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Background

Understanding the effects of low doses of ionising
radiation requires the interaction between two key
scientific disciplines, radiation epidemiology and
radiation biology.

A retrospective epidemiological study (1953-1994)
has been undertaken at SCK'CEN , in order to deter-
mine the cancer risks in workers from five Belgian
nuclear facilities (SCK'CEN, Belgonucleaire,
Belgoprocess, and the power plants of Doel and
Tihange). This work is part of an international multi-
centre programme, co-ordinated by the International
Agency for Research on Cancer (IARC/WHO, Dr. E.
Cardis) in Lyon. It combines data on nuclear workers
from 14 countries. The aim of such a large-scale
study on radiation workers is to extrapolate the can-
cer risk in populations with long-term exposure to
low doses of ionising radiation.

Radiobiology contributes significantly to public
health by providing the necessary scientific back-
ground for radiation protection, radiotherapy and
nuclear medicine. In the field of radiation protection,
radiobiological research aims at evaluating the
potential risks of low doses of ionising radiation
delivered to the organism. Several crucial problems
remain to be solved; in particular those related to
radiation-induced developmental defects and genetic
damage in the child in utero and soon after birth. Our
research programmes focus primarily on the
radiosensitivity of the developing mammalian organ-
ism.

Our activities, carried out in close collaboration with
the Belgian and European scientific community, are
essential for maintaining, at the SCK'CEN, the sci-
entific know-how needed to provide national and
European authorities with advice concerning poten-
tial hazards from exposure to ionising radiation in
normal and accidental situations.

Objectives

For epidemiology, we intend
:: to study cancer mortality and morbidity in nuclear

workers in Belgium

::: to document the feasibility of retrospective cohort

studies in Belgium

-: to participate in the IARC study.

For radiobiology, we intend

::: to elucidate the molecular mechanisms of the

effects of ionising radiation in the mammalian

embryo during the early phases of its develop-
ment;

K to assess the genetic risks of maternal exposure to
ionising radiation;

a to elucidate the cellular mechanisms leading to
brain damage after prenatal irradiation;

a to advise authorities and to provide the general
population with adequate information concerning
the health risks arising from radiation exposure.

Programme

Cancer risks among nuclear workers in
Belgium

We set up a retrospective cohort study (1953-1994)
in 5 nuclear facilities in Belgium: SCK'CEN,
Belgonucleaire, Belgoprocess and the power plants
of Doel and of Tihange.

The main activities of 1999 were completion of
causes of death and further data control in the five
participating facilities. A first set of data was sent to
IARC for validation. The Belgian nuclear workers
study participates also in a joint proposal of the
IARC and 4 European countries "Studies of Cancer
Risk among Radiation Workers in the Nuclear
Industry" (Nuclear Fission and Safety Programme of
the EC/Concerted Action). The European collabora-
tors are Belgium, France, Germany and the UK. A
collaboration has been set up with the UCL (Prof. A.
Wambersie, Unite de Radiobiologie et de
Radioprotection) for data analysis and final report-
ing.

The procedure to get access to the National
Population Registry is progressing. A Royal Decree
(proposal) has been sent to the Privacy Protection
Commission for comment.

Effects of ionising radiation on the
mammalian embryo.

Cell cycle is a tightly regulated process during which
a cell first replicates its genetic material (DNA repli-
cation), and subsequently evenly partitions it among
the two future daughter cells (mitosis). Ionising radi-
ation can block progression of the cell cycle, either
before the cell replicates its DNA (Gl arrest), or
before entry into mitosis (G2 arrest). Both Gl and
G2 arrests are considered as active cellular respons-
es to irradiation, in order to allow time for repair of
damaged DNA or chromosomes. Recent progress in
elucidation of cell cycle control has shed new

54 Radiation Protection



insights into the mechanisms of radiation-induced
G2 arrest. Research in this area at SCK'CEN is inte-
grated in a co-operative EC programme with five
European institutes. The aim of this concerted
research is to determine the role of radiation-induced
feedback control of the cell cycle on the transmission
of initial DNA damage to permanent cellular modifi-
cations. Our laboratory participates to this project by
analysing cell cycle-related DNA and chromosome
damage in irradiated mouse pre-implantation
embryos. The studies were performed in three mouse
strains showing differential radiation sensitivity
characterised by an extended (Heiligenberger,
BALB/c) or very short (C57BL) G2-arrest in
embryos irradiated at the 1 -cell stage.

Progression of the cell cycle from the G2 to the M
phase is known to be regulated by the kinase activity
of the cyclin B/cdkl complex. During the previous
years, we have studied the effects of ionising radia-
tion on the state of phosphorylation of the cyclin
B/cdkl complex as well as on histone HI kinase
activity (a biochemical indicator of the kinase activ-
ity of cyclin B/cdkl) in embryos of the three mouse
strains. We showed that the phosphorylated form of
the cdkl, coupled to a low histone HI kinase activi-
ty, was present during the whole period of the G2-
arrest in embryos irradiated at the 1 -cell stage.
Finally, we showed that histone HI kinase activity
present in irradiated 1-cell mouse embryos dividing
after G2-arrest was correlated to the radiation sensi-
tivity of the strain.

The study of DNA damage and repair in early
embryos was continued in 1999, in collaboration
with our partners from Essen (Dr. Miiller). The first
results of the comet assay showed that repair of the
DNA damage did not seem to differ statistically in 2-
cell embryos of the three strains investigated.
Moreover, repair was extraordinarily fast, all damage
being repaired between 30 minutes and 1 hour after
irradiation.

Premature chromosome condensation (PCC) is an
attractive method, alternative to metaphases, to visu-
alise the genomic material in cells. Because the
method is independent of the cell cycle, chromo-
somes can be condensed and visualised in any phase
of the cycle. Results obtained in 1999 confirmed that
the PCC technique developed in our laboratory can
be successfully used to analyse chromosome damage
in 1-cell embryos undergoing a G2-arrest after irra-
diation. It consists in fusing embryos with oocytes in
the first meiotic division. The fusion brings the fac-
tors required to initiate mitosis, forcing the embryos

to condense their chromosomes. With this technique,
we observed that a very low proportion of embryos
analysed at the beginning of the G2-arrest showed no
aberrations at all. They could represent embryos that
would have been dividing without any significant
delay. All irradiated embryos that were analysed 3
hours after irradiation contained 1 or more chromo-
some aberrations. Chromosome fragments constitut-
ed the great majority of these aberrations, which
could suggest that DNA damage leading to such
aberrations constitutes the main cause of the 1-cell
block and that 1-cell embryos of the BALB/c strain
are unable to repair this type of damsige. Embryos
examined at later times during the G2-arrest revealed
difficult to analyse. To overcome this problem, we
tried to chemically induce premature condensation of
the embryonic chromosomes, using the potent phos-
phatase inhibitors okadaic acid or calyculin A. These
compounds have recently been shown to be able to
induce PCC in various cell systems. We tested the
feasibility of induction of PCC by calyculin A in G2-
arrested 1-cell embryos. Calyculin A was able to
induce 100 % NEBD (nuclear envelope breakdown)
when irradiated embryos were exposed to this com-
pound at the beginning of G2-arrest. Moreover, the
results were quite similar to those obtained with the
fusion method, and the quality of the preparations
was at least equivalent. The usefulness of chemical-
ly induced PCC for a better assessment of remaining
chromosome damage in irradiated embryos in late
G2-arrest is under way.

BALB/c embryos undergoing a permanent block die
after a few days following irradiation, while those
dividing after a G2 block generally arrest develop-
ment at the 2-cell or 4-cell stage. A study was initi-
ated in order to determine whether apoptosis (or
"programmed cell death") is responsible for this radi-
ation-induced early embryonic death. The indicators
of apoptosis that are currently investigated include
cell and nuclear morphology, cell membrane integri-
ty, DNA fragmentation and caspase activity.

Extracellular stimuli can transduce intracellular sig-
nals and activate a cascade of kinases (MAPKs or
Mitogen Activated Protein Kinases) leading to the
transcription of certain factors. Data on signal trans-
duction pathways in early embryos anc the possible
effects of radiation on them are completely lacking.
Therefore, collaboration was initiated in 1998 with
our colleagues of Villingen (Dr. R. Jaussi) in order to
clarify the role of different MAPKs in the radiation-
induced G2-arrest of 1-cell embryos. The activities
of JNK (c-Jun N-Terminal Kirase), ERK
(Extracellular signal-Regulated kinase) and p38
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kinase were evaluated in oocytes and early embryos
by measuring their abilities to phosphorylate their
respective substrates. In control oocytes and
embryos, p38 kinase activity appeared to be higher
during meiotic (MI and Mil) and mitotic divisions
than during interphase (oocytes at the GV stage,
embryos at the 1-, 2-, 4-, 8-, 16- and 32-cell stages).
ERK kinase activity increased during oocyte matura-
tion (MI and Mil) and decreased to very low values
during all stages of early embryonic development.
JNK kinase activity was high in GV oocytes and
remained so during their meiotic divisions (MI and
Mil). Very low values of activity were found in
embryos, except during mitosis and from the morala
stage. The activities of the 3 MAPKs did not differ
significantly in embryos irradiated with 2.5 Gy as
compared to control embryos, whatever the stage and
the strain considered. Since the activation of signal
transduction pathways can be very transitory, inves-
tigations dealing with a possible activation of those
directly after X-irradiation are under progress.

Collaboration was established in 1998 with Drs. E.
Hidvegi and G. Safrany (Budapest), in order to
define the relation existing between genomic insta-
bility and radiation sensitivity in early mouse
embryos of different strains. Control and irradiated
foetuses were collected for analysis 1 day before
delivery. A high incidence of spontaneous mutation
rates in micro-satellite markers was found in control
foetuses of the BALB/c strain. Interestingly, the
mutations concerned essentially DNA inherited from
the mothers (80% of the cases). BALB/c foetuses
that had been X-irradiated with 0.5 Gy at the 1-cell
stage showed no increase of the mutation rate in
comparison with control foetuses (18.75% mutations
versus 17%). The studies are being extended to high-
er doses of X-irradiation and to embryos of the less
radiosensitive C57BL strain.

Genetic risks of maternal exposure to
ionising radiation

Our laboratory has submitted to EdF a new project,
dealing with the potential existence of an adaptive
response in female germ cells exposed to very low
doses of ionising radiation. This project will be dis-
cussed with the "Conseil Scientifique de
Radioprotection" of EdF in early 2000. Cogema has
also manifested interest for this type of research.

Effects of ionising radiation on the cen-
tral nervous system

Brain damage induced by prenatal irradiation is a
major concern and an important issue in

Radioprotection. How exposure to ionising radiation
acts to impair brain function is still unknown and
possible targets such as the non-dividing but still
immature neuronal cells, are to be considered.

Increases in intracellular Ca2+ levels have been
demonstrated in association with both apoptosis
(programmed cell death) and neurotransmitter
release. A subclass of glutamate-gated ion channels,
the NMDA (N-methyl D-aspartate) receptors, can be
selectively activated by the artificial glutamate ana-
logue NMDA, which allows the entry of Ca2+ into the
neuronal cell.

We have shown that block of glutamatergic neuro-
transmission by non-competitive NMDA receptor
antagonist confers significant protection against
brain damage caused by ionising radiation when
administered subsequent to exposure. We therefore
investigated the in vivo radiation-induced apoptosis
and evaluated the possible role of the NMDA recep-
tors in the onset of the programmed cell death. For
this purpose we used Dizocilpine, a non-competitive
NMDA receptor antagonist which blocks Ca2+ neu-
ronal influx. We showed that a 0.60 Gy exposure
leads to a clear apoptotic response in foetal rat brains
exposed at the 15lh day of their embryonic life. This
apoptotic response did not appear in the foetal brains
of unexposed animals used as control. Injecting the
animals with Dizocilpine 20 minutes after exposure
could prevent the apoptotic response induced in the
brains of irradiated foetal rats. This might indicate an
apoptotic induction mediated through NMDA recep-
tors and effected via Ca2+ dependent proteolysis acti-
vation. Calpain is a first indicated candidate for such
action. We tested therefore the protective effect of
calpain inhibitor on irradiated foetal brains. Our
results indicate that injection of calpain inhibitor in
irradiated pregnant rats prevent apoptosis in foetal
brains and support the hypothesis of a calpain-medi-
ated effect.

Apoptosis, which is an essential event in the normal
development of the brain for eliminating excess cells
during development, is a highly controlled process
that allows the survival of only the healthy and right-
ly migrated and connected neural cells. An enlarged
apoptotic process caused by radiation and not under
the normal development scheme control might elim-
inate post-mitotic but immature neuronal cells and
deeply impair the settlement of the neuronal cell net-
work inducing subsequent brain pathologies.
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