EARLY RESPONSES AND REPAIR PROCESSES & —

Effects of Ionizing Radiation

THE MEASURABLE

CONSEQUENCES AT THE
LEVEL OF THE CELL

The exposure of an organism
to ionizing radliation has mea-
surable consequences not
only for DNA, but also for
other cellular structures. Since
the demonstration of the
existence of received dose
indicators based on the exa-
mination of affected chro-
mosomes, newer techniques
in molecular biology and their
greater sensitivity have made
it possible to develop biolo-
gical indicators of cellular
effects. Although these do not
display the specificity of the
chromosomal indicators they
will help us gain a fuller
understanding of radio-indu-
ced effects and afford criteria
for the diagnosis and progno-
sis of radiation damage.

High performance liquid phase chroma-
tography (HPLC) apparatus. This analyti-
cal instrument is used to separate the
complex organic macromolecules (lipids
and proteins) that constitute, for
example, cell membranes. HPLC can sup-
ply information that helps us understand
the modifications of the physical proper-
ties of the cytoplasmic membrane due to
ionizing radiation.
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Figure 1. Nature and forma-
tion of radio-induced chromo-
somal aberrations. According
to the position and number of
DNA lesions, and according
to the quality of the repair or
the recombination of the
chromosome with itself or
with another one, either nor-
mal chromosomes or various
types of aberration will be
observed.

The need for biological _Th_es_e ir_1dicato_r_s have to display cer-
indicators of cellular te_up intrinsic qqalltles_: they must kpe-

ffects cific, eas_yto |dent|f¥ and measure,
€ reproducible, sensitive stable and

The exposure ofellsto ionizing  repeatable so that the exposure can be
radiation can have adverse conse- reconstituted after the event. In addition,
quences foDNA and other cell struc- the demonstration of a dose-effect rela-
tures (box D,The cell, the essential tion differentiates between biological
link). These consequences may affecindicatorsanddosimeters
not only the behavior of neighboring No current bio-indicator meets all
cells but the whole tissue affecting the these criteria. Those most fully develo-
functioning of the organism at some later ped arecytogeneticdose biomarkers.
stage. The probability of the damage andThe effects of ionizing radiation on DNA
the rapidity of iteffectdepend on many and its impact on cell survival have long
factors, including the receivetbse the  been known. The range of observed
type of radiation, thelose rateand the chromosomaldamage has afforded a
nature and volume of the tissues expo-basis for devising various tests inclu-
sed. ding thea posteriorireconstitution of

It very soon became important to find the exposure and the estimation of the
biological parameters to evaluate or evernheterogeneity of the dose. Since the phy-
better to quantify the damage done tosical damage caused by the ionization
different constituent parts of the orga- should be distributed evenly throughout
nism. The usefulness of these paramethe cellular structures, the correspon-
ters depends greatly on the need: risk ofding biological effects ought to be mea-
genetic damage due to natural radiation surable elsewhere than in DNA. Recent
estimation of received dose in the eventscientific advances, especially at the
of accidental overexposure, effects onmolecular level, have enabled the iden-
healthy tissues andmors during the- tification of bio-markers of these effects
rapy, etc. in thecytoplasmic membrane the
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mitochondria and even in their
influence on radio-induced cell death

(apoptosiy.

Consequences measurable
in DNA

The wide spectrum of DNA damage
due to ionizing radiation is the ultimate

consequence of processes describe(

above. Despite extremely efficient cor-
rective action, a small number of errors
can subsist. The most important of these
are observed during tieetaphaseg(box
E, The cell division cycle: under control
duplication). These chromosomal aber-
rations (Figure 1) result from an unre-
paired break (fragmentgletion), mis-
repair of one chromosoniewversion,
centric ring), or an exchange of mate-
rial between at least two chromosomes
(translocation, dicentric chromosomé.
With their atypical shapes, the dicen-
tric chromosomes and the centric rings
are easily identified under the micro-
scope after simple DNA staining. These
chromosomal aberrations favor the eli-
mination of the affected cell. They are
termedunstable In contrast, inversions
and translocation, the shapes of which
do not obviously differ from those of
normal chromosomes, are able to «slip
through» cell division and so are termed
stable Their visualization requires spe-
cific staining. Fragments, also resulting

from chemicalmutagens are not cha-

A high performance system
for image analysis

Whether for plotting reference
curves from in vitro experiments or
for estimating doses in the event of
accidental irradiation, or for research
purposes, the detection of dicentric
chromosomes and translocations
requires carefully examining samples
of hundreds of cells. To take some of
the tedium out of this routine work
the LDBM uses a system of image ana-
lysis adapted to biological dosimetry,
jointly with the French company that
developed it. At a suitable work sta-
tion slides for inspection are placed
on a motor-driven stage that helps
locate (or relocate) lymphocytes in

C. Cieutat/IPSN

their metaphase state, by means of a
camera equipped with automatic focu-
sing. The positioning of the metaphase
chromosomes is achieved using a
controller connected to a computer.
Validation tests have shown that the
device successfully finds at least 80%
of the metaphase stages utilizable for
conventional or fluorescence cytoge-
netics. Appropriate software is used to
help count chromosome aberrations
semi-automatically. The system takes
only a half to a quarter of the time nee-
ded for manual counting, allowing for
the quality of the preparations and the
radiation dose.

racteristic of ionizing radiation. They
can be eliminated directly in the form
of intracytoplasmic micronuclei, the inci-
dence of which is a valuable indicator
of mutagenic effect. Finally, an experi-
mental device makes it possible to
observe the appearance of radio-indu-

The dicentric chromosome,
specific indicator of cell
irradiation

When accidental irradiation occurs

ced chromosomal aberrations within the received dose is evaluated by coun-

hours or even days after irradiation, with ting the number of unstable chromoso-

no prior cell culture. More than just a mal anomalies in thgmphocytes from
way of measuring effects, the observa-a simple blood sample.

tion of these prematurely condensed A dose-effect curve (Figure 2) relates

chromosomes (PCC) constitutes athe recorded incidence of aberration to a

sophisticated method for understandingdose of irradiation of the bone marrow.
These curves are plotted loyvitro irra-

repair mechanisms.

Only some aspects of these techniquesliation of blood samples and differ
developed at the Multiparametric Bio- according to the type of radiation. The
logical Dosimetry Laboratory of the dose rate is also important, particularly
Nuclear Protection and Safety Institute for low energy radiation (gamma, X).
(LDBM/IPSN) will be discussed here The precision of the estimation depends

(box).

on the number of metaphases observed.
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Microphotograph of the
nucleus of a heavily irradia-
ted lymphocyte grown in cul-
ture in a suitable medium and
blocked at the metaphase
stage (magnification x 1,000).
Chromosomal aberrations,
dicentric chromosomes (pink
arrows) and fragments (white
arrows) can be seen.

Figure 2. Dose-effect relation
plotted at the LDBM by coun-
ting the dicentric chromo-
somes induced in peripheral
blood lymphocytes after in
vitro irradiation of normal
blood with different types of
ionizing radiation at different
dose rates. For the same dose
of radiation the number of
aberrations produced by the
high energy radiation (neu-
trons) is greater than that due
to the low energy rays
(gamma, X). In addition, the
dose rate effect falls off mar-
kedly when the radiation is of
high energy (neutrons, heavy
ions).

incidence of dicentric chromosomes

2.0

1.0

0.0

partly corrected by mathematical models
based on the kinetics of the disappea-
rance of the aberrations over time.
Cases of suspected irradiation to which
this method is applied are rare, both in
France and elsewhere. Fewer than 200
cases have been analyzed by the IPSN in
the last eight years, either among ope-
ratives directly or indirectly exposed in
industry, research or health services, or
among the general public. In most of
these cases this procedure was able to
show that the individuals had fortuna-
tely not been significantly irradiated.

Translocation, a specific
indicator of old
irradiation?

IPSN
Thirty years of research have shown that

apart from a few chemicals such as bleo-

Accidental irradiation is sometimes
mycin (an antibiotic), only ionizing ev?lugte(r:i] years af:(eLthe eV(_ant, n ?arr]tl_
radiation will cause the appearance ofcularin the case of the survivors of the

dicentric chromosomes. Their rate of Hiroshima and Nagasaki nuclear explo-

spontaneous formation in the FrenchSINS (Japan, 1945), and the «liquida-
gtors» of the Chernobyl reactor meltdown

(Ukraine, 1986). An analysis of stable
chromosomal aberrations such as trans-
locations was hitherto carried out using
a difficult and cumbersome labeling
technique. A recent method, derived
from molecular biology and adapted to
biological dosimetry, called fluorescent
in situhybridization (FISH), has greatly
simplified their detection and is applied
systematically to assess old irradiation
damage. It reveals special zones on
chromosomes, or allows them all to be
selectively labeledpginting. FISH tech-

population is about 1 per 1,500 cells an
does not vary significantly with age, sex
or tobacco use.

After globalhomogeneoduisradiation
the incidence of chromosomal anoma-
lies in the blood lymphocytes remains
fairly stable for several months. Conver-
sely, aftetheterogeneousradiation, irra-
diated and non-irradiated lymphocytes
mix rapidly, leading to an underesti-
mation of local radio-induced damage
due to the dilution effect. This can be

@ fission neutrons
- ® gamma rays

& gamma rays

nigues are also used in clinical practice
to detect hereditary or acquired anoma-
lies. The aim is to form a molecular asso-
ciation (hybridization) between artifi-
cial sequence®f singlestrand DNA,
specific to the chromosomal zones that
the experimenter wishes to study, and
metaphase chromosomes spread on a
i microscope slide. The fluorescent signal
is visualized at the level of the hybridi-
zed zones. Given the available labels,
only two or three of the 23 pairs of
human chromosomes are generally labe-
led.

. Analogous curves relating the inci-

(1.1 MeV)
(69Co, 0.5 Gy/min)

(69Co, 0.1 Gy/min),

dence of translocation to the irradiation
dose have also been plottaditro, like
dicentric chromosomes. Overall, the
results obtained according to ttaelia-

dose (Gy)
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tion quality and the dose rate are very
similar. Although the principle of the
evaluation of translocations is not recent,
the ease with which they are detected
by FISH has raised new questions. Wha
is their specificity in relation to ionizing
radiation? Does the basal rate of trans ‘
location increase with age and with fac-
tors such as alcohol abuse? And abov
all, what is the effective stability of trans-
locations over time? The IPSN is
conducting systematic studies, in parti-
cular of old accidents, to assess the trud
validity of this approach.

Prematurely condensed
chromosomes

The PCC technique is based on thersy
possibility of visualizing chromosomes PCC technique is applied to cases of
without prior culture, by cell fusion. accidental irradiation assessed by the
Lymphocytes from a blood sample are IPSN, in parallel with conventional cyto-
fused with dividing cells of an ovocyte genetics, in order to evaluate its scope
line of a Chinese hamster. The sub-and limits.
stances they release induce the dissolu-
tion of the membrane of teicleusand Impact on other
premature condensation of the lympho-
cytal chromosomes in the form of a
single individual strand, before the B Recent work has confirmed the essen-
duplication of the DNA can take place. tial role of the membrane and other cell
The chromosomal aberrations take theconstituents in radio-induced apoptosis.
form of extra fragments, so that the num-The chemical composition of the mem-
ber of objects formed is greater than thebrane makes it a prime target for free
46 chromosomes of a normal humanradicals produced by deposited energy,
cell. Alinear relation is established bet- leading to early disturbances, of ranging
ween this number and the received radiaduration, of its structure and functions.
tion dose. Unlike conventional cytoge- The membrane plays a role as an inter-
netics, which allows the observation only face in the transfer of signals to the
of lymphocytes that have reached theirnucleus, and so influences cell functions.
metaphase, this technique applies to &Radio-induced damage to it can have
random sample of cells. This method,

which is faster than the counting of
&

constituents

dicentric chromosomes, also makes it
possible to study the kinetics and yield ; % 3
of DNA repair processes, by varying the o J :
time elapsed between irradiation and cell = _ 1‘
fusion. Dose-effect curves plotted for b .

gamma radiation after different repair r v -b

times show that for the same dose the" ,:.“ * #
number of radio-induced supernumerary, }! F - \I
fragments falls off very rapidly during [ V- 3 !

the first 24 hours, and then more and _—. h
more slowly during the following 48 % e Y

hours. Other experiments have demons: 1 L *
A R
trated that variations in the temperature -
of the blood between sampling and ana- H
lysis do not influence the results. The
IPSN

Fluorescence microphoto-
graph of an irradiated lym-
phocyte metaphase in which
three pairs of chromosomes
have been stained by specific
DNA probes using the FISH
triple painting technique.
Chromosome pairs 2 and 12
are green and chromosome
pair 4 is orange. The other
chromosomes have been
visualized by the binding of a
non-specific fluorescent stain.
The arrows indicate parts of
chromosome 4 that have been
cut on the painted parts and
inserted in a non-painted
chromosome (magnification x
1,500).

The fusion of a Chinese ham-
ster ovocyte from a maintai-
ned line, blocked at the
metaphase stage (on the right
in each microphotograph),
with a resting lymphocyte,
non-irradiated (a), and irra-
diated (gamma rays 6°Co, 4
Gy, 0.5 Gy/min) (b), causes
premature condensation of
chromosomes in the form of
single strands of DNA (on the
left in each microphoto-
graph). The irradiation leaves
DNA breaks giving supernu-
merary fragments additional
to the 46 DNA strands of a
normal human cell.
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Figure 3. Left: relation bet-
ween the parameter characte-
rizing the fluidity of the
membrane and the dose
received by blood lympho-
cytes for various dose rates,
after incorporation of a fluo-
rescent probe in the lipid part
of the membrane. The dose-
effect relations show that the
membrane fluidity increases
with the dose, the fluo-
rescence anisotropy falling
off, owing to the degradation
of the lipid environment of
the probe. The extent of this
degradation increases as the
dose decreases. Right: the
membrane alterations persist
for up to 48 hours after the
irradiation.

consequences that may ultimately lead tarison of the intensity of the fluorescence
apoptosis. of the incident polarized light with that

In this cascade of events three mechaeof the re-emitted depolarized light gives
nisms seem to be candidates for the rolea measure of the movement of the probes
of indicators of the cellular effects of and affords a parameter characteristic
ionizing radiation: (i) modifications of of the fluidity of the membrane to be
the physical properties of the membrane,evaluated: the fluorescence anisotropy.
(i) the release, before apoptosis, of cer- Our research group has now demons-
tain components into the extracellular trated in living cells that it is possible to
medium as a result of breakdown of theassess biophysical modifications of the
membrane, and (iii) apoptosis itself.  membrane after irradiation at relatively
low doses, in the range 0 to 8 Gy (Figure
3). The membrane fluidity varies in
direct proportion to the received dose

The molecules that compose theand in inverse proportion to the dose rate
membrane move, separately or inirrespective of the probe. The membrane
groups, laterally, transversally or rota- is organized in micro-domains that react
tionally. This fluidity is in fact tightly  differently. The lipid compartment of
controlled, the functional properties of the membrane seems to become more
the cell depending in part on the ability fluid, this fluidity varying according to
of the membrane to remain thermody- the depth in the membrane, whereas the
namically stable. To assess the biophy-ipid-protein interface becomes stiffer.
sical modifications of the membrane the The effect can persist for up to 48 hours
LDBM has chosen a technique based orafter the irradiation. This technique is
the specific incorporation of fluorescent applicable to several types of cell: lym-
molecules, either in the lipid compart- phocytesyed blood cells fibroblasts,
ment, or at the lipigsrotein interface. and even intestinal cells. However, expe-
Illuminated with polarized light, these riments have so far only focused ion
probes send back fluorescent light, vitro models from human blood or
according to their mobility, in a direc- cultures of irradiated cells. These first
tion that will differ to a variable degree findings await confirmation in various
from that of the incident light. Compa- in vivo models.

I Membrane fluidity
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Inspecting a preparation using
an inverted microscope. In
this case the illumination
comes from above the prepa-
ration, and the objectives are
under the stage. This system is
particularly well suited to
examining dishes containing
cell cultures.
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Radio-induced apoptosis has demonstrated that the detection of
radio-induced apoptosis is possible up
Three techniques have been appliedo 48 hours afterwards using mitochon-
simultaneously to the same biological drial labeling. The other two methods
samples to estimate radio-induced apop-are applicable only in the hours follo-
tosis at different stages of the cell's pro- wing the irradiation.
gression toward its programmed death: The difference between the results

. Fluorescent labeling with annexin ~ OPtainedin vitro andin vivo can be

V, which affords an estimation of the €XPlained by the cascade of events |ea-
transverse diffusion of phosphatidyl- ding t0 apoptosis. Experiments show
serine, from the inner membrane sur-that exposure of phosphatidylserine out-
face where it is normally found, to the Side the membrane, a signal for the eli-
outer surface on apoptosis. mination of the apoptotic cells by the
. Labeling with DIOCy, a fluores- macrophages occursn vivowithin 48
cent molecule that penetrates specifi-hours of irradiation. In contrast, no eli-
cally into mitochondria and whose Mination of apoptotic cells takes plane
intensity variation allows the deter- Vilro, in the absence of macrophages in

mination of the drop in mitochondrial the cell suspension. Accordingly the
transmembrane potential occurring SMe phenomenon is observed for much

during apoptosis. longer.

« The FADU test (Fluorescence Ana- )
lysis of DNA Unwinding), a spectro- Eventually all these methods of inves-

fluorimetric method that offers the tigation will give us a complete multi-
possibility of evaluating the degrada- Parametric picture of the effects of ioni-

tion of DNA properties directly lin- 2ing radiation on the cell and the
ked to the number of radio-induced ©rganism. Adaptation of some of these
strand breaks. techniques to cells other than blood cells
In vitro studies on irradiated human IS Planned in order to be able to respond
blood grown in culture have shown, in Moré specifically to the problem of loca-

the lymphocyte population, dose-effect [1zed irradiation. e
relations that persist at least for seven

days post-irradiation. The first two tech- Philippe Voisin
niques provide reproducible and com- Department of Human Health
parable results. A secomtvivostudy on Protection and Dosimetry
rats from which blood samples were Nuclear Protection and Safety Institute
taken at different times after irradiation, Fontenay-aux-Roses - France
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