either the fission reaction or é particle

accélerator is commonly used. .Fission neutrons have a

. broad spectrum of kine£ﬁc energies, usually centering

around 2 MeV. They are produced in nuclear reactors or by
the bombardment of fissionable ﬁaterials by neutrons. In
a ﬁarticlg accelerator a beam of particles of low mass
such as.protons ot deﬁterons is directed onto a target of
some element of low atomic number (e.g. ZH or DesH or T,
or Be). The reaction of‘these particles with'phi targef
atom 1is accompaniea by thé emission of a high energy neutron,
often leaving a stable by-product (Areﬁa, }971). Fast
neutrons produced by any one feaction are usually moﬁo-
energetic and can have kinetic "energies ranging from 150
keVv t& over 20 MeV. In this study 14.6 MeV neutrons will
be used. Energy from this source is deposited in targét
material by several mechanisms. Over 80% of the energy
deposited in biological tissue is due to elastic collision

with a proton ("proton recoil"”). Kinetic energy is
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imparted to the-protoh wﬁich is céﬁable of éausing large
numbers of ionizations Qy khocking out orbital electron
in avsimilér fashion to Compton éle;§rons of gamma- )
irradiation before- coming to rest. A lesser amount of )
the energy deposited is due to carbon, oxygen and nitrogeﬂ
recpilé; 1e$s commonly a non—elasﬁic interaction with an_-
atomic nucleus will cause the formation of alpha particles.
The average amount of energy deposited per unit
length of particle track is definéa as, the linear energy
transfer (LET). LET has become an important concept in -
radiation biology—ﬁecause many bioldgical effects have
different dose relationships depending on the LET of the
radiation used. The general rule is that higher LET \
radiations have a greater effect at similar doses. 60Co
gamma-rays are a sparsely ilonizing radiation with a LET .
of 300 eV/um. X-rays used in biological expérimentatiﬁn
are generally considered to be similar to gamma-rays and
have a LET usually below 3 keV/um. B The LET
of neutrons is not -usually discussed as the neutron does’
not give up its energy as evenly spread ionizatiens gléng
its path but rather as discrete clusters of ionizations.
These clusters are due chiefly to proton recoil, which

gives neutrons their high LET characteristics. It is

appropriate to consider the distributjon_funqtion of

\\‘ﬁ———\

\
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protons of different LET and the contribution of othér
pértiele types.. For 14.6 MeV neutrons'the LET derifed

from proton recoil Es centered around 10 keV/uym with a
maxXfmumenergy of about 100 keV/um. There is also a higher .
LET.comppEent derived from interactions of neutrons with
heavier atoms producing a LET of up to about 1000 keV/um

(Edwards,” 1975).

1.4 Radiolysis Products of Water in Damage of Genetic
Material

The primary interaction of 1on171ng radiation with .
.
11v1ng organisms is the rad101y51s of water, as water is
the maJor constituent of cells. The significant products

of the ;ad101y51s*of water are generally considered to be

~ three highly reactive radicals, the hydrogen atom,'the

hyd}oxyl radical and the aqueous electron, the formation

of which has been discussed. The hydroxyl radical is

implicated as the most bioldgically damaging of the three.

This radical will react almost as soon as it encounters an

organic molecule in solution. The most important molecule

"in the cell and the one considered to be the most sensitive

to attack by radicals is the genetic material, DNA. There

are several possible sites for radicai attack in the DNA

leading to a é%rge number of different products. Many of

these have been idéntified by use of physicalandcjmﬁiqﬂ.techﬁques

L3
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on ﬁodel compounds related to native DNA. These include
free bases; nucleosides and nucleotides. Oniy products

of their.rgaétion with free radicals in the presence of
oxygen which are importaﬁf to our discussioen will be
iisted.here. Radicals prefe;entially attack bases (80%)
over theudeoxyribosg moiety of the nucleotide, pyrimidines
being morehsensitive than purines (Hems, 1960).. Pyrim-
idines, their deo;ynu%}eosides andldeoxynucleotides are

attacked at the 5;6 double bond, férming various degradation.”

products. The cleavage of the glycosidic linkage of

‘nucleecside or nucleotide is a common reaction. In a

Qoiynucleotide this reaétion could produce an alkali-
labile bond in the phosphate deoxyribose backboﬁe. Purine
derivatives are not -as well studied but the major reactions
of deoxynucleoside are release ' of free base or partial
degradation of base by oxidation of thg imidazol ring.
Abas;i.c sites are known to be. ﬁnstable, particularly in
alkaline -media; the sugar phosphate bond may ELeave fofming
a strand break (Shapiro, 1967). Anothér way a strand
break may form-is Ey the attack of dedxyribose directly

by hydroxyl radical. The radical can abstractha hydrogen -
atom from the furanosyl ring leaving a radical on the

sugar which can lead to the breaKﬁge of both the 3' and 5'

phosphate linkages releasing inorganic phosphate and
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énd-unaltered base. A less .common event is the rupture'

- of a carbon carbon bond within the deoxyrlbose, also

~

‘. causing a §trand break (Téoule and Cadet, 1978)

~

Aqueous solutiors of DNA have been 1rradlated 1n
air and the relatlve ylelds of various products Wthh
could lead o s;;ag@ibregks as .assayed for under.alkaline
condit@ons havé been'pabulated-(ﬁlgrich and Hagen, 1971).
Sevehty;ﬁértentléf the breaks are induced in neutral
irradiation mediﬁm, thé‘reﬁainder requiriﬁg'alkali for
expfession; A 11tt1e "less than half of the breaks induced
in neutral solutaon are accompanled by the release of
intact or altered nuc13051de. The remalnder arise from
attack on the 3' carbon of -the deoxfribose leaving a 3°'
hydro;yl group, or less often from the hydroly§ﬁs of the
5' phosphate- ester linkage. Approximately one quarter
of -the bases which are chemiéally altered are released
.directly from the'DNA molecule leaving an aﬁasic site.
0f the §frand breaks which require ali%ii for expression,

60% arise fr the loss .of sugar by B-elimination at

abasic si es: the rest result from alkali-labile alter-

ation of the sugar.

Effects of Ionizing Radiation on Living Organisms

What is often studied, and is of practical.

mportance in making decisions about radiation quality,
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especially in medicine, is ‘the effect of radiation on the
Y L4

living organism. There are ma?;reqézoints which are

measured in vivo, such as surviyal, weight loss of

. specific organs (e.g. Di Paola ed \xfﬁzﬁﬂhf , lens

opacification (e.g. Di Paola et al., 19§0b), c ges in
tissue morphology and pathology.(e.g. Zook et al., 1950),
"depression of DNA content in tissue (e.g.‘Geraci et al.,
1975), and tumour induction (e.g. Jacrot et al., 1979).
There is a body of information available.on the effect of
radiation on- human beings. Exposure can be ogcupational,
accidental, through radiotherapy or diagnostic X-rays.

There are some data from survivors of the atomic bomb
explosions. A ;arge acute dose can have an almost immediate
effect, while ‘the effect of low doses may not be seen at

all or have a latency of many yearé for expression.

Ex%osure to doses as low as 10 mGy is gstimated to increase
the risk of genetic disease in offspring by 0.05% and also
to increase the risk of fatal cancer by 0.1% (UNSCEARf 1977).
This dose 1is onl} 10 times the average natural radiation
background_dose feceived in one year (1.0 mGy ). ~An acute
dose of as low as 100 mGy can be detected by cytogenetic

. . J .
means, that is the analysis of chzemosome aberration

-
!

induction in lymphocy hundred mitoses are

scored and generally e number of dicentric and ring
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" chromosomes éré counted to comé to an estimate of the dose
* received (Lloyd and Purrot, 1981). Doses above 1 Gy can
cause a clinical disease known as Radiation Syndrome,

Tﬁe dose at which half of those individuals irradiated
will survive for at least 60 days (60LD50)>is low, about
5.0 Sv. Afte} a-dose of as low as 2.0 Gy of X-irradiation
the number of lymphatiC'ceils is reduced substantially
and the immune.response will remain suppressed for montﬂs.
The fapid drop in white blood cell.(WBC) number is a
_refigé;ion of the extreme radiosensitivity of the lympho-.
éyte, while the long recovery time shows the extreme
radicsensitivity of tﬂé'rapidly dividing precursor cell
in.the bone marrow. Almost as sensitive is the géétro-
intestinal (GI) system. GI syndrome is caused by

5.0 Gy or more of irradiation. It is characterized by
the depletion of the epithelial lining of the intéstine.
These epithelial cells and bone marrow cells follow the

' empirical rule that rapidly dividing_cells are highly
radiosensitive. In contrast, much higher doses (»50 G&)
are needed to induce deleterious effects on the centrazal
nervous system which is composed mainly of non-dividing
cells (Prasad, 1974). The extrenme sgnéitivity of the
Tresting human peripheral blood lymphocyte is paradoxical

if it is compared to the resistance of almost all other

i men s e e ey

e bas -
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non-dividing cells.

Damage to genetic material is
generally considered to be the major cause of cell death

at moderate doses of ionizing radiation. The ébility of
cells in culture to survive after irradiation is used as-
an indirect measure of damage to the DNA molecule and its
repair. Several interesting conclusions have been drawn
from the study of survival curves, some of which are
Televant to our discussion here. The survival curve for
cultured mamﬁalian cells irradiated with low LET radiation
is‘qf increasing slope with higher dose, producing whét is
known as‘a shoulder. The low slope at lower doses is taken
to mean that repair of some amount of sub-lethal damage can
occur. At higher doses the multiplicity of the damage to
the cell becomes too great for the capacity of the repair
system of the cell and the curve enters an exponential
phase. Survival curves ggnerated by the irradiation of
cells with high LET radiation have a very small sﬁoulder,
indicating that éveﬁ’at'low doses there is no repair of
sub-lethal damage, suggesting that if one radiation track
interacts with a cell it will always put in enough damage
to cause a lethal event (e.g. Railton et 3&.,'19744 Broerse
et al., 1968). - When lymphocytes are irradiated with low
LET radié&ion such as X-rays, the survival curve goes almost

immediately into an exponential phase with a very small
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shoulder, suggesting that there is no repair ofrﬁhatfwould

be sub-lethal damage in a cultured mammalian cell (Stewart

and Perez, 1976). In other words, the damage put in could’
be repaired by a cultured cell fype at that low dosage:’\
Twenty hours after 2.0 Gy of X-irradiation iess than 50%
of HPBL survive in culture. A further 30% dié over. the
next two‘days (Hedges and Hornsey; 1978). A different
study, using purified lymphocyte subpopulations, showed
tﬁét T cells are moderately radioresistant, while B cell
survival is affected by doses as low as 0.25 ;y of X-rays
(Prosser, 1976}.‘ Both stﬁdies indicate that there is 2z
small group of cells representing 20% of the total popu-
lation which is quite radioresistant but that the majority,
the remaining 80%, is extremely radiosensitive. Response
of HPBL to mitogens such as PHA 'is somewhat reduced after
moderate doses of X-irradiation (ngio et al., 1980;

Ilbery et al., 1971), and the activation of this cell

greatly enhances its survival after 5.0 Gy of X-rays

(Satec, 1970). This again points out the paradox of the

-
.

diosensitivity of lymphocytes because soon after
(ilzjtering S-phase they start to degenerate and very few
survive past 60 hours. This indicates that damage put in,
though ndf immediately deleterious, is probably ﬁisrepaired

and expresses itself as an inability to complete mitosis

)
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or to survive thereafter.
Another indirect measure of DNA

damage is the chromosome aberration. The ahalysié of
chromosome aberrations in lymphocytes is routinely done
in vivo for radiation accident dosimetry and in vitro as
an‘assay for DNA damage. Chromosome aberrations have
been detected in the HPBL of persons 30 years after

they had received a dose of irradiation. Immediagely

after a radiation accident the aberration vyield remains

cpnsfant and high for weeks, suggesting that damage to
chromatin is either not repaired at all or that it is
misrepaired soon.after the insult (Lloyd and.Purro;, 198}).
In split dose expériments, non-repair. of damage leading to
chromosome aberrations up to 12 hours after irradiation

has been shown (Sasaki, . 197§; Stéfanescu et al., 1972). It
would appear that lymphocytes repair damage 1éading to
chromosome aberrations poorly.

The lymphocyte has been shown to be deficient in
other forms of repair by the use of virious chemical assays
which may give a more direct indication of DNA repair
activity iﬁ cells. An early study showed that HPBL perform
low levels of repair synthesis after expésure to ultraviolet
light, as compared to cells of chronic lymphocytic leukemia

patients (Huang et al., 1972)} As CLL cells and HPBL do not

synthesize DNA semi-conservatively, density labeling of DNA

S

L
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in order to separate strands in replicati%e synthesis from
those in repair synthesis was not done. Lavin and Kidson *-
(1977) garried out a study of the level of repair 'synthesis
in resting and PHA stimulated HPBL. They used density
labeling to differentiate between fragments of DNA which
ad incorporated label through semi-conservatiﬁq.}eplif
caticn o 'repair synthesis. They were unable téldéte§t
signif{:z;:-amounts of repair replication in the presence
“of 10 mM hydroxyurea in resting HPBL. = The rate of repair

replicafion in PHA stimulated HPBL follows that of repli-
cative synthedis, the ma;imum rate occuring four days after
addition of the mitogen. It would appear that HPBL are
deficient in repair replication. .

| HPBL seem to be low in their ability to excise
radiolabeled alkylating agents (MN-acetoxy-2-acetylamino-
fluorene, AAAF) as compared to Con A stimulated HPBL or
transformed lymphoblastoid cells (RAJI). Incorporation of
radioactively labeled thymidine into material not retained
on BND-cellulose was very low in resting HPBL treated with
methyl methane sulphonate or AAAF. The highest rate of
Tepair in stimulated HPBL was coincident with the peak of
DNA replicative synthesis (Scudiero et al., 1976). Others
have shown similar results (Lieberman ég al., 1972).

Another extensively studied defect in the genetic
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material of cells is DNA strand breaks induced by io;iiing':
radiation. HPBL are reported to rejoin strand breaks
:introduced_during the course of en;;matit'repair proéesses;
,“In particular, they are capable of repairing DNA strand
breaks introduced over the course of 12 hours during the
repair of sub-lethal dosés of ultraviolet light (0.5 J/ﬁz)-
(Yew and Johnson, 1979) as visualized by the nucleoid
sedimentation technique of Cook and Brazell (1976).

Cultured human fibroblasts have been shown to rejoin strand
breaks rapidly and efficiénfly#bfﬁﬂhriharan et al. (1981)
using the alkaline elution technique of Kohn (1979)}. There
are a number of reports on the rejoining of strand breaks

in HPBL after exposure to ionizdng radiation. All have
shown rejoining, but theré is considerable variation in -
the findings. Hashimoto, Ono and Okada (1975) used alkaline
sucrose gradient sedimentation to compare the rejoining rate
of resting and PHA stimulated HPBL after_é dose of 30 Gy of
137Cs gamma-rays. Stimulated HPBL rejoined strand breaks
rapidly with a hai%??img of seven minutes, westing HPBL
were less profiéiéhf,.ﬁéving a half-time for rejoining of
60 minutes.. Repair kinetics for both cell treatments were
reported to be monophasic.. Cook et al. (1978) used a

nucleoid sedimentation technique to find that resting HPBL

rejoin strand breaks with a half-time of several hours
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after a dose of 9.6 Gy of 6000 gamma-rays. .Later, Fender

L

and Malz (1980) used a similar technique to show rapid
rejoining. The} reported monophasic repair witﬂ a half-
time of 10-15 minutes. These reports are conflicting as
to the ability of HPBL to rejoin DNA strand breaks. It
is possgble that- the radiosensitivity of lymphocytes is

related to their capacity to rejoin DNA strand breaks.

1.6 Biological Effects of Neutron Irradiation

Neutrons are a high LET radiation and will be

used in this study. fhé RBE for neutrons is high (1.5-4)
for in vivo effects (Field and Hornsey, 1971)}; Withers et
al., 1970; Geraci et al., 1975; Barendsen, 1968). Neutrons
of different energies have different efficiencies for cell
killing in vitro. The RBE for 6.2 MeV neutrons in Chinese
hamster cells is about 2.3 (Schneider and Whitmore, 1963;
Tolkendorf,‘1978; Walika et al., 1979). The RBE for D-T

(deuterium on tritium, average’ energy 14-=15 ﬁeV) neutroné,
which are used zlso in mystudy, was 2.0:2.5 for Chinese
hamster cells (Railton g'g., 1974; Hall et al., 1975).
For human cells the RBE was 1.6 to 2.3 at ;ow survivai
levels (Broerse et al., 1968; Nias et al., 1967). The
RBE rises sharply to 2.9-4.3 at higher survival rates.._

This is because neutrons kill in an exponential fashion

even at low doses. D-T neutrons do not have an exceptional
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for chromosome aberration inductions after D-T neutron
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effectiveness compared to neutrons of other energies. [In

‘/—\ N

the range of 0.2 to 1.0 MeV the RBE of neutrons is grgater

than four at low survival (Hall et él., 1875). The R

irradiation is reported to be in the range of 1.1-1.45

(Bauchinger et al., 1975), 1.4-2.9 (Clare, 1978) and

.2.7-13 (Lloyd et al., 1976). D-T neutrons have a moder-

ately high RBE for all of the bioclogical endpoints examined.

The biological effects of neutrons have been
related to the differential abilitf §f cells to repair
damage in DNA induced by radiations of different qualities.
Unfortunately, the repair of DNA strand breaks induced by
fast neutrons and their yield has beeﬁ examined only in

cell types other than HPBL. Furuno et al. (1979) studied

Vﬁhe rejoining of breaks in cultured mouse leukemic cells

after a dose of 400 Gy of cyclotron generated neutrons

(average energy; 13 MeV)} They found an RBE for strand

break yield of 0.6. The response was linear for strand
break induction in this sfudy as well as those which follow.
The kinetics of rejoining was biphasic; the half-time of

the first phase was 20 minutes, that of the second phase,
about two hours. .Ahnstrodom and Edvardsson (1974) sﬁudied
rejoining in Chinese hamster V79 cells after a dose of 40 Gy

of fission neutrons (average energy, 2 MeV). They found a
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half-time of rejoiniﬁg of 10-15 minutes for a fast phase
with the rgsidual damage after 120 minutes of incubation
representing less than-a quarter of the total breaks.

They alsolnote an RBE for strand break induction of
approximately 0.2. Kampf et gl..(1977) note.a low RBE,"
0.7, for st}and break—induction after 6.2 MeV neutrons.
K8rner et al. (1978) using’the same radiation facility
found that 73% of the DNA strand breaks induced after

140 Gy of fast neutron irradiation were rejoined with a
“half-time of 2.9 minutes. The remainder were not rejoined
after 80 minutes. incubation. After irradiation with 100

Gy of 0.4 MeV X-rays 80% of the strand breaks were rejoined
‘with a half-time of approximately 30 minutes. In contrast,
Moss et al. (1976) found an RBE of 1.6 for the.induction.
of strand breaks in mouse fibroblast cells by 10-600 Gy

of fast neutrons. The rate of DNA strand break induction
in cells after neutron irradiation appears to,have little
relation to the RBE of this high LET form of radiation,

though there appears to be some difference in the pattern

0of rejoining of DNA strand breaks after fast neutron

irradiation.

1.7 Conclusion _

The lymphocyte is of special interest as it is

considered to be. the key cell in the human immune system.

o
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An understanding of the mechanism of the extreme radio-
sensitivity of this cell would be useful in med1c1ne,
immunology and fundamental research. The differences.
between the basic mechanisms of action of high and low

LET radiationslare also of interest. There are few

studies on the capacity of ‘resting human lymphocytes to
rejoin DNA strand breaks as it has been difficult to detect
strand breaks in cells which have not been radioactively
labeled to show DNRLl The assay developed by Dr. H.C. Birnboim
and J.J. Jevcak (1981) is well suited for use with resting
lymphocytes as the DNA .is visualized by the use of a
fluorescent dye. The technique follows DNA unwinding in

alkali with time. ‘The rate of unwinding is dependent in

some complex fashion on the number of strand breaks in the

DNA. Thé,resting lymphocyte does not synthesize DNA or
transcribe RNA. This ensures a minimum rate of unwinaing
in unirradiated cells; thereby maximizing the sensitivity
of the assay, for there are few strand breaks in the native
DNA. This assay will allow the investigation of the
rejoining of DNA strand breaks iﬁ resting lymphocytes after
very low doses of 6OCo gamma-rays ér 14.6 MeV neutrons.

This report will determine the capacity of resting
humap peripheral blood lymphocytes to rejoin DNA strand

breaks, whether this capacity is dose -dependent, and will
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sgow the relationship of the kinetics of rejoining of DNA

- &
strand breaks for these two forms of radiation of

-

different LET. . .

<



CHAPTER II

Materials and Methods

Isola%ion of Total WBC

(8%
-

Blood from healthy adult volunteers was collected

into 5 or 10 ml tubes (B-D Vacutainer) containing EDTA

- (3.6 mM) as an anticoagulant. Blood from 3-4 donors was

pooled, chilled to 0°C, and then distributed into
appropriate vessels for irradiation at 0°C. (See
Irradiation sections:)' After irradiation, WBC were
isolated as follows. 9 ml of an ammonium chloride solution
(0.87% NH4C1,-10 mM Tris-HCl, pH7.2) was added to each 3 ml
sample of blood and hei& at 0°C for 30 minutes tod lyse the_
RBC {red blood c.ells).1 WBC:*ére pel;eted in a centrifuge
(OOC, éO min., 400 g), and washed once by resgspensiqqryl
the ammonium chloride soiution and recentfifugation (OPC,'
10 min., 400 g). The cells were then resqépended in
solution ‘B for analysis of stfand breaks. (See'detailsjof

FADU, described below.)

2.2 Isolation and Culturing of HPBL -

Biood from healthy adult volunteers was collected

1I-‘or cells which were used in repair experiments the
blood was diluted with an equal volume of RPMI 1640 at 0°C,

.then incubated at appropriate temperatures. The RBC lysis

was done with three volumes of the ammonium chloride solution.

L4
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using *an infusion set (Butteffly-lg, Abbott, Montreal) and

a'50 ml plastic syringe containing heparin (final concen-

J

tration 60 IU/ml) as an anticoaguiant- ~Lymphocytes were

'1solated afteT Béyum (1976) as follows. Six volumes of

Y

. ) . &
a balanced salt. solution (137 mM NaCl, 5.4 mM KC1l, 5.6 mM
e
Na,HPO,, 5.6 mM glucose, 0.14 mM MgSO,; pH 7.2-7.3) were
mixed Wlth four volumes of blood at 23°C; 25 ml of the

-

diiuted blood was carefully layered onto 15 ml 0of Ficoll-
Paque (PharmaCia Fine Chemicals, Dorval Quebec) in‘a 50 ml
polypropylene tube and,centrifuged at 400g for 30 minutes
at 18-20°C. RBC and granulocytes c¢lump and sediment to

che botton of the tube. Mononuclear cells and some platelets
band at- the interface between the Ficoll-Paque and the ‘
diluted blood.' This band of cells was drawn off‘\bth a
pasteur pipette and washed twigce by resuspension and
centrifugation with balanced salt solution at 18-20°C.

The washed cell pellet (containing >95% mononuclear cells)
was resuspended in RPMI 1640 culture medium buffered with
25 mM HEPES (GIBCO, G;and island, N.Y.) and supplemented,
with 10% fetal bovine serum (FBSj (Microbiological
Associates, Bethesda, Md.) at 2 x 106 cells per ml (1 x 106
per ml fo; 3H-thymidine uptake experiments and for radio-

autography); cells were incubated at 37°C in tightl
ghtly

stoppered 75 cm? plastic flasks for 18 hours in an air

\
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incﬁﬁator'before repair experiments were carried out. ‘f?
Immediately prior to i;rﬁdiation, non-adherent cells were
transferred to plastic or siliconi:zed glass vessels and
chilied to 0°C. Cells were maintained at 0°C at all
times, excepf during incupation, where indicated. After

incubation samples were chilled rapidly to 0°C in an ice

'slurry.- When the experimental treatments were completed

the cells were centrifuged (10 min., 0°C, 400 g) and

resuspended in a buffgred solution (B, see FADU) for

'further-analysis;_

>

2.3 Irradiations

Gamma-irradiations were cdrried out using a Gamma-
beam 150 (Atomic Energy of Canada Limited). This instrument

consists of a 60

Co source (150 TBq)Hhoused in lead shieiding.
The dose to the sample 1is calculgted bf knowledge of the
distance from the radiation source and the exposure time.
The source had Eeen calibrated in 1977.by L. Johnson of |

the Radiation Biology Branch using the ferrous sulphate

method of Fricke (Bacq and Alexaﬁder,.lgél). The dose was

‘then calculated from tables which account for the decay of

60Co (half-1ife of 5.24 years). To deliver a dose of 1 Gy °
samples%on ice were positiahed 1 m from the source and

exposed for approximately 6.%‘minutés.



'Fast“neutrons were prodﬁced by the 3H(ZH,n)4He
reaction by the qubardment of a tritium target with
0.15 MeV deuterons using the Health Physics Neutron
Generator (Chalk River Nuclear Laboratories). The neutron
generator was operated by A. Arneja of the Hgal%h Physics
Branch. The neutrons produced had an average energy of
14.6 MeV and the dose rate was approximately 65 mGy/min.
at a distance of 5 cm from the target. Care had been taken
in design of the instrument to minimize contamination such
that less than 2% of the total dose delivered to the éamples
was due to gamma-rays. Plastic véssels were used for the
irradiatiaﬁS-since the silicon in glass is activatgd by
neutrons to produce ZSAl, a beta-emitter. Glass was avoided
‘ Eecausg it posed a slight hazard, rather than because of

2 .
“SAl to the final dose to the

the small contribution of
sample (less than 0.5%). Because of the low neutron
fluences availabie, the cell sample to be irradiated had to
be positioned close to the target and considerable care was
necessary to ensure that the cells received a uniform dose
which could be .measured accurately. The irradiation vessel
was a 25 cm2 tissue culture flask sﬁpported upright inside
a small pelyethylene bucket containing a magnetic stir bar

and an ice water slurry. The flask contained 30-35 ml of

cells which were kept in spension with a 13 mm magnetic

°
-

4
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stir bar. The vélume.of the cell suspension was appfoxi-
mately 5 x 3 x 2.2 cm®.  The polyethylene bucket was placed
upon an_electric‘magnetic stirrer. Stirring was necessary
;Io keep the célls in suspension, circulate cells within

the non-hémogeneous field, and maintain low temperature
during the relatively long exposure t}me (20-40 minutes).
Thé actual dose of neutrons waé estiﬁéted by activation of
several iron foils (5 wum x 1 cm x 1 ¢m) taped to the front

56

and back surface of the flask; the Fe(n,p)SGMn reaction

was used and the 56

Mn produced was detected by its gamma-
ray emission using a calibrated sodium iodide spectrometer.
The measurement of dose. was done by A. Arnéja under_the
supervision-of Dr. W.G. Cross of CRNL. The cross-section
for the reaction was taken to be 109 mb at this neutron
energy. Fluences were convefted to kerma values using

the conversion factors of Caswell et al. (1980) by

A. Arneja. The mean of the doses to the front and back
foils was taken as the dose to the cells. This is not
significantly different than the value which would be

found by an integration over the distance between the

foils, assuming a point source of neutrons.

2.4 Tritiated Thymidine Uptake and Percent Cells in § Phase

One-half ml of HPBL were cultured in RPMI 1640 +
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‘ {
10% EBS (1 x 10%cells/ml) in‘tightly stoppered 12 x 75 mm
culture tubes at 37°C in an air incubator. Con A was added
to some tubes at .a concentration of 20 pg/ml at time zero.
At various tomes after ihitiatiog of the cultures, thyﬁidine
uptake was detefhined in triplicate by adding 1 uCi(37 kBq)
(methyl-sH)-thymidine (New Englaﬁd Nuclear, 6.7 Ci/mM)
and incubating for 60 minutes at 37°C, following which the
samples werechilled and stored at -20°C for later analysis.
For determination of acid-insoluble radioactivity, tubes
were thawed and 0.5 ml of 1 mg/ml bovine serum albumen
(BSA) in 0.2% sodium dodecyl sulphate (SDS) was added.
One ml of 20% trichlomecetic acid tTCA) was added and the )
sample was held at 0°C for 30 minutes to allow precipita-
tion of DNA. The precipitate was collected on a pre-
~ wetted (10% TCA, 0°C) GF/C filter under low vacuum. The
tube and filter were rinsed with 10 ml of 10% TCA at 0°c.
The filter was again washed with 25 ml of 10% TCA at 0°C
and then allowed to air dry under high vacuum. The filter
was transferred to a glass scintillation vial and 0.2 ml
of tissue solubilizer (NCS, Amersham, Searle, Arlington
Hts.,_Illinois) was added to the filter and allowgd to
act at room temperature for thirty minutes. 5 ml of a
tollene-based scintillator with acetic acid (1 ; toluene;

4¢ Omnifluor (New England Nuclear), 1 ml glaéial acetic

s
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acid) was éddedlénd vials were counted inla scintillation
counter for 10 minutes.

For determination of the percentage of cclls in
S phase, 0 5 ml cultures were used. The cells were pulsed
with' 2.5 uCi (92.5 kBq) of JH-TdR (6.7 Ci/mM thymidine in‘_
RPMI 1640 and 10% FBS was added)and the cells were further
incubated for.15 minutes. 5-8 x 104 cells (100 1) of
Cells were sedimented onto a glass microscope slide with
© a2 cytocentrifuge (Cytospin, Southern Shandon1 Runcorn,
Cheshire) at.1500 rpm for 4 minutes. The slides were air
dried and fixed in ethanol-acetic acid (3:1, vol/vol) for
2 minutes at room temperature. They wefe Ehen washed twice
in 95% ethaﬁol for 5 minutes and air dried. )

The slides were dippgd in Kodak NTB-2 Nuclear
Track Emulsion (diluted 1:1 ﬁith HZO) for two seconds at
45°C under a Wratteq‘series 2 safelight. The slides were
Rlaced vertically to allow the emulsion to drain and dry
following which they were placed into a light-proof box
with silica gel dessicant for eprsure at -20°C. After
2-5 days, slides were developed in Kodak D-19 developer
made to half stréﬁgth at 19°C for 2-5 minutes, stoppéd in
distilled water for 10 seconds and fixed in Kodak fixer
for 8 minutes. After washing in distilled water twice for

5 minutes, slides were stained immediately in 1% Giesma R66
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at pH 6.8-6.9 for 10-12 minutes at 18°C. Destaining was
carried out.in dilute acetic acid soiution (one drop of -
glacial acetic acid in 100 ml HZO) at 10°C for 1-2 seconds
and then slides were washed twice with distilled water fof
5 minutes. Finally, the slides were air dried énd scored
under a miéroscope. Low power (300X) was sufficient to
visualize any silver grains which had developed in the
emulsion. Any cell which had more than thfee.grains

directly over the nucleus was scored as being in S-phase.

t2.5 Assay for Proteinase K Activity

Proteinase K was used to digest any possible
protein-DNA cross-links in an experiment more fully descrfged
in the Results section. It was necessary to show that thg
proteinase K was functional under the experimental con-
diticns used. Cell lysate in soclution E and C (see FADU)
was incubated in the présence or absence of proteinase K
(25-100 pg/ml) for various periods of time at 37°C and then
chilled to 0°C and analyzed for acetone-soluble protein.

100 pl of the digestion mixture was added to 300 ul of

acetone and held at 0°C for 30 minutes. The precipitate
which formed'waé removed by centrifugation (2 minutes at
12:300 g) in an Eppendorf microfuge and 200 ul of water

and 1.0 ml of borate buffer (0.3.M NazB4O7,pH9.2, 0.15%

Triton X-100) were added to each sample. For measurement
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of total protein in the lysate, 10-100 ul of lysate’
(containing 1-50 ug of protein) and water (0.5 ml, final
volume) was mixed with borate buffer. 0.5 ml of a
fluorescamipe solution (Fluoram, Roche, ﬁutley, NJ, 15 mg
in 100 ml of acetone) was quickly added to the samples with
vortéxing. 0.5 ml of H,0 was added and the fluorescence °
of the resulting solution read (excitation 390 nm,
emission 475 nm).. Bovine serum albumen, lysozyme and
proteinase K were used to calibrate the assay, Without
proteinase K, 20% of the cell lysate protein remained
acetone-soluble during 90 minutes of incupation at 37°C;
100% of the cell lysate protein became acetone soluble
within 10 minutes during in&:ubation with 100 pg/ml

proteinase K.

2.6 Fluorescence Analysis of DNA Unwinding (FADU)

FADU was developed by H.C. @EEgpoih and J.J.
Jevcak (1981) for the detection of strand breaks in total
WBC. This method was found to be directly applicable to
HPBL. The method is described here only bfiefly. The
letter designations for the solutions are those used in
tﬁb riginal paper. Cells. (5-15 x 106) were suspendéd in
2.7 to 3.4 ml of a buffered isotonic solution (B) con-
taining inositol as the osmotic stabilizer. This

suspension was distributed by aliquots (0.2 ml) to 12
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disposable glass tubes at 0°C which were labelled in
groups of four as T (for total double stranded DNA), B
(for blank, containing ;B dpuble stranded DNA) and P

(for partially unwound DNA)# To each was added 0.2 ml

qf a lysing solution (6) containing urea‘and SDS. Cell
lysis and chromatin disruption waé allowed to proceed

for 10 minutes at 0°C. The cell lysate at this poinf in
solutions B + C was used to test for the effects of
protq}nase K as descr%bed elsewhere in this thesis. To
-the P and B tubes, two alkaline solutions were added

(0.1 ml1 D+ 0.1 ml E) to raise the pH sufficiently for
DNA unwinding to begin. The samples were incubated at 0°C
for 30 minutes to allow the alk&ii to diffuse into the
viscous lysate. The contents of the B tubes were sonicated
for 1-2 seconds to break DNA Into short fragments. The P
and B tubes were incubated at 15°C for 60 minutes (or
other times as discussed in the Results) to allow partial
(P} or.complete (B) unwinding of DNA to occur. The tubes
were then cooled to 0°C and 0.4 ml of solution (F) con-
taining glucose was added to lower the pH sufficiently to
stop DNA unwinding. The T tubes were treated differently.
The buffering solution (F) was added before the alkaline
solutions (D and é). Thus the pH was never high enough

to allow any denaturation cof. the DNA. T, P and B tubes



- 32 -

-~

were brought-up to room temperature after the addition of
[~

the buffering solution. The contents of each tube were

briefly sonicated to render the samples homogeneous aﬁd
1.5 ml of a solution containing ethidium bromide (EtBr)
(§olution G) was added. The fluorescence of the tubes
wés read at room temperature in a fa£rand Mark I spectro-
fluorbmeter (excitation 520 nm; emission 590 nm). The
amount of'double-stfandea DNA,ﬁlis given by (P-B) + (T-B)}
X 100. The quadruplicate values of P, T and B are
averdged for each treatment to calculate a singlé D value.

Unirradiated samples are designated Dc; irradiated, Dr‘

As will be discussed more fully in a later section, the
data were converted to 'a parameter (—log(Dr/Dc)xIOO) which appeared
to be directly proportional to the dose. This parameter is used for
discussion and can be considered to be the primar}lmeasurement of

damage to DNA,



CHAPTER TII

Results

[#2]

.1 Pilot Experiments-

[#]]

I3
.1.1 Purified HPBL Compared to Total WBC

At the beginniﬁg of this project FADU had been
developed for use in detecting radiation damage to WBC in
whole blood and had, at that time, been used with no other
cell system. . It was therefore necessary to carry out
several pilot experiments before the major éxperiments
could be ca:fied out. First, it was necessary to-determine
the suitability of this assay for use with HPBL in culture

medium.

Experiments were done to compare the response of

60

WBC to 1.0 Gy of ~"Co gamma-irradiation at 0°C in air eithér

treated as whole blood or as WBC in culture medium (RPMI 1640

plus 10% FBS). Each treatment was done with 15 x 106.ce11$

suspended at 5 x 106.cells/m1. The results shown in Table 1

indicated that DNA damage was the same when irradiation was
carried out iﬁ either medium. Purified HPBL in culture
medium were then assayed in a similar manner. These
results, also shown in Table 1, indicated that HPBL have

a similar response to 1.0 Gy of 60

Co gamma-irradiation,
but unirradiated HPBL seem to have more initial DNA damage

(i.e. lower D. value) than freshly isolated WBC.
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3.1.2 Minimum Cell Number » E - -

AL one aim of this research was to determine the

repair capabilities of lymphocytés after 1ow doses, it was,.

apparent that, if 15 x 106 cells were to be used for each

data pdint; substantial ndﬁgg¥$ of cells wbuld_be needed.
Since the wolume éf blood that can be taken from one donor
is limited, I.next determined if fewer cells could be Psed.
HPBL were cultured 16 hours at 2 x 10§/ml at 37°C in -an air
incubator, cooled to 0°C and irradiatedswith 1.0 Gy of
60C9_ggmmé-rays. The;cells were then Histributéd to'tubés
to give a finai ceil number of 15, 5 or 3 x 16§.J They
were then centrifiuged at 0°C, resuspended in 2.7 ml of
solution B énd FADU was carfﬁed out. The results (Table 2)
indicated -that the cell number has no disberpible_effecf
" on the unwinding of DNA during'incubétion at-15°C in
alkaline solution. -In subsequent experiments betWween 5

6

and 10 x 10 cells were used for each data point. It was

found that higher cell numbers tended to give more stable

fluorescence readings and somewhat less scatter in the

-

replicates.

. 3.1.3 Maximum Holding Time for Irradiated Cells

At the outset of this project there was little

information as to the ability of HPBL to repair radiation
) " %
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damage and the effect of lengthy incuba;;ons on the
-ability to visualize repair wa§ noﬁ known. An appropriate
protocol for holding the cells after irradiation and
1ncubat10n which would arrest any repair act1v1ty and

also show a,mlq}mum of damage to the cells was needed.

Two experiments were doﬁe to follow changes in DNA damage
60 '

- after 1.0 Gy of ~"Co gamma-irradiation during incubation

r

at different temperatures (Table 3). The- first experiment

u51ng total WBC showed that after ZOMmlnutes of incubation

.

- the amount of damage decreasgﬁ markedlv only above 15 °c.

If purified HPBL are held for 24 hours at these tempera-

tures the estimate of damage also drops substantially;

-at 15°C and above no difference between irradiated and

control cells was detectable. The DC values fell after

long incubation at the lower temperatures, indicating that

low temperature may lead to some damage ﬁf cellular DNA.

It appeared that holding irradiated cells below 4°C for

short pe;zzgg“bf.time led to little or no rejoining of

strand breaks and probably no.change in the DC values.

.On the basis of these results the following protoéol for

carrying out repair experiments was developéd. Following

irradiation at 0°C, cells were incubated for various

times up to 80 minutes at 37°C. Unirradiated cells were

PRI )
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7,;pcubated in parallel. At each time point, cells were
rapidly ch111ed to 0°C and held unt11 the longest incu-
bat%on was complete. Then all ‘samples were centrifuged

(10 min., 0°¢, 400.g)-and suspended in solution B for FADU.
The D. vé}ues for each time point were then compared to the

-

average of all Da values in that experiment.

.1.4 Stability of HPBL in Culture

The stability of HPBL in culture was also
1nvest1gated as in other culture systems the behav1our of.
" the Fells can'vary with culfure time (Dougherty et al.,
1980). ‘A long-term culture of HPBL was done to dgtermine
the variation of the basel%ne of unifradiated HPBL (DC)
with culturé age. After df0pping somewhat in tﬂe first
10 hours, the control values (DC) remained steady, riéing'
‘éiightly towards the end of the culture period (Table 4).
I£ was décided that cells could be held 16 hours after
isolation as is standard practice in other assay systems

using HPBL, before experimentatiom.

3.1.5 Effect of Anticoagulant or Culture Conaitions
The iuiiial D. value presumably reflects the

integrity of DNﬁ within cells.” Two factors which can

'easily be controlled are the anticoagulant used in the

isolation of HPBL and the type and concentration of serum




- 40 -

TABLE 4

Dc Versus Time in Culture_Medium

Unirradiated Control

Time at 37°C (hours) Value.(Dc)
o o 68.02°
9 66.00.6
22 . | 63.9:1.1 ‘
33 64.720.4
52 67.9:3.1
58 69.1°

a ) . .
+ range, two determinatlons

b_. s
single determination
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used‘in the cplturebmedium. In one experiment (Table S):
the Dc values were the same at both 10 and 153 FBS in the
culture medium. In a second experiment 10% autologous
‘serum was compared to 10% FBS. The.difference between the
two seemed minimal. Use of EDTA (3.6 mM) or heparin

{60 IU/ml) as énticoagulant alsc had no efféct. It was
decided that heparin be used as the anticoagulant and that
the cells be cultured-in 10% FBS. From this table it:can
be seen that there is little variation within an experiment
among DC values. However, among experiments a large varia-
tion'in this baseline is seén. There has been no apparent
correlation between DC and the initial estimate of damage
for 1.0 Gy of 6OCo gamma-rays, nor on-the rate of_refair.
These anomalies may be due to donor-to-donor variation or
an as yet undiscovered'inconsistency in the experimental

protocol. , ' -

60

3.2 Experiments with Co Gamma-rays

3.2.1 Dose Response

Ffom the preliminary experiments it was known
that 1.0 Gy of 60Co gamma-"}adiation induced a certain
amount of 'damage which did diminish with time after incu-
bation at 37°C. In order to study more cloself the kinetics
of repair it was necessary to have a measure of DNA strand

breaks which was linear with dose. Other workers have shown,



TABLE 5

Effect of Culture Conditions on D. of HPBL

) a Unirradiated Control
Culture Conditions Value (DC)_

‘Experiment One \

10% FBSP | 68.3

154 FBSP 65.4

Experiment Two
b

10% FBS 81.1
10% FBS® 81.4
10% Autologous Sefumb %8.6

%Cells cultured 16 hours at 37°C.
bHeparin (60IU/m1) used as anticoagulant.

“EDTA (3.6 mM) used as anticoagulant.
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as discussed in the Introduction, that single strand breaks

and alkali-labile lesions are put into DNA in a manner

directly proportional to dose. As is shown in the Materials

and Methods section, D values are calculate& for unir-
radiated (Dc) and irradiated (Dr) samples. Initially, the
method used to transform D values to a quantity which could
be correlated to DNA damage was to take the arithmetic
difference between D_ and D_. gelowjl.o Gy %he dose

response is close to linear (Birnboim and Jevcak, 1981).

- - . - “_‘_—“‘“ T o
In later experiments, when higher doses were used it became

clear that the response wass not linear. - A dosé Tesponse

for 60

Co gamma~irradiation of HPBL in air at 0°C was done
in the range of 0.1 to 4.6 Gy. The 1line in Fig. 1 shows
the results presented as DC - Dr vs. dose. A definite
curvature of the response line can be seen. When the @ata
ar; transformed by the formula, -log (Dr/Dc) x 100,
(described by Birnboim and Jevcak, 1981) the response
becomes very close to-linear (r = 0.9985, p<0.01). This is
shown in' Fig. 2. It is clear that as litfle as 100 mGy ]
can be detected. Other points about this line «are
taken from individual experiments and hafe been included to
indicate the variation of the data obtained. Other data

presented on this figure will be discussed later.

g A ke man o are s e es
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Figure 1 ~ DNA strand breaks induced in HPBL

60Co gamma-rays presented as the arithmetic

by
difference begween control {Dc) and irradiated

(Dr) values.
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Figure 2 DNA strand breaks induced in HPBL
by‘GOCo gamma-rays or‘l4.6 MeV neﬁtrons at 0°c.
The_%gft ordinate shows- the rétiq of DNA un--
windié;;g rates for irradiated and unirradiated
samples as measured by FADU. The right ordinate
shows thé average numbér of breaks per human
chromosome this represents. Different symbols
représent different groups of experiments carried

out over a six-month period. 60Co gamma-rays

(open symbols); 14.6 MeV neutron (closed symbols).

Regression lines were drawn through data points
from single experiments indicated by ([O) and

(m).

[
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3.2.2 Conversion to DNX .Strand Breaks per Chromosome

: %he efficiency of break induction in air for 60Co

gamma-rays 1s ushally reported to be abou;.one break per.
human chromosome perWs8 mGy (Ormerod, 1970).  The slgﬁe'of.
the dose response of Fig. 2 for tﬁe -log (Dr/Dé) x 100
transformation is 12.27_.2 Therefore, 1.0 Gy willlgiﬁe‘
-log (Dr/DC} x 100 = 12.27, which can be gonvertedldirecyly

to 26.3 strand breaks pec-ehromosome,J

3.2.5 Rejoining of Strand Breaks After Gamma-Irradiation

Workers with other cell types,using cells labeled

with radioactive markers and higher doses than those used

A

in this report, have found rapid Qnd nearly complete re-

joining of strand breaks in ®0¢o gamma- or X-irradiated

cells. Available reports on the repaif capabilities of

-

2These calculations assume that the non-zero intercept
of this 1line is due to some variation in the D_-value,
relative to the D_ values in this experiment. CThere is
some indication that this may not be so and that the response
is non-linear at low doses. If this is so, then the cal-
culations used above may tend to overestimate the number of
breaks per chromosome by one or two, which is near the limit
of the assay system's sensitivity. (See Birnboim and
Jevcak, 1981.) _ . -

-~ -

3Early experiments were done with P values in tripli- N\
cate taken at 60 and 75 min. of incubation for DNA unwinding
at 15°C instead of in quadruplicate at only 60 min. This
transformation is not equivalent for these experiments.and
those which are presented with damage as strand breaks have
been scaled -accordingly, using the same va%He of one DNA .
strand break per chromosome per 38 mGy of * Co gamma-rays.

b
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HPBL are generally inconclusive. It was considered of

interest to determine the rejoining capabilities of HPBL
;‘after 1;w doses (i.O-Z.O-Gy) of 60Co gamma-irradiation in
air. Several e;pé}iﬁents were carried out 1.0 Gy to
address this problem. Cell suspensions were irradiated

in glass tubes at 0°C and those which were to undergo
répair were warmed qgiéﬁiy to 37°C -in 2 waterbath and
incubated for various tiﬁés, then chilled rapidly to 0°C.
‘.After the iﬁdﬁﬁation period had been completed for all
sampies the cells were analyzed by FADU. As ;s evident

- from the results shown in Fig. 3, HPBL can rejoin strand
breaks rapidiy d?d éffﬁciently. The kinetics of repair
are biphasic;‘d rapid phase was comﬁleté after 20 minutes
and by;Sd minutes less than,io% Qﬁ the initial damage
;eméined._'Binoéical and thsicéi*processes commonly
follow}egponential-kinetics. Korner et al. (1978) had done
a graphical analysis ofldata frpm.a study of the rejoining
of DNA strand breaks ip Chinese_hamster cells, assuming
biphasic kinétics of repair. As the data were,éimilar to
- those of Korner et 2l., ‘it seemed appropriate to perform a
non-liﬁear regression analysis of the data using the

formula:

Y = A exp (-t 1n2/llJ + (100-A)exp (-t an/AZ) where Y

—

is the percent damage remaining after time, t; A is the

I
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Figuré 5 - Rejoining oﬁ DNA strand breaks in

HPBL 3t 37°C after 1.0 Gy of 6OCo gamma-rays

(@) or 1.1 Gy of 14.6 MeV neutrons ().

60

Error bars are $EM (n=4-6) for ~ Co gamma-ray

experiments.
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fraction of the total which is rapidly decaying, as a
perceht; (100-A)’is the.ipitial_fraction of the slowly
decaying parametér; as a perceﬁt; ll and :;ﬂéfe their
respe;tive balf-lives, i.e. the haifftime of rejoining of
the £w0~types of strand breaks. Thé half-time of the

. rapidly rejoined component, which repreéénts 69;5%
(60.1-78.9, p = 0.05) of the total damage, is 2.8 min.
(2.05-4.33, p=0.05). That of the slowly rejoined com-
ponent (21.1-39.9%, p = 0.05) is 35.0 min. (24.4-61.4,

P = 0.05). |

— Four similar repair experiments were carried out

on HPBL using a dose of 2.0 Gy of 50

Co gamma-rays (Fig. 4).
The results are similar to those for the 1.0 Gy experiment;

the parfmeters differed only, slightly (A= 66.6%, A, = 2.2

1
min., AZ = 29.7 min.). There were too few data points to
give reasonable fiducial limits. Ihe curfes drawn through
the experimentél‘points for %he two gamma-repalr experiments
were.caiculated from the pargheters-givén above. Again

other data presented in these figures will be discussed

elsewhere. . . ™~

r-"

-3.2.4 Rejoining of Strand Bre‘ s: Effect of Culture Time
| As there are reports of much longer half-times of

repair than those given here, it was of interest to speculate

¢
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Figure 4 Rejoining of DNA strand breaks in
HPBL at 37°C after Z.O'Gy of 60Co gamma-rays
(®) or 2.0-2.3 Gy of 14.6 MeV neutrons (W ).

60Co gamma-rays or

Error bars are SEM (n=4) for
- the range for the 14.6 MeV neutrons (n=2). 2.3 .

Gy experimental.data were normalized to 2.0 Gy.
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on a possible cause for these.differences. One could be
that the time in culture of HPBL affects their'competence
to rejoin strand breaks. Same cell types markedly altef
their ability to repair DNA damage with time in vitro
(Dougherty et al., 1980).-*:A pilot study was done to test

- for any changé in'thesrejoining capability of HPBL after
two different times,iﬁ culture, 1 hour and 72 hours. Aftér
these times, HPBL were irradiated and placed into culture
medium at 37°C for various perlods,'afté; which they were
rapidly chllled to 0°C and analyzed by FADU. Fig. §

shows that af;er Sp minutes the majority of the strand
breaks?are-égﬁoined. The initiai phase of repair is not

as rapid as-£hat for cells cultured for 16 hours, but this
is more 11ke1y to be due to the slower warming of the
flasks to 37 Cw;n the air .incubator. It is apparent,.
though, -that there is no gross difference in the.ability

of HPBL cultured- for 18 hours &r one hour to rejoin strand

-

breaks.
As HPBL .are cultur;d for longer periods they may
begln to deterlorate and die. Two experiments were done
.to assay strand rejoining in HPBL after 72 hours of
culturing at 37° C in alr. As is shown in ?ig 6 .there is

perhaps a greater varlablllty in the values -from time-point

to t1me point but. these HPBL do rejoin half of the.strand




v
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Figure 5 " Rejoining of DNA strand b?gaks in
HPBL at 37?C after 1.0 Gy oﬁyﬁOCo gammé—rays
after one hour in culture (B ). Do?fed line is
curve for the same experiment with HPBL cultured

for 16 hours (taken from Fig. 3).
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Figure 6 ﬁejoining of DNA strand breaks in
HPBL at 37°C after 1.0 Gy- of 60Co gamma-rays
after 72 hours in culture (@ ). Error bars
are range for gg 5, 10 and 20-minute poipts
(n=2). Dotted line is curve for the same
experiment with HPBL cultured for 16 hours

(taken from Fig. 3).
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“breaks ‘introduced within five m*&::fs at 37°C. There is

no obvious difference in the ability of these cells to
rejoin strand breaks from that of HPBL cultured for 16

hours.

3.3 Verification that HPBL are Normal Resting Cells

It is possible that the culture conditions used

for these experiments somehow stimulated the cells to undergo

some sort of activation, perhaps similar to that which HPEBL

undergo when mitogenically stimulated with a lectin such as
PHA (phytohaemagglutinin) or Cdn A (ancanavaliﬁ A). This
was tested using the percent of cells in S phase as a .
measure of cell activation. The results (Table 6) show
that these cells weée almost- completely inactive, having

a very low complement of S phase cells. The resting cells

were of uniform, small size and densely staining in neutral

Giemsa; there were no blasts except for the few cells that
were in S phasé. HPBL in this culture system underwent full
mitogenic transformation with 25ug/ml of Con A (Table 6). -

The percentage of cells in S phase increased to over 30.
3

H-TdRuptake experiments were done, but no complete uptake
curve was carried out. The stimulation index at 52 hours
was approximately 35. This indicates that these cells were

normal, resting but competent lymphocytes under these
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culture conditions, and that the rapid repair kinetics seen
here is not a result of any activation of the cell or any

other adverse effect.

3.4 Preliminary Data: Con A Treated HPBL

Many studies have shown that the ability of
resting HPBL fo carr?’out several pf;;esses, including
repair of DNA damage, is different from that of mito-

- genically stimulated HPBL. It was of interest to compare
the.rate of rejoining of DNA strand breaks after 1.0 Gy

of 60

Co gamma-radiation. Unfortunétely, a numbexr of
experiﬁental difficulties made any definite conclusions
impossi?le. | |

The cell susp®nsion could not be reproducibly
dispersed due td the clumping of the cells after addition
of the mitogen. This caused the baseline to vary as much
55 20% or more. To circumvent this 10 x 106 HPBL were
cultured in 25 cm2 flasks for each data point. The
reproducibility was only marginally improved. In addition,
Fhe variation of the pH of treated cells affected unir-
radiated control values and the éstimate of inmitial
damage. Attempts to eliminate changes in intercellular pH

as an experimental variable were unsuccessful. However,

the preliminary data (not shown) indicated that HPBL
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cultured in the presence of Con A for 72 hours can rejoin
bNA strand breaks, but much further experimentation would ~
be needed to demonstrate ahy difference between reéting

and stimulated HPBL in their ability to rejoin DNA strand

breaks.

192

.5 Neutron Experiments

w

.5.1 Dose Response for 14.6 MeV Neutrons

| As.has been discussed in the Intfoductioq, 14.6
MeV neutrons have a high RBE.compared to 60¢, gamma-rays
for many biol&gical effects. The induction or repgir'of
strand breaks in lymphocytes after fast neutron irradiation
may help éxplain this phgnomenoh.‘ No previous study has
bgen done of the ability of HPBL to rejoin strand breaks
induced by 14.6 MeV neutrons. It was considered of intexest
to know the efficiency of strand break formation and
Tepair fbllbwing irradiation by 14.6 MeV neutrons as fast™ °
géutron facilities are in many medical centres aﬁd any’
information on this matter would be of use. ,

A dose response of HPBL for 0-4 Gy of 14.6 MeV

neutrons is shéwn in Fig. 2. The responsé of -log(Dflnc) X
100 was linear with dose, the regressibn liné having a
slope of 4.19. This is 0.34 = 0.05 of the slope of the
6OCo._gamma-ray dose response. It appears that fast neutrons °

give fewer breaks in spite of their being a2 high LET form
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of radiation. There are s

DNA damage, one type pa

..of_damage. If these cross

ayeral reasons that this may be

so, and some will be presented in the discussion. One

particular possibility was
and this was therefore exp

radiations may give a grea

can consider four c)¥asSes

amenable to experimental tgéting
lored further. Higher LET

ter proportion of other types of.
rticular being cross-links. One

of cross-links, any of which

¢

might decrease the rate of
(1) DNA-DNA, (2) DNA-prot
(4) DNA-protein. Any of t

impede the rate of unwindi

DNA unwinding in alkali:

ein-DNA, (3) protein-protein and

ng of DNA and lower the estimate

broken, then unwindifig sho

-links could be specifically

uld proceed more rapidly. Cross-

links involving pratein can be removed by digestion with

‘a protease. . Proteinase K

in another assay system, t
(1979), where the proteins
inhibit the unwinding nece

filter or tobe actually P

has been used for this purpose
he alkaline elution assay of Kohn
bound to the DNA are thought to
ssary to free the DNA from the

artly adsorbed to the filter

itself and thus retard the elution of freed DNA molecules.

The first experiment (Table 7) is a digestion of protein

in the lysis solution (B + C, see Materials and Methods)

number of breaks remained

with proteinase K before the unwinding step. The apparent

constant and low throughout the

-

]

hese cross-links could significantly..
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digestion period. If protein cross-links were responsible

for the lérge diﬁference between the'response'to fast

60Co gamma-rays, then the value, -=log (D /D )

-
0"-'

b ¢ 100, would have risen to 21.8. 1In a second experlment
an 1ncubat10n with or w1thout protelnase K'in the lysis
solution was carrled out ‘over 90 minutes at 37°C or 0°C.
There is some scatter of values, but it is clear that the
values of the treated samples are not substantially higher
Efan those for their untreated counterparts, nor are they
near the value of 22 1 whzch ‘would be found after a dose
of 1.8 Gy of 60 Co gamma-rays. Approprlate experiments
were' carried out to ensure that the proteinase K was
capable of digesting the cell lysate proteins unde; the

incubation corditions used, as described in Materials and

~—
Methods.

| ~
Cross-linking agents have been sﬁ%Wn to decrease

F i .
the apparent yield of gamma- or X-ray induced strand breaks

in the alkaline elution method of Kohn (1979) 1f cells

‘are treated with, for example, nltrogen mustard, and then

l
_1rrad1ated w1th gamma or X-rays at ‘0°c the number of breaks

seen is lower than what would be expected if the damage of
the two agents acted independently. That is, the small
number of breaks‘introduced by the bifunctional alkylating

agent alone and the breaks introduced.by radiation are not

P

- ‘
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‘additive if the two agents are administered together. Two

experlments (Tab%&iii were done to determine if fast neutrons

and 6OCo gamma-rays.-were addltlve in their appalknt strand

break yield. 1In each experiment the data from samples -

-which were irradiated with only one form of irradiation

were used to predict the number .of breaks which would ensue
if the damages from the respective radiation types did not
interact. The results show that there is no deteétable

differeﬁée between-the prﬁﬁﬁcted and actual values found

. for p sum of the two irradiations. Although cross- )

linkfde has not been Tuled out as the mechanism for the
lower than expected yield of strand breaks as assayed by
FADU after.néutrpn irradiation, neither experiment (pro-
teinase K or neutron + gamma-ray) provided positive
evidence implicating cross-linksias‘the explanation for

the observed results.

5.5.2 Rejoining of Strand Breaks after 14. 6 MeV Neutron
Irradiation ,

Threg;gxperiments wgré ﬁndertaken to determine the
ability of HPBL to rejoiﬁ strand breaks after 14.6 MeV
néutron,irradiationa\ The_fesults_are shown in Fig. 3 and 4.
In the first experiment, a dose of 1.1 Gy was used. HPEL
did.;ejbih'strand breaks induced by neu@ronnirradiation

(Fige 3), but the number remaining at 8Q minutes was too low

;o —

-

e

\



- 62 -

TABLE 8

i

6

Effect of Combined 0Co Gamma--and 14.6 MeV Neutron

Irradia%ion on'Sftand Break Yield

s . Appargnt DNA Strand Breaks
: ~—{-log(D_/D _)x100

/s

]

 Gamma Dose Neutrén Dose Observed | r. CPrQiggséda
( y) (Gy) ) i (if additive)
?Xperiment One ; B
1.0 - . 11.8 -
- 1.23 5.0 -
1.0 0.92 14.0 15.8 (11.8+4.p)
1.0 0.38 13.2 14.0 (11.8+2.2) \\\
Experimenf Two : 5 . ‘
0.5 - 4.6
- | 1.74 4.1
0.5 2.17 . 10.9 . 9.7 (4.6%5.1)

) 1
‘a . ' . . ' :
..The sum of ‘the contribution of the equivalent gamma-ray dose

and the equivalent neutron dose as calculated from the control

Tesponseés within the experiment. °*
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to give an accurate indication of any residual damage.

" Two further experiments'were done-, using highef doses,

2.0 and 2.3 Gy. The doses were not exactly th? same since
the-unfavorabie gedhetry (i.e., a distance of only 5 cm
from the target) makes prediction of exact dose difficult.
The actual doses.could accurately be determined after the
irradiation from the activation of iron foils which had
been positioned on the sample (see Materials and Methods).
The'results, Fig. 4, ipdicate that strand breaks induced

60Co gamma-

by fast neutrons are fejoined,rapidly. As‘in
ifradiation, kinetics of rejoining'appear to be biphasic,
the first phase being complete in less than 20 minutes.

By 80 minutes.the residual damage seen was so low that

_D; was not significantly different from_D; of contrel cells

and was not higher than that for 60

Co gamma-irradiation at
the same time. The disappearance of DNA damage after both
types of irradiation follows very similar kinetics aftet;
10-20 minutes of incubagion£“ The principal difference iﬁ
thé Turves is the iower amount of -initial damage which is

rapidly fepaired after fast neutron irradiatien.
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CHAPTER IV

Discussion - k{

4.1 Detection of Dﬂﬁpgh;and Breaks in HPBL by FADU

In this project I have used a sensitive new assay,
FADU, for the detection of ONA strand breaks in HPBL and have
6OCo gahma-irradiation

- ”
or 14.6 MeV neutron irradiation. All irradiations were

followed the rejoining of break; after

carried out with air equilibrated saﬁples. The yield of.DNA
strand breaks (Ormerod, 1976), cell inactivatien_(lekendorf,
1978; Broerse et al., 1968) or chromosome aberration induction
(Watson and Gillies, 1970) is lower in the absence of oxygen
than in 1its ﬁresence. The mechanisms of these oxygen- ]
related effects are not well understood and this discussion
will be confined to the’€3§ects of‘aﬁradiétion of cells %n
air. FADU uses an alkaline solution to cause DNA to’ unwind;
the presence of discontinuities im the Suéar"phOSphate
backbone allow unwinding to proceed ﬁore rap%diy. These
discontinuities (strand-b;eaks) arise mainly.frdﬁ.the ~
indirect actioﬁ of ionizing radiation through free radica
(Lohman et al., 1970; Roots and Okada, 1972). DNA strand
Breaks‘induced byugamma-irradiation, which are mainly

single strand breaks (Ormerod, 1976), are easily desected

K\..,___p{\::he use of FADU (Birmboim and Jevcak, 1981). Double

N
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strand breaks would 2lso be expected to bé detected by FADU,
since a doublelstrand break is two coincident or nearly
coiﬁcidgnt single 'strand breaks on opposite strands of the
DNA molecule (Hagen, 1967). The unwinding of-DNA from
strand breaks in alkali follows ;omp;ex~kinetics (Birnboim
and Jevcak, 1981). Single and double strand breaks mhﬁm
be expected to unwind at different rates, but the relative
rates of unwin&ing of the two break types is, at present,
unknown. This means that both types of break;ﬁiil be
detected in FADU as a drop in the relative fluorescence
(Dr), but the proportion of breaks constituting each type
cannot be distinguished. Since alkali-ié used in FADU,
some types of base of sugar damage and. abasic sites may
be converted to strand breaks and then detected. \
4-Nitroqﬁipoline—l—oxide-(QgQO) inducgs almost exclusively

alkali-labile lesions, possibly in the form of apurinic

" sites. . (See Smith and Paterson, 1980.)- McLean et al.

(1981) have shown that breaks induced.by 4NQO are detected
by the ﬁse of FADU with -great - sensitivity. This provides
evidence that FADU detects alkali-labile IesiIofs. Gamma-

or X-irradiation has been shown to induce single strand

' breakg, double strand breaks and alkali-labile lesions

(Ormerod, 1976; Lennartz et al., 1976). FADU would be

'\\\x~hr//’l/)'
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—

expected :o'detect but not to discriminate among single
strand breaks, double strand breaks and alkali-labile

. i -
The number of DNA strand breaks induced by
gamma-irradiation has been experimentally established
(Ormerod, 1976). The average value is calculated to be
26 total DNA strand breaks ﬁer Gy per human chromésome

(Myers, 1977). The rate' of DNA unwinding, which is

. measured as a change in fluorescence by FADU, has been

correlated aiith the number of strand breaks induced by
60Co gammgrfays {Birnboim and Jevcak, 1981). A dose
which doubles the rate of DNA unwinding abofe the base-

line rate of unirradiated cells is called the doubling -

"dose. Ahnstidm and Edvardsson (1978) found a-doubling.

—

~dose of 1.5 Gy of X-ray with Chinese hamster cells using

an unwinding"technfque which they had developed. 1.5 Gy
is also the doubling dose found by the use ofﬂkADU with
cultured HPBL after gamma-irradiation. This means that
there are approximately 39 sfraﬁd breaks per chromesome
detected in .the DNA of unirradiated HPBL by FADU. These
breaks can arise spontaneously from alkali degradayion of

the DNA or from shearfng of DNA during handling of samples.

Unwinding presumablyfproceeds from the ends of linear DNA
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molecules. It is possible that there are a certa&ﬁ
number of natu;ally occurring breaks in.the DNA, ;édsed'
by normal énzyme activity or spontanecous degradation_of
the DNA in situ (Crine and Verly, 1976). Variation in
the control values (Dc) of unirradiated cells could be
due to incomsistencies in héndling, donor-to-donor
variability, changes in culture conditions, or some,

as yet und;scovered factor iﬂ the experiﬁental protocol.

These all play a part in determining the reproducibility .

" of the assay, which is within 2-3 DNA strand breaks per

chromosome. This has been dependﬁgzdgn the experience
of the experimenter and developments X tﬁgﬁuce( by
H.C. Birnboim in the assay protocol over the gération

of the thesis project. One can now reliably detect breaks caused by

60Co gamma-ray doses.as low as 100 mGy in air.

4.2 Rejoining of DNA Strand Breaks in HPBL After °lco

Gamma-lrradiation

£ FADU can be.used reproducibly to detect total DNA

strand breaks §h HPBL with grea;_sensitivity.' As discussed
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in the Introduction, HPBL have been }eported to be
déficiént in some forms of DNA repair. It was
considered of great interest to dgtermine.the-capac@ty
of resting HPBL to réjoin DNA strand breaks induceé
byrﬁoCo gamma-rays, Strand breaks in HPBL were found.
to be rejoined rapidly and effectively. The kinetics
bf rejoining is similar to that found after irradiatioﬁ
of cultured human fibroblasts-(Hariharan'gEjil., 1981)
or Chiﬁese hamster ceilS'(Kﬁrner et al., 1978). Only

a few studies on the ability of HPBL to repair DNA
aamage after gamma-'or X—irradiétion have been “done
previously. These studies differ widely in the ‘reported
kinetics " repair. I will speculate on some of the
_possible ¢causes for these differences. 'Cpok_éz al.
(1978) found a half-time of about ‘4 hours for the

. . . i . C .
restoration of the sedimentation velocity of a "nucleoid"”

. structure. One factor in their protqcol which could

“adversely affect the ability of HPBL to carry out repair
/ C : -
is the pre-irradiation treatment of the cells. The cells

were stored at 4°C. for several hours before experimentation.
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Tnere is indication from my work that keeping unirradiated
cells at low temperature affects* the 1ntegrity of the DNA
(Table 3). Holding the cells at 49C, as done by Cook et al.
(1978} may have damaged the cells and rendered them unable‘
‘to carry out repair as rapidly as has f;en seen by others

In addition, the high ‘doses which were used could have
induced in these cells am unsnecified type of damage affecting
the ability of HPBL to perform normal repair of DNA strand
breaks, though repair in other cell types may not be
appreciably inhibited at these doses.cfln the technique of
Cook ét al. (1978) changes in the sedimentation pattern of

a '"nucleoid" structure are followed at neutral pH. .Alkali-
labile lesions which are detected by FADU would probably not
be detected by this assay. A second group of workers,

Hashimoto, Ono and Okada (1975) observed a half-time of

strand break re301n1ng of 60 minutes after irradiation of
137

' HPBL with _a dose of (30 Gy) of

Cs gamma-Tays.- As
-suggested for the work of Cook et gi. (1978) the high dose
used may impair the aoility of "HPBL. to rejoin strand breaks.
Another explanation could be that the isolation technique
they used to“prepare cells for irradieti;n and subsquent'
incubation could ¢ause a_dec;edée'in the repair capabilities -
of HPBL. In my preliminerf experiments I have found thet-

/,. ' . . . -4 ‘



-similar to those used in this study

™~

~

DNA strand breaks are introduced in HPBL-éf;the latter are

concentrated Jto 50-x 10%/ml at 0°C and then-diluted to . i
2 z =0 : 3 : -

2 x 107/ml and cultured at 37 C for 30 minutes (data not

shown). "Hashimoto.et al. (1975) concentrated the cells,

' resuspended them in PBS for 1rrad1£%1on at 0°C and then

centrlfuged and resuspended the. cells for incubation at -

37°C for repair.studies. .This treatment may impair the . )//(_

ability of HPBL to carry out strand break rejoining. Lastly, R

-

Fender and Malz (1980) using an.assay system similar to that

of Cook et al. (1978), found rapid monophasic repair of DNA

L

&amage in HPBL with a half-time of less than 10 minutes. ‘"?

They used radlatlgp ‘Joses and a cell handllng protocol . .-

-~

In my study, control etperlments were carrled out to
show that HPBL used were not. 1nadvertent1y stlmulated after
they were placed into culture. The cells showed nelther -
increase in DNA synthesis nor morphological changes - '
characteristic of mitogenically stimulated cells. Further-’
more, I have presented data which iﬂdicate that "the ability
of HPBL to re301n DNA strand breaks 'did not markedly change:
with time in culture. I suggest that the rapid klnetlcs
of repair fpﬁnd by me and by Fender and Mal:z (1980) j
more nearly represents the ability of HPBL to.re301n DNA(
strand breaks in vivo. '

_—— mr——— .

-~/
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4.3  The Nature ofgthe Rapidly and Slowly Rejoined DNA
Strand Breaks .

M

4.3.1 Does the Slowly Regafred Component‘of DNA Strand
' Breaks Correspond to Alkali-Labile Lesions? :

) i Thiere have been a number of interpretations of
the biphasic ngturé of the rejoining of DNA strand breaks
af;erlggmmaw of X-irréd%ation'pbserved by me ahd by othérs.
The rapid phase haé been equated with '"'clean" E;gaks which
require iittle 6r no processing before they c;L be ligated
(Haéiharan gggii., 1981). The slowly repgired damagé is.A

considered tobé "dirty'" breaks whicQ are more difficult to

‘rejoin. An alternative hypothésis put forward by van der

Schans et al. (1981) is that the rapidly rejoined breaks

_are localized on the internucleosomal linker regicns of

‘the DNA in chromatin but there is little data to confirm

this. Bryant and Bl8cher (1980) have concluded that the

. slow phase of repair in EhTlich ascites cells'fqund by the -

use of their DNA unwindihg assay for strand‘breaks repre-

.sents the repzir of double strand breaks. Théy found that

'the'fragtion of initial damage which is slowly fepaireﬁ L

wasqdbout'lo% of total strand breaks. This is near thg
generaliy.reported frequency of 5% for double strand -~

_ : : S e
breaks (Lehmann, 1978). I Bryant and Bllcher's experiments

the kinetics of the slow phase was closely related to-

- - - ”

\
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the‘kinetics of rejoining of-douhl;\Strand bréaks as
determlned by neutral sucrose sedlmentetlon but only after

a dose of IOOﬁGy of‘\—ravs. This relatlon appears to be

'dependent on the-dose used.~ This can be seen 1f one

"‘--—.ﬁ

4
considers that the half-time of repair of. the slowly
rejoined breaks is'only 40 minutes after thg\lower dose
of 8 Gy of X-fays.‘ It seems moTe likely that the slowly

repalred compbnent seen by Bryant and Bl¥cher is the same

— a5 that seen 1n my exgérlments and those of others (hdrner

| £

gﬁ_gl., 1978; Ahnstrﬂm and ;Edvardsson, 1974).. In these
cases the slowly rejo@nedﬁbréaks-;Epresent 30% or more of
Eh:;fotal breaks. .This is too high a fraction of total

nd breaks'to be double strand breaks.tﬁﬁ?ﬁ"“‘*\_

It is my suggestion that these slowly repaired .

51]

breéks repfesent'predominantly alkali-labile lesions (which

~are detectable by FADU) and that the. rapidly repaired

damage is mainly due to frank strand breaks. The fraction

'CSO%) of'siowif repdired damage'I have found f% similar to

-

the reporfed fraction of total breaks that is a%}ali-labile

after X-irradiatiom (Ullrich and Hagen, .19'71) This

-

supports the p0551b111ty of a ‘relationship betheen alkall-

labile 1e51ons and the slowly rejoined component of DNA

<

strand breaks,as.measureg,by FADU. I further pr0pose that

the 1}£ference in the rates of rejoiﬁi&g of the two forms of

*

1



démage proﬁably lies‘in the mechanism of their_ repair. .

Frank strand breaks would be repaired quickly becaﬁse 'th'e_vj

_ can be either ligated directly or be rejoined through an
-‘exgision repair process which requires no incision ste

since the skrand breaks themselves would provide substrate

for excision or polymerl_atlon. Alkall labile 1e51ons,

“which ‘are not open strand breaks in the cell, would be

repaired more Slowly because they require recognitiohhby'

a spec?fi; enéonucleaselto initiate eftision repairxgzx ‘ :
an incision step. Evidence for this. will be found by .
examlnlng the process of excision repair. -Alkali-labile

lesions consist of sites with damaged base or sugar, and 7

abasic sites.-'They'would be expected to be repaire"
.tﬁg same mechanism as alkali-stable leéions n the DNA
are simila? in nathre in §i35:. This process would include
(i) 1nc151on at the damaged site; (ii) excision of the
damaged nucleotlde or-residual sugar and possibly one. or
‘more nucleotldes,-(iii) incorporation of one or more
nucleotides ;ﬁd (1v) ligation of the remaining 51ng1e strand
gap (Hanawalt et al., 1979; Glinther~gt al., 1977) .- Since

.at least one nucleotide is added durfiig the repair of each

,alkali-labile lesion, one woyld expect the uptake of ldbeled’

r

-
=
-

. . . I AP
nucleotide to be rapid for the first hour after irradiation-
Pt

N T



of cells with low LET radiation if this were similar to =~ ! .
the nepai{ of the slowl; rgjoingd breaks. Spiegler and

Nc/arman A(1969) found tha_t the rate of 31—}-’RﬂR tg;ta.ke in HPBL

‘after irradiation with X-rays or 6 MeV electrons followed

these kinetifs,

e uptake velocity falling to half the

initial rat¢ about 40 minutes after irradiation. This . -

uptake of l3bel would represent repair of both alkali-stable -

L

base damage and alkali-labile lesions. The observed
kinetics of uptake of labeled DNA precursor into DNA of ~
HPBL underg01ng repalr of gamma-ray induced damage shows

a possible: relatlon between alka11 lablle lesions and the
~slowly rejoined breaks as seen by FADU, but cannot be used to

p}ove identity of the two forms of damage.

-

There is other evidence that alkali-labile lesions

and alkali-stable lesions are. repaired.with kinetics similar

to that of the slowly rejoined component seen by FADU.

-

.Alkali-lébile lesions induced by 4NQO are rejoined in human

fibrobIasts with a half-time of a little less than'one hour

<

(Smith ;nd Patérson, 1989). This parallels the rate of
-re301n1ng of the slowly repaired damage seen in HPBL In ’
.addition, one may also consider data gained by tle use of

gamma-endonuc1¢ase 1solated from Micrococcus luteus, Wthh

will cleave DNA at undeflned sites of base damage in gamma—

( ‘7 ~ ‘ . 1-.
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* irradiated DNA (Paterson and Setlow 19721.; After
irradiation; gamma endonuclease- sen51t1ve sites disappear
in human fibroblasts W1th a half-time of apprOtlmatelv one .
hour {Paterson et al., 1976) This damage is probably
alkali-stable qpt dcmonstrates that base damage hthh is
handled by exc151on repair requiring an incision step, has

a half-life sifilar to that of th& slowly re301nq§ strand

breaks seen by FADU. . N -

4.35.2 Does the Rapidly Repalred Component of DNA Repalr
Correspond. to rrank Strand Breaks?

I shall now consider-the fast phase of repair as
seen by FADU and its relation to frank stran@ breaks. Half
of frank strand bfe;ks involve tﬁe release of fréte nucleoside
from DNA (Ullrich and Hagen, 1%21} and afe, therefore, not
capable of being immediately 1igatea, bmt would require th§

addition of one or mome nucleotides either throhgp excision
repair or directly by polymer1zat10n Thése breaks should:
then also contribute to the kinetics of uptake of labeled
nucleotide. An inbision step would be unnegessary, for the
s%gand break would prqv}de substrate directly_for exonuclease
or polymerase activity. As there is no incision step required
.for the repair of frarnk breaks it is my sugggstion_}hat they
should be repaired very.quickly. The magnitude of uptake would

be small as the number of frank strand breaks requiring

eXcision repair represents less than one quarter of the
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‘total damage tehuiring excisibn'refair'(Ullfich end'Hagen,‘
1971) Spiegler and Norman (1969) found that the cumulative
uptake of label had a positive intercept at time - zero. Thie'
may represent the rapid initial uptake expected but more
extensiveé uptake experlments -would have to be done to verify

this observation. ‘ 3 >

Other'experiments-have;been done which tend‘tq support

.
-

the'argument tﬁat frank strand breaks are repaired rapidly.

S1 endonuclease, isolated from Aspergillus oryzae, is

.. capable of cleaving bNA opposite sing}e strand nicks under
certain eenditiphs (Wiegand gSE,Ei- 9757 . ﬁhen DNA. from
eélis irfadiated with moderately high doses of gammatﬁiys-
is treated with S1 nuclease, DNA strand breaks detectable

by alkaline sucrose gradient sedimentation are inttoduced:
Durlng repair the dasappearance of S1 nuclease sites is

rapld with over 90% of the breaks sites removed by 30
minutes (Paterson et al., 1978). }t ;s possible'that in
this assay sfstem’fraﬁk'strand breaks are made evidept.
If this is so, it would tend to support the proposition
that frank sttand breaks are tejoined quickly. .
Excision gaps formed during the‘reaéir of alkaitf
‘stableltase damage tpduced by ultraviolet light can be

visualized by use of a DNA unwinding technique (Ahnstrim

r

—l—

e ——in
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and _Edvardsson, 1978) or by "ucleoid"” sedimentation (Yew
and Johnson, 1979) It might be con51dered reasonable ’
that the eXC151on g;psﬁformed &urlng the repalr of alkali-
stable leélons Wthh exist durlng the 1nterval'between -
3nc151on and llgatlon could also be detected by the use
' of the unw1nd1ng method FADU. It is my suggestlon that
thls interval is short and that very few excision gaps
‘are open at any one time durlng repalr Subsequently,
they would not be detected by FADU. To-demonstrate-why
o " this should be so, it is appropriate to consider excision
reﬁair in more depth. ﬁxcision repair of gaﬁma-tay induced
base damage requires tme addition of 1-2 nueleotides per
_site as compared to 15 or more for that-of damage induced
by ultraviolet light (Glnther et al., 1@77).‘ Excision gaps
formed after ﬁltraviolet-light irrgdiatien remain'open for -
3 minﬁtes (Erixen and Ahnstrom, 1978). Those formed after
gamma:irradiation would be expected to be much more.short .
lived as there are fe;er nucleotides added after the‘ j?
'incision step (i.e..1-2). The incision step is the slowest
step in the repair of ultraviolet light induced DNA'damage

(Erixon and Ahnsty¥m, 1978)}. Even so, repair of damage

. - 7
caused by 1.5 J/m"

of ultraviolet light irradiation in

human fibroblaetéfis compietedfwith a.half-time of




- 78 - \

approxlmately 40 mlnutes [Pornace et al., 1976) it is mﬁ

)

suggestlon that only the dlsappearance of alkali- lablle

1e51ons is seen by FADU with a half-time of approximately

. 35-40 minutes, the ewélslon gaps of other base damage belng

too few at any time to be detected.®s 3 ¥
Myd?roposal'that the slowly rejoined damage

represents alkali-labile lesions is supported by the data

. of Fender and Melz (1980) who report rapid monophasic
_kinetics,of fepfir in HPBL after X-irradiation;Solutions-
used in their assay system to visualize DNA damé;e are at
or near neutral pH. The damage detected is probably\Bhly
frank strand breaks and not alkali-labile lesions. They
Teport pnlf a faét_phase of repair with a half-time of
about 10 minutes. There is ﬁo obvious slowly repaired

component which could represent either the excision of

base damage, as seen by the use of this technique ;?%er

-
-

ultraviolet irradiation (Yew and Johnson, 1979), or the

¥ . -

If the t; of the repair of base damage were also 35-40
minutes and thé amount of damage were three times that for
alkali-labile lesions (Ullrich.and Hagen, 1971) and the
excision gap remained open for a full three minutes, I have
calculated that .the maximum proportion of strand breaks
represented by these excision gaps would be 10% or less of
the total breaks remaining at any.one time. Since the
estimates are all maxima for each parameter considered, it
is more likely that the proportlon is closer to 2% or less
of the total breaks remalnlng

> .

SThls would also relnforce the idea that frank strand °
breaks should be rapidly repaired, sirce the incision step
is rate limiting in the repair of base damage (e.g. alkali-
labile lesions). ..
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slow repair of a possible subset of frank DNA strand breaks.
This would suggest again that the slowly repaired compopént
as detected by FADU represents alkali-labile lesions. The *

kinetics of nucleoid reconstitution aftef X-irradiation as

- .

seen‘by Fender and Malz (1980) appears to be slower than

that for the rapld phase of strand break re;o;nlng after

-

gamma-irradiation- as seen by the use of FADU. This could’

-

be due to small differences in the rate of .temperature
equilibrétion during. post-irradiation incubation. Alter-.
natively, this could indicate that there is a lag'(aftéf

. the fejoining of DNA strand breaks) .in the reconstitution

1

bf_the structure ‘ingfhromatin which isedetected by the usé
of this aséayi. At.présent;.doses needed to all&w alkali-
lgbile.lesiéns to se detected directly are abové 10,000 Gy
which is well above a'dose‘ﬁt which normal repair kinetics
could be observed (lemnartz et al., 1975). All of the
experiments discussed here are cornsistent with .the model
that slowly repaired damage seen in this thesis by the

use of FADU represents alkall labile lesions and that the

rapidly repalred damage represents frank DNA strand breaks



4.4.1 Cultured Mammalian Cells
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4.4 Relation of DNA Strand Breaks to Cell Inactivation

Cell inactivation as a biological endpoidg‘c;n
result from damage to various sites and as such is very
difficult to charatterize biochemically: D;fférenf criteria
of cell inactivation have been followed. One endpoint of
éell'inaétivétion is i&terphase,deatﬁ, characterized by’
; declineAip metabolic function, degradation of the DNA,
aﬁd evenfﬁai autolysis of thé_;ell. Morpholegical changes,
such as pyknosis or loss of membrane iﬁtegrity, seen .as
the inability of the cell to exclude certain dyes.(é.g:
trypan blue) are used as ié ﬁigzg indicators of inyeiphase
death. hmother'endpoiﬁt is mitotic‘deatﬂ, defined as the
inhpilit} of cells to divide and ﬁbrm colonies oﬁ replating
af;%r'treatmept with ?ad%ation ‘or other damaging agénts.l
A gse,givén to induce this effect without interphase death
curring is low enough such that the initial insult is not
so Severe as to affect the cell morphology immediately; at

~

a later stage the cell will be Ginable to complete mitosis

- or hill.fail:to proliferate after one o® a few fﬁ%ther

mitoses. - This could be due to a failure of any number of

systems in the cell. One possibility is that a rearrangement

§
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o%.the DNA, seen as a chromdsomeoaberratipn, will‘iﬁdpée
the loss-of necessary genetic:ﬁnforﬁation‘or interﬁfre
with thefrediétribution of .the chréﬁd§omes-dpring mitosis.
”Liquid holding" experiments have shown that damage which
. - - )

would otherwise lead to cell inactivation can be repaired
if cells are held at sub-optimal growth conditions to
inhibit replication sfnthebis of DNA (Belli and Shelten,
i9695. Similar"exﬁeriments have shown repair of dgmage

- leading to chromosome aberrations ($asaki, 1978). These

' experiments and others have led some to suggest. that

damage to DNA and its repaif are important events related

to cell inactivation (Arena, 1971; Chadwick and Leenhouts, .

-’

1973; Williams, 1976). Because of interéstiin a possible
role of DNA damage in cell inactivation several enzymatic
pathways of repair of this damage induced bf rgdiations oT
chemicals have been studied and elucidated (Hanawalt et
al., 1979). It is of interest to know if DNA damage and
-E;s repair is directly related to cell inactiyation.

There are-two inherited disorders in man which
are marked by an acute radiation sensitivity and have been
- linked to an inability to carry out repair of, a speéific:
type of lesion in.DNA inducegl by radiation. Atax;a

telangiectasia 1s an autosomal recessive disease

e
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characterized by an extreme éensitjvify to ionizing radiation
and a high incidence of spontaneou$ cancers (Paterson and
Smith, 1979). Each individual .affected appears tb have 2
d;fect in only one gene product, though tﬁeré are different
complementation groups which Hﬁve the. same cliniEal symptoms
,and an in vitro radiosensitivity. One strain of cells from
an ataxia patienf (AT3BI) if deficient in the aﬁility to
remove:damage-which is seen aé gamma-endonuclease sensitive
sites in DNA (Paterson et al., 1976). ‘Xerodermo§a pig-
mentosum, another genetic disease, is inherited as a singleh
autosomal recessive gene and is associated with a sensitivity.
to ultraviolet light and a high incidence of spontaneous
skin’cancers. Cells from patients suffering from this
disease are deficient in excision repair of DNA démage.
induced by ultraviolet light (Hanawalt et al., 1979). 1In
cell lines from patients with either diseas#-the Tadio-

-

sensitivity.is postulated to be due to a defect in the.
repair of.DNA damage. -

It is of interest to consider whéther c§}1
inactivation or chromosome aberration'induction is linked
| toAthe.repair of DNA damage, in particular DNA strand . -
'breaké. It has been postulated that total DNA strand

breaks which are left unrepaired are correlated with cell
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death (Ritfer Eﬁ'il-’ 1977). These authors used alkaline
sucrose gradients to determine the number of DNA strand

breaks remaining in Chinese hamster gells two hours after

-

very high doses (30 G}) of accelerated particles of‘various_'

LET. Cell inactivation cofrelated well with the number of

residual strand breaks after repair. However, Ahnstr¥m and -

- .
Edvardsson (1978) using an alkaline unwinding technique with
Chinese hamster cells have,sincé shown fhat after moderate
doses of X-rays the number of‘breaks drops to background

levels after five hours of incubation. ~.They further shoy

. that only after doses greater than 200 Gy of X-rays is

.rejoining incomplete. ,It is probéble that the extensive-

non-rejoining of total DNA, which can occur at high doses,
cannot be extrapolated to explain biolgoical effects at W\\
lower doses. My results show low levels of DNA strand

60Co gamma;irradiation

breaks remaining after 1-2 Gy of
) . . e
and 80 minutes of repair. Because there are so few

residual breaks it seems reasonable to conclude that the

. non-repair of strand brezks is a rare event which could

be Tesponsible for qn&y‘%rsmall minority of the effects
seen at the cellular level. It has also been argued that
residual double strand breaks are correlated with cell
inactivation. The findings and conclusions by authors

working in the field are similar to those for total strand

/“'-\
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_breaks. Dugle et ef\ (1976} found non-rejoining 6£ double
strand breaks in Chlnese hamster cells after doses ;n excess --
of 100 Gy of X-rays. Howeeer mnore Tecently, others have . <:
shown rejoining of double strand breaks even after ve}y
high doses. Handschack and Mail.z (1980) have shown that the
number of doﬁgle strand breaks goes to-bickgrouﬁd leﬁels
within two hours after doses as high as 200 Gy of X-rays.
-Me;enrecenE%yzrvﬁr*der Schans et al. (1981)-have ehown by
use of the neutral elution technique of.Bradley and Kohn

v (1979)_ that rejoining of .double strand breaks is rapid and

biphasic aftér 50 Gy of ﬁoCo.gamma-rays, with less than 10%

[t

-

of the initial breaks remaining after two hours. The residual

S

damage seen after high doses could be interpreted as the -
-result of some as.yet undeflned injury to the cell which _ ’
X renders repair enzymes ineffectual.. At lower doses the last
few breaks may in fact be repaired or they- may be below the -~

limit of detectablllty : ’ .

-

-]

Further evidence has been generated by the study

of chromosome aberration induction. Sasaki (1978) has . - o -
studled the\lnductlon of chromosome aberratlons in HPBL

after 1rrad1atlon with X- rays, gamma-rays or fast neutrons.

He considers that the formation of an exchange aberration

requires_the interaction of two damaged sites ("events'')
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within a certain distance of each other: Knowling the dose,

-t

the LET of the ra&iafion used and the aberrat%on yielé, he
-calQuiates that the mean energy loss ber ;fent which could
lead to;the.formation-qf an aberration is 50 eV. fhis is
approximately the energy reqdired to fg%m a single strépd
break by-GOCo gamma-rays and would ténd‘tolrulé out double

strand breaks, since over 1 keV is required, on the average,

—~ * ' per double strand break formed. The actual number of strand
breaks induced per human genome after 1 Gy of 6QCo gamma~
t$ rays'is estimated to be 1250 (Myers, 1977).- The yiel@ of

unstable chromosome aberrations after that dose is approxi-

mately 0.18 per cell (Lloyd and Purrot, 1981). The dis~

-

crepancy between the actual number of DNA strand breaks and ~

o *

the detectable effect, be it cell inactivation or chromosome

aberration induction, is not well understood. It could be
©  that a small subset of the damage induced, which requires
50 eV to be formed,. is responsible for the effects seen.
Tt could also be suggested that the misrepair of any one
strand break or Bther defect_couid lead, with equal

probéb&lity, to cell inactivation or chromosome aberrations.’

4.4.2 Radiosensitivity of Lymphocytes

R After 1.0-2.0 Gy of X-irradiation, the majority of

-

HPBL in culture will undergo interphase-death as meésured.by

-
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~pyknosi or trypan bl&g.exc1u51on within a feﬁ days (Prosser,
1976 Hedges and Hornsey, 1978) .  This is in strlklng
ontrast to ‘cultured mammallan cells when one -considers the

LDSO for m1tot1c*death 1n cultured human £1brob1asts

1967) is also about thls dose. This. level of interphase death

" occurs only after doses of 10-50 Gy in Hela cells (Elkind and

d
)

(Deschavanne et al., 1980) and~1n Hela celLs (Elkind and Whltmore,

-“

Whitmore, 1967). - It is probable that the radiation sensdtévi;y

Cof non—dividing'HPBL is not'the result of a deficiency in the
ablllty to re301n DNA strand breaks as repair has been shown
in this thesis to be as rapld as that in cultured cells.
There is the p0551b111ty that some minor form of damage which
is seen as stxand breaks,ls poorly repaired in HPBL. - There
are several ehanges i the physialogy of the cell after
irradiation which indicatethat the process of interphase
death. is very complex.';DNA of HPBL wili Nart to disintegrate
within,one-half hour of irradiatien<f?55:higher doses |

. (Timberlake et al., 1976). The majox autole1s of HPBL w1£%\
begin .at 10 hours after 5 Gy of X-rays (Sato 1970) The
'?breakdown.of the cell by autoly51s is dependent on active
metaboli;m in the cell (Scaife and Bnphée‘ 1967). RNA
content drops unless thddfells are stlmulated wlth a. mitogen

such as PHA (Cirkovic, 1969). Protectlon of HPBL from inter-
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'a specific me%abolmc event

-.87 - L

phase death can be achieved 1f mitggen is added as late as
two hours after irradiation (Schreck and Stefaﬁi, 1964). ‘

This indicates agaln that the effect seen is not the direct

- -

result of thekdamage 1nduce- wHiEh is detected but rather,

h can be trlggered by damage

*

to any numberOf sites. It ' been proposed that some

time after treatment with a DNA damaging agent or other toxic,

' -
agent, cells undergo endonucleolvtic death due, in some cases,

‘to action in}tially affecting a non-DNAftarget (Williams et

al., 1974). The low complement of organelles and other cell

. ~ : \)'
constitutents in HPBL could render an unknown ctitical

function hypersensitive which, if inactivated, is incapable of

" regenerating itse}f.‘)It is .unclear whethefﬂ¢his target could

It would be of interest to*study further the g
: A
rejoining of DNA strand breaks in HPBL after treatment with

ConA to determine if there is a difference in rejoining

- /
rates 5} resting and stimulated cells. Thé repair would

have - tojbe substantlally more T&;ld for a’ difference to be
detected. The fat: of the DNA during mitotic and 1dterphase
death-could be followed in stimulated and restlng HPBL over
longer perlods of culturing after irradiation in order to

achieve a better understanding of these hlghly complex
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procésses. Another intgzsi;ing possibiiity stems from the
fact tﬁat different ﬁopulations of HPBL could rejoin DNA
strand breaks with different efficiencies. T and B
lymphocytes have different.raﬁiosensitivities and could be

14

‘relatively easily separated té\tgét this possibility.

4.5 Induction and Rejbiniﬁg of DNA Strand Breaks After
- 14.6 MeV Neutron Iirradiation -

When HPBL are irradiated on ice with 14.6 MeV
neutrons and analysed by FADU, thg apparent yield of strand
breaks is 0.38 that found after the same dose Of 60¢q

h-\\ - gamma~xrays. The “dose is-éhe amoﬁnt of energy éeposited
in the target tissue pér unit mass (e.g. 1 Gy = 1%9/kg).
The observation that a neutron dose which deposits the
same amount of emnergy as a “similar dose of gamma-rays

<

appears to induce fewer DNA strand breaks than gamma-rays
articularly when one considers that the

. is surprising,
RBE of neutrons for cell inactivation or chromosome
aberratioh induction is greater fhanil.s.“ In considering

~ an explanation for this apparent difference, it is-unlikely
that there is “ome form of fast repair which allows some'
amount of undetected daﬁage to disappear before the cells
are assayed, as the cells were held at 0-2°C for a short

time before analysis and cells irradiated with gamma-rays

were treated in a similar fashion in parallel. An
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alternative possibility which was considered is that neutrons

-

may 1induce cro

~links which could slow down the yate éf
DNA unwinding {in alkali, thereby lowering the aperenf field
of strand breaks ;s detected by FADU. The bifunctional cross-,
linking agent, nitrogen mustard (bis(2-chloroethyl)-»
-methylamine, HN2)}, will slow down the ;;;;T;;\Bﬁﬁ winding
after gamma-irradiafion as detected by FADU. The pparenf
number of strand breaks in WBC found afte£ gamma-ifradiation,
which induces\very\ggﬁ cross—links,}ﬁs substanﬁigilf,lowered
if cellsx?re-first trea#éd with HN2 (H:!C. Birnboim, pers.
commun.].. When neutrons were used in conjunction with gamma—'
rays to irradiate cells, the rathé of unwinding was not
signifixcantly different from-the sum of the rates expected

if the damage from the two forms of radiation did not interact.
Cross-links involving prot in could EtillEE;Lresent but
%hose produced after neutroif}k{adiation could be distributed
in such a way that when the cells were "irradiated in con-
junction with gamma-raxs the rate of unwinding would.still

be additive. -An:ther metho% which can be used to detect
cross-links has been developed for application in the alkaline
elution assay of Kohn (1979). Cross-links involving protéin
induced by X-rays, HN2 or other cross—linking.agents Ean be

broken by treatment with proteinase K (Kohn, 1979).

Consequently, the rate of elution will become more rapid
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after treatment with this enz}me. P:oteinasé K has had
no positive effect on the rate of DNA Qﬁh?pdihg after
neutron irradiation in my experiments.'-Thig:ﬁndi;atés
that it is unlikely that cross-links iﬁvolfinéfgéotein
are-responsible for the appérgnt 1ow,&ield of strarmd’
breéks afte£ neutrén irrédi;tion, It is péssibie:thét
DNA—protefn cross-links may not be detected'ﬁy FADU.

. A more likely explanation of the' low appérent'

yield of strand B;eaks induced_by fast. neutrons stems

L%

from the hypothesis that these breaks are inhomogenously
distributed in the DNA. The energy of fast neutrons is“
deposited in cells along densely ionizing'tfacké, large
amounts of energy tending to be éoncentrated in a
relatively small volume (Rossi, 1979). If two or more:
singlé strand breaks on the same strand are close enough
together, -they will be scored as one break by FADU. A
mechanism by which two proximal breaks can be sﬁored as

one is illustrated below:

A i/ B i/,

i

ii/ " ii/

N

.
e g e n i it s i s A T Lt o

MERIT WP



- 9] - -

In A two breaks which are close together on the .same strand

are shown (i/). If thlS length of DNA is placed into alkall, .

the small 1nterven1ng piece will completely unw1nd in a very

short time and only the two remalnlng ends will determine

the rate of unwinding and only one strand break will be

detected fAii/). If the two breaks are in@ependent'(i.e.

very far apart, BT there will be four ends of the DNA‘

molecule present thtoughout the assay period and the rate

of unwinding will Ee twice that for the situation shown in

"A. If the frequency and number of breaks in close proximity

were high, the apparent yield of strand breaks detected | ,

would be proportionally lower, as greéter_numbers of breaks .

would tend to mask each other. .
The.clustering'of”lesiois may -alter the severity of .

damage By affecting the subsequent repair.. In this argument,

. damage 1nduced by gamma T4ays Oor neutrons 1;\3ugpbsed to be due.

mainly to indirect effects through free radicals; thus, the

types of damage should be similar for both radiation types.

_The distribution of the damage would be the only difference.

Kdrner et gl. (1978) havetsuggested that excision of damage

due te "bad" breaks within clusters could induce a "catastrophe"

leading to non-repair or the induction of a double strand break.

To enlarge on_this idea, there awe a number of ways repair



could be affetted: i/ the repair of one site may delay
Ior preclu&e repair at another site, ﬁos#ibly by interfering
.with the binding of a repair complex to the sétond~site
"by steric hindrance. During this interval the damage at
the second site could be changed to an irreparable form
of lesion. ii/ The action of a repair ‘complex at one site
could induce the unféiding of one or more nucleosomes;l A
double strand break may be stabilized within the-nucleo- -
somg, quh that it can be repaired relatively ea511y by -

N
/\Eﬁ tro The disru tlon of the nucleosome structure -
g P

- could release the DNA double strand break allow1ng the

R
two free ends to drift.apart and thereby beecome 1rreparable.

-

iii/ Exonuclease activity resulting from repair at one
site may run over a strand break on the”opposite, strand

inducing a double strand break which may not be réparable.

Clustering has been implicated in the induction of chromosome
=

aberrations. By the use of neutrons of different energies,

Holmberg (1978) has shown that the chromosome aberration

yield in HPBLlis correlated with the amount of proton

récqil, and is even more strongly correlated with oxygen

recoil which would cause even more densely ionizing tracks
g

and presumably denser ciustering of strand breaks.

The kinetics of DNA strand break rejoining after

s
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' 14.6 MeV neutron irradiation is different from that seen

L

agter %0co gamﬁa—ifrédi;fion. The rejoining is rapid and
biphasic.wﬁich is in. agreement with that rebortéd by
Ahngﬁrdm and Edvardsson (1974), K8rner et al. (1978) and
""Hesslewood (1978} . All previously published work indicates
.that the rate of repair of straﬁd breaks induced by fast
neutréﬂsislows down to a negligible level after upﬁto two
hours of post-irradiation incubation. This is not seen ]
after X-.or'gamma-irradiation. The dose ranfge used in the -~
preyiously published reports was 49-140 nynghese high
doses ﬁay affect the ability of the cells to repair part
of the damage present.
If clustering of strand breaks were responsible
for the low apparent yield of DNA strand, breaks, the Half—
time of rejoining as assayed by FADU would be somewhat
longer for each phase. This is because all of the bre ks
in a given cluster would have to be rejoined to be seen '
as the rejoining of what wbuid be detected as one break -
by FADU. The relationship between the degrer of clustering
and rejoining kinetics would be very complex. It would be
of interest to use neutron‘sources of ‘different energies

to explore further the relatidnship between repair kinetics

and LET. * Higher doses could be used, but cafe‘yould have
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. to be taken to distinguish between radiation induced. strand

-

breaks and breaks induced by endonucleolytic degradation
"

- -

qg, T .-

during autolysis.

4.6 Conclusions

HPBL were irradiated with §0Co gamma-rays or
14.6 MeV neutrons. HPBL were found to rejoin DNA strand‘
.- ' R .

breaks rapidiy with Biphasic kinetics. The Ty for the

-

fast phasg'was 2.8 minutes and that for the slow phase

GQCO gamma-irradiation the fast

was 35 minutss. After
phase of repair comprised 70% of the initial bréakéf e
After 14.6 MeV_neutrph ifrédiation the apparent yield

qf initial breaks qai/9,£$ that found after 6OCo gamma-
irradiation. The lower yield was due mainly to a
reduction in the rabidly.rejoined;coﬁponent. ‘After 80
minutes tﬁe number of pNA strand breaks was not
detectably different from Backg&ound levels after either
form of radiation. Cross-links involving protein were
tentatively ruled out as an explanation for the low
.apparent yield of’DNA strand bréaks after neutron
irradiation. The clustering of breaks in the DNA appears
a2 more likely mechanism to explain this initially surprising

> finding. The major conclusions are i/ the extreme radio-
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sensitivity of HPBL does not arise from a deficiency in

their abilify to rejoin: DNA strand brgaks and ii/ there .
. : J
1s . no obvious relation between the high RBE for 14.6 MeV

neutrons_and the apparent yield-of DNA strand breaks or

‘the ability of tells to rejoin them.
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