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ON THE INTERPRETATION OF HEAVY ION 
EFFECTS 

G. Kraft, M. Scholz 
GSI Biophysik, D-64291 Darmstadt, Germany 

INTRODUCTION 
In the last decades the biological action of heavy charged particles has been studied 
over an extremely broad range of ions and energies for various endpoints using 
viruses, bacteria, yeast and mammalian cells. Action cross sections for inactivation 
and for mutation induction have been measured for many cell lines (1). In addition to 
cellular measurements, chromosome alterations and DNA damage have been studied 
(2). In all experiments, very similar dependencies of the relative biological efficiencies 
(RBE) or the action cross sections (a), respectively, from the linear energy transfer 
(LET) have been observed. At low LET values, the action cross sections increase 
proportional or more than proportional to LET and separate into individual curves 
corresponding to different atomic numbers showing finally saturation effects and o -
LET hooks at LET values that correspond to the end of the particle track. Similar 
dependencies have been found for RBE: For low LET values, RBE is common for all 
particles and close to one. For higher LET values distinct RBE maxima are found at 
25 keV/pm for protons, at 100 keV/|im for helium and at 200 keV/jim for carbon. 
The same dependence of the cross section from LET has been reported for non-
biological objects like the occurence o f single-event-upsets in computer memories (3) 
or the response of thermo-luminescent detectors (TLD) (4). The striking similarity of 
these functional dependencies from LET shows that the action of heavy charged 
particles depends more critically on the physics of the energy transfer of the particles 
than on the biological mechanisms. The basic parameter governing particle reaction 
becomes evident when the action cross sections are plotted as function of particle 
energy (1). For decreasing particle energies and for atomic numbers greater than two, 
the action cross sections converge to a limit that is exactly or close to the geometrical 
size o f the critical target of the biological object, i.e. the cell nucleus for inactivation, 
the average size of chromosomes for chromosome damage and so on. This indicates 
that near the end of the particle track the biological-effect is a one hit reaction where 
only the probability to hit the critical target determines the biological response. There, 
the physical parameters of energy deposition, delta electron production and track 
structure determines the biological effect rather than the internal structure of the 
biological target. 

PHYSICS OF PARTICLE TRACKS 

The main interaction of a particle traversing condensed matter is the Coulomb-
interaction with the target electrons. More than 80 % of the energy lost by the 
primary ion is converted into kinetic energy of liberated electrons or is needed to 
overcome the electron binding energy (5). Only a very small fraction of LET is 
transferred to excitation. In consequence most of the energy released from the 
primary ion is spread by the liberated electrons over a larger area, forming a track 



around the trajectory of the ions. There is general agreement between measurements 
and calculations that the dose inside the track decreases quadratically with the radial 
distance from the center up to a maximum distance determined by the range of the 
most energetic electrons (6). However, for the center area different reactions than the 
Coulomb scattering have been proposed to produce a small but very efficient track 
„core". Up to now, only the Coulomb explosion of the atoms highly ionized in the 
track-center has been proven to be responsible for atomic displacement i.e. for 
breaking of bonds in a very efficient way. But this region of highly ionized atoms is 
very small in the track and consist of a few atomic radii only even for the impact of 
very heavy ion (7). 

Fig. 1 : Damage caused by the impact of two Au-ions of 11 MeV/u in a graphite 
target.ln this scanning tunneling microscopic image the location of each carbon 
atom is clearly visible and the region of Coulomb compressed atoms extends 
over less than ten atomic layers although the energy loss corresponds to the 
maximal possible value of approximate 10000 keV/pm (7). 

In consequence, a direct hit of a bio-molecule by heavy ions is a desasterous accident 
but these hits are extremely rare when compared to the effects caused by the electrons 
in the track (five to six orders of magnitude). Therefore a reliable analysis o f particle 
effects has to focus on the effects of the electrons inside the track. 



INTERPRETATION OF PARTICLE EFFECTS 

For a quantitative interpretation the knowledge of the inhomogeneous dose 
distribution produced by particle exposure is essential both on a microscopic scale 
concerning the dose distribution inside the track and a more macroscopic scale, 
concerning the distribution of tracks over the cells. On the macroscopic scale, the few 
particle hits that are sufficient to produce a biological effect are Poisson distributed 
yielding a very inhomogeneous population of cells having distinct numbers of zero, 
one, two ore more hits to the nucleus. Consequently normal proliferating cells (zero 
hit) compete with cells having different levels of nuclear damage producing an 
outcome different to x-rays where all cells are exposed more or less homogeneously. 
This inhomogeneity o f the cell populations having different levels of damage is 
dominating for instance in cell cycle experiments, where the cells with different 
degrees of damage proliferate differently (8) or in chromosome experiments where the 
damage becomes visible directly (9). 
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Fig. 2: Comparison of the radial dose distribution of a low energy O-ions in water. 
Different calculations are compared with microdosimetric measurements (6). 
Over a wide range of radial distances the dose decreases with the square of the 
radial distance. Discrepancies of the various calculations exist only in the 
center part o f the track. 

The microscopic inhomogeneity of the dose distribution inside the particle track 
covers many orders o f magnitude where the dose increases from a fraction of one 
Gray at the outer part o f the track to Mega Gray in the center (Fig. 2). Commonly, 
two different approaches are used to parameterize these inner track effects: 
microdosimetry and track structure models. 

Microdosimetry determines experimentally the inhomogeneous dose distribution in 
small tissue equivalent volumes of 1 ftm3 or less (10). The lineal energy-spectrum of 
these energy deposition events on a microscopic scale ranges from a few tenth of 
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keV/^m in the outer part o f the track to several hundred keV/jam when the track 
starts to penetrate the counter (11). Based on these distributions the biological 
response is estimated, but the correlation of the various contributions to one 
individual track is ignored. Therefore the biological response does not show for 
example saturation effects (a-LET-hooks) that occur at the end of the particle tracks. 
Up to now microdosimetric calculations have not produced reliable dose-effect curves 
of the biological response at any level of biological organisation. The second and 
more successful approach is represented by the family of track structure models (12, 
13, 14). There the track is represented by an amorphous 1/r2 dose distribution 
neglecting the grainy structure of the individual ionization events. 

In the original version of track structure models (15) the total dose deposited by the 
overlap of the critical target with the track is compared to the D37 dose of x-ray 
response. In recent, more sophisticated track structure calculations (13) the biological 
effect of each local increment of a particle track is calculated similar to the 
microdosimetric approach but these increments of damage are integrated over the 
complete particle track. Different degrees of overlap of one single or several tracks 
with the same critical target can be Monte Carlo simulated. Track structure 
calculations of this refined type yield a very good agreement with the experimental 
data without adjusting any fit parameters (Fig. 3). They can be also used to calculate 
more complex biological reactions like tissue effects and the response to complex 
particle fields (16). 
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Fig. 3: Comparison of calculated and measured inactivation cross sections as function 
of LET. The calculations are based on the radial dose distribution of the track, 
the size of the cell nucleus as target and the x-ray response curve (16). 



WHY DO TRACK STRUCTURE MODELS WORK SO GOOD? 

Even in their —liest version, the track structure models were able to explain basic 
features of f . Ue response as for instance the increase of the cross section with LET 
and the s a t u r e n effect and a-LET hooks at high ionization density in the thin down 
region at the end of the tracks (12). This is surprising because it is known that the 
quality of the biological lesion changes in parallel to the radiation quality and therefore 
the biological response is changing too: For instance repair of particle induced double 
strand breaks is drastically prolonged for high LET radiation (17) and the spectrum of 
chromosome damage differs from x-rays to particles (9). 

Therefore, in the Katz version of track models (15) two different types of interaction 
modes have been assumed - gamma kill and ion kill - in order to differentiate between 
the damage produced by the high ionization density in the center and the more x-ray 
like damage of the far-ranging ô-electrons. In this approximation, the most 
pronounced feature of particle action, the saturation at the end of the track is 
reproduced very well because there the details o f a differentiated response become 
less important and the saturation as a global effect is described correctly. 

In the refined version of the track structure approach (13) it is not necessary to 
introduce different interaction mechanisms. Because the damage is taken for each 
local dose according to the x-ray dose effect curve. Then, the biological response is in 
accordance to the increasing local dose because x-ray repair is also drastically reduced 
for high doses. Therefore the transition from repairable damage to less repairable 
damage is automatically taken into account, when the biological response is calculated 
from the x-ray effect corresponding to the same local dose. This is especially 
important in the range of intermediate LET values where the increased local doses in 
the center of the track starts to dominate the radiation response. There, the transition 
from mostly repairable damage to irrepairable damage causes the elevated RBE. For 
the very high local doses where no x-ray values can be measured. The extrapolation 
yields extremely high local action probabilities, and local saturation effects. Although, 
the exact value of these effects is uncertain to some extent, possible variations do not 
influence the outcome to a large extent, because a flirther increased local overkill does 
not change the outcome. For the overall response the transition region from low to 
high ionisation density is more important than the saturation regime. 

In general, the family of track structure models describes the biological action of 
particle radiation to a large extent. This is also true for other end points like DNA 
damage (18) but the question of the nature of the biological lesions on a molecular 
scale and the interrelation with the microdosimetric approach is still open and has to 
be studied in greater detail. 
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Comparison of Chromosomal Damage Induced by Low and High 
LET Radiation 

E. Nasonova*, S. Ritter, M. Scholz and G. Kraft 
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Gesellschaft für Schwerionenforschung. 64221 Darmstadt, Germany 

Introduction 
The induction of chromosome damage is one of the main biological endpoints 
used for radiation risk assessment. However, compared with numerous data 
concerning sparsely ionizing radiation relatively few information on high LET in-
duced chromosome damage is available. Furthermore, the RBE values obtained 
in particle experiments differ considerably in a given LET range varying from 0.2 
(1) to 1.5 (2). These discrepancies result obviously from high LET radiation in-
duced cell cycle perturbations (3,4), which play a critical role for the interpreta-
tion of chromosome data. Taking this complications into account the 
chromosome damage induced by both, heavy ions and X-ray was measured at 
several sampling times after exposure. This period corresponds to 2,5 generation 
times of untreated ceils. Some of the results have been recently reported (4). 
Materials and Methods 
V79 Chinese hamster cells with a generation t ime of 12 hours were synchronized 
by centrifugal elutriation and irradiated in G1-phase with heavy ions or 250 kV 
X-rays. Particle exposure was done at the UNILAC (GSI, Darmstadt, Germany) 
with 10.6 MeV/u Ne ions (LET=390 keV/^m), 4.6 MeV/u Ar ions (LET=1S40 
keV/pm) and 11.1 MeV/u Kr ions (LET = 3780keV//¿m) as was previously described 
(3). The cells were harvested at 14, 18, 22, 26 and 30 h after exposure. The slides 
were stained using the Fluorescence-plus-Giemsa technique (5) to distinguish 
between metaphases in first and second postirradiation cycle. In this report only 

* the data for first cycle cells are discussed. 
Results 
1. Appearance of chromosome damage 
Our experiments clearly show that high and low LET radiations delay the entry 
of cel ls into mitosis. However, X-irradiation maintains the synchrony of the pop-
ulation for at least one generation, while high LET exposure leads to a fast de-
synchronization of the population (4). 
The number of aberrant cells and frequency of aberrations were found to in-
crease with sampling time for both radiation types. However, this increase was 

• more pronounced for particles than for X-rays. For example, as shown in figure 
1, the aberration yield induced by 6.4 Gy Kr ions increased by a factor of 10 with 
sampling time. 
2. Spectrum of aberration types 
The analysis of the spectrum of aberration types shows that both X-ray and heavy 
ions induced chromatid-type aberrations (breaks and exchanges) despite the 
irradiation of cells in G1-phase (Fig. 2a). The percentage of chromatid-type ab -



errations among the total amount of aberrations depends strongly on radiation 
quality: X-irradiation causes about 10% chromatid-type aberrations, particle ex-
posure however 30-40%. 
Another significant difference between sparsely and densely ionizing radiation 
becomes visible if aberrations are classified as chromosomal breaks and ex-
changes: the percentage of breaks (chromosome and chromatid) among the total 
number of aberrations (Fig. 2b) was much higher after high LET radiation than 
after low LET radiation. With increasing LET this effect is more pronounced. 

Fig. 1: Time course of appearance of aberrant cells (a) and aberrations (b) after 
exposure of V79 cells in G1-phase to X-ray and Kr ions. 

Discussion 
The observed changes in cell cycle progression (3,4) and in the time course of 
the appearance of chromosome damage (Fig. 1) after exposure to high LET ra-
diation compared to those after low LET radiation are related to the quite inho-
mogeneous spartial energy distribution by low energy oarticles and can be 
explained by Poisson statistics: particle fluence of 1x10° pdcxvr produces in 
G1-phase V79 cells with nucleus cross section of about 50 ¡ i r r r an average num-
ber of 0.5 hits per nucleus. This mean value corresponds to 60% of cells which 



receive no particle hit, 30% receive 1 hit, 7.5% are hited twice and 2.5% are hited 
by 3 or more particles. Therefore, large variations in damage and delay of indi-
vidual cells are expected. As it follows from figure 1, at early time after exposure 
mostly undamaged or slightly damaged cells reach mitosis, whereas at later 
sampling time heavily damaged cells carrying multiple aberrations enter mitosis. 
From the data shown above it is obvious that there is no sampling time at which 
harvested cells will be representative for the whole irradiated population. To 
solve this problem, a novel approach for the realistic determination of RBE values 
was developed based on the integration of chromosome damage over the total 
sampling time (4). The number of aberrant cells was weighted by corresponding 
mitotic index yielding the absolute number of aberrant cells per 100 cells ex-
posed as shown in figure 3 for Kr ions and X-rays. Then, the total amount of 
damage w^s determined by integrating the curves. Using these time integrated 
values the r3BE for the induction of aberrant cells by Ne, Ar and Kr ions of 1.2, 0.5 

" Fig.2: Percentage of chromatid-type aberrations (a) and chromosomal breaks (b) 
among the total number of aberrations induced by X-ray and heavy ions. • 

and 0.2, respectively were calculated. These values are in a reasonable agree-
ment with the RBE for cell inactivation (6). In addition, the total amount of aber-
rations was determined yielding RBE values of 4.5, 1.5 and 0.7 for Ne, Ar and Kr 
ions, respectively. These values reflect that particles produce in general more 
aberrations than X-rays, however, these lesions are accumulated in a lower 
number of cells. 

• Besides the differences observed in the quantity of chromosome damage 
changes in the spectrum of aberration types were found (Fig. 2). These qualitative 
changes probably reflect differences in the initial molecular damage produced 
by high and low LET radiation. Evidence supporting this assumption comes from 
DNA rejoining studies (7) and modeling studies(8): Due to the high local energy 
deposition within the ion track clusters of lesions are produced which seem to 
be more complex and therefore less rejoinable than those induced by X-rays. 

o B 20 25 J0 , 
Time after irradiation (h) 

S 20 25 - 30 
Time a f t c irradiation (h) 



We observed a similar high percentage of breaks and chromatid aberrations re-
cently in X-irradiated XRS-5 cells (unpublished data) which are known to be defi-
cient in repair of radiation-induced DNA strand breakage. 
Thus, our experiments further support that there are significant quantitative and 
qualitative differences in cytogenetical response to high and low LET radiation. 
This work was partly supported by CEC, Brussels, under contract no. F13P CT92 
0064 and DARA, Bonn, under contract no. 50WB 93120-4-ZK. 
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Fig.3: Absolute number of aberrant cells (a) and aberrations (b) per 100 cells ex-
posed to X-ray and heavy ions. 
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CALCULATION OF RBE FOR ENDPOINTS 
IN VITRO AND IN VIVO BASED ON 

CHARGED PARTICLE TRACK STRUCTURE 

M. Scholz and G. Kraft 
Gesellschaft für Schwerionenforschung, D-64291 Darmstadt 

INTRODUCTION 
Charged particle track structure and the radial dose profile inside the 

charged particle tracks are well known to play a key role for the interpreta-
tion of the complex nature of heavy ion inactivation probabilities. For exam-
ple,differences in RBE for particles with the same LET, but different atomic 
number can be traced back to the different radial extension of the tracks. Ra-
diobiological models based on the radial dose profile have been mainly developed 
and supported by Katz and coworkers [1,2], who demonstrated, that the concept 
can be applied to calculate inactivation for a wide range of biological objects 
including enzymes, bacteria and mammalian cells. 

Recently, an alternative approach for the calculation of biological effects 
of charged particles has been developed, which shows advantages compared to 
the Katz model in particular in the case of extended targets like mammalian cells 
[3,4]. It mainly differs from the Katz model in that it is base on the integration 
of the local biological effect instead of calculating the effect from the average dose 
deposited in the target. In the following, the basic concepts of the model will be 
briefly discussed before comparing with experimental results. 

BASIC CONCEPTS OF MODEL CALCULATIONS 
The input data for the calculations are the X-ray dose effect curve Ex{D), 

the radial dose distribution D(r) inside the charged particle tracks and the size of 
the critical target. When applied to mammalian cell survival, the log of survival 
In S is taken as a descriptor of the biological effect Ex{D), and the critical target 
is assumed to be the cell nucleus. In accordance with theoretical and experimental 
investigations, the radial dose distribution is assumed to follow a l/r2-law [1]. 
Details of the model can be found in [3,4]. 

The survival probability for an individual cell is calculated to be 

D(x,y,z) denotes the actual local dose deposited at position (x,y,z) defined by the 
sum of local doses from all tracks contributing to this specific location, and V 
is the volume of the critical target, the cell nucleus. Monte Carlo methods are 
used to simulate the spatial distribution of particle traversais, and survival of 
a population is determined as the average survival probability of the individual 
cells. 

S¡on — 6 ( 1 ) 

where 



For track segment conditions, i.e. for defined values of atomic number 
and energy of the particles, the calculation is performed exactly as given by eq.(2). 
In the rase of more complex radiation fields, however, approximations have to be 
applied in order to cope with the increasing complexity of the local dose distri-
bution D(x,y,z). Here, effects are calculated according to eq. (2) separately for 
all atomic number/energy combinations, and the total effect is extrapolated from 
single track effects according to some general rules which are derived from the 
results for track segment calculations. For neutron irradiation, the calculations 
are based on the secondary charged particle spectra as given for example in [5]. 

An important feature of eq. (2) is that it represents an integration of 
the local biological effect. In contrast, most other models determine the biological 
effect from an average dose determined by the integration of the local dose over the 
target volume. But the integration of energy is equivalent to averaging, so that 
the fine structure of the energy deposition on the ßni-level and below is blurred 
when calculating the biological effect in extended targets like mammalian cells. 
Both methods agree only in the special case of a pure linear dose effect curve. 
However, if the dose effect curve has a quadratic component, corresponding to 
higher efficiencies of high doses, evaluation of eq. (2) always leads to a higher 
effect compared to an effect as estimated from the average dose. 

Special care has to be taken when applying the model to more comp'ex 
biological endpoints as e.g. normal tissue complication probabilities. Here, the 
severity of the radiation damage is often scored in arbitrary units, so that a, 
quantitative evaluation in terms of a dose effect curve is much more complicated 
compared to measurements of the fraction of surviving cells. However, as results 
of our model calculations for track segment conditions have shown, RBE is ex-
pected to depend mainly on the ratio a / ß , but not on the absolute values for 
a or ß, which represent the coefficients of the linear and quadratic term of the 
dose-response curve, respectively. Thus, the model calculations can be applied 
also in all cases, where only this ratio is known. Fortunately, for normal tissue 
effects the ratio a / ß can be determined from fractionation studies according to 
the method proposed by Douglas and Fowler [6], although absolute values of the 
coefficients a and ß cannot be obtained. 

RESULTS AND COMPARISON WITH EXPERIMENTS 
Fig. 1 shows the model predictions for the RBE as a function of LET 

for three different ion species. The separation into different branches for each ion 
species and the maxima at 2bkeVf¡im for protons, tsslQOkeV/fxm for a-particles 
and 200-300keV/fim for carbon ions are in line with the values reported in the 
literature [7,8]. Fig. 2 compares predicted RBE values and experimental data 
for the induction of ataxia in rats after irradiation of the spinal cord. For these 
calculations, X-ray dose effect curves were reconstructed from the a/ß-ratios as 
determined by fractionation experiments as discussed in the previous section. 

A comparison for an even more complex endpoint is given in Fig. 3, 
where the model was applied to the induction of myeloid leukaemia in mice after 
neutron irradiaton. Input data for the calculations were derived from the results 
for X-irradiation as shown in the left panel of Fig. 3. The situation is more com-
plex here compared to Fig. 1 and 2, because the observed incidence of malignant 
transformations can be interpreted as a result of two competing effects: malig-
nant transformation and induction of reproductive cell death. If the fraction of 
cells showing no transformation follows a similar functional dependence on dose 



LET (keV/pm) 

Fig. 1 Calculated RBE values for survival of V79 cells after irradiaton with pro-
tons, Q-particles and carbon ions in the energy range from 1-20 MeV/u 
and for three different survival levels. 

Fig. 2 RBE for induction of ataxia in 50% of rats after irradiation of the spinal 
cord with neutrons as function of the fractionation schedule. Secondary 
charged particle spectra are taken from Caswell and Coyne [5]; experi-
mental data redrawn from Hornsey [9]. 

than the fraction of surviving cells, the observed incidence of leukaemias after 
X-irradiation can be described by 

I x = e-texiO+ßriö2)^ _ (g) 

where a x i , ß x i denote the coefficients for survival and ax2,ßX2 the coefficients for 
malignant transformation. A function of type (3) has been adjusted to fit the 
experimental data shown in Fig. 3. Model calculations were applied separately 
to both components, and thus coefficients an\ißn\ and a„2,Ai2 for survival and 
malignant transformation after neutron irradiation were obtained. Similar to 
eq. (3), the expected incidence of myeloid leukaemia is obtained by multiplying 
both components, resulting in the curves shown in the right panel of Fig. 3. 
Because the secondary charged particle spectra relevant for the calculation were 
only available for monoenergetic neutrons, the calculations were performed for 
two neutron energies which are in the energy range of fission spectrum neutrons 
as used for the experiments. 
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Fig. 3 Induction of myeloid leukaemia in mice by X-rays and fission neutrons. 
Left panel: Experimental data for x-irraaiation and fit as explained in 
the text. Right panel: Experimental data for irradiation with fission 
neutrons and model predictions for 1 MeV and 14 MeV neutrons. (Ex-
perimental data from [10,11] as shown in [12]). 

CONCLUSION 
Agreement between model calculations and experimental data supports 

the hypothesis, that the shape of the X-ray dose effect curve and the radial dose 
distribution inside the particle tracks are the main factors determining the relative 
biological efficiency of high LET radiation. Because the model can be used for 
a wide range of biological endpoints from cellular survival up to complex normal 
tissue effects, it may be useful for the estimation of RBE in the field of charged 
particle radiotherapy as well as for purposes of radiation protection. 
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Introduction 
The exposure of cells to ionizing radiation rapidly results in chromosomal 
breakage and gross chromosomal changes. These chromosomal alterations are 
usually analyzed at the first postirradiation mitosis and considered as a reliable 
basis for radiation risk assessment. However, there is increasing evidence that 
some cells, which survive the initial exposure, transmit a latent chromosomal 
instability to their progeny that led to a de novo occurance of aberrations after 
several cell divisions. Vet, little information exists, so far, on the magnitude of 
this effect and its dependence on radiation quality (1,2,3,4). To further investigate 
the induction of a delayed chromosomal instability by high and low LET radiation 
aberrations have been studied in the clonal descendants of X-ray or Ne-irradiated 
cells. 

Materials and Methods 
For the experiments a hamster-human hybrid cell line (UV24C2-3) was used, 
which contains a single copy of the human chromosome 2 in a background of 20 
to 21 hamster chromosomes. The human chromosome represents 5% of the DNA 
of the hybrid cell line. As previously shown by the PCC-technique the induction 
and the repair of chromatin breaks in the human chromosome 2 in this hybrid cell 
line follows a normal dose response curve (5). Details for cell culture conditions 
are given in reference (5). 
Cells were exposed at the Bevalac (LBNL, Berkeley, USA) to Ne ions which, at 
position of the cells, produce a LET value of 183 keV//xm. (6). For comparison a 
X-ray experiment was performed. Directly after irradiation cells were trypsinized 
and seeded in 96 well dishes to form single cell colonies. Colonies were ex-
panded and after about 20 to 25 cell divisions postirradiation at least 100 
metaphases from each clone were scored by fluorescence in situ hybridization 
(FISH) with a probe specific to the human chromosome (5). Aberrations occuring 
in the hamster chromosomes as well as in the human chromosome were re-
corded. Additionally, some samples were analyzed after classical Giemsa-
staining. With this method however, only unstable aberrations can be detected. 
Cell clones were classified as normal, if they contained 2% aberrant metaphases 
at most, otherwise they were cathegorized as abnormal cell clones (see table 1). 

Results 
The analysis of control cells by the FISH-technique demonstrates that the human 
chromosome is stably maintained within the hybrid cell line. In 25 control clones, 
i.e. 3300 metaphases scored, 7 aberrations involving chromosome 2 were de-



tected. Furthermore, in the hamster genome 4 chromosome- and chromatid-type 
breaks, 3 dicentric chromosomes and 1 ring chromosome were observed. After 
classical Giemsa-staining comparable aberration frequencies for unstable chro-
mosomal lesions were found in 7 randomly selected control clones. According to 
our definition 1 out of 25 control clones (4%) was assigned to the group of clones 
with abnormal karyotype (see tab. 1). In this clone 3% aberrant metaphases were 
found, all carrying the same aberration, a deletion of the short arm of the human 
chromosome, indicating that these cells arise from a single cell. 

As shown in table 1 the frequency of aberrant cell clones was drastically in-
creased after exposure. However, this increase was more pronounced for X-rays 
than for particles: karyotype abnormaities were observed in approximately 70% 
of X-irradiated clones derived from cells surviving X-ray doses of 1.5, 3.5 and 8 
Gy and in 20% of cell clones derived from cells surviving 2, 3.5 and 5 Gy Ne-
irradiation, respectively. Obviously, the magnitude of this effect depends on ra-
diation quality, but not on applied dose. 

In the majority of aberrant cell clones indications for a delayed chromosomal 
déstabilisation were observed manifested as an increase in the number of un-
stable and stable aberrations: Following X-irradiation chromosome déstabilisa-
tion was found in 10 of the 13 aberrant clones: 7 clones displayed a high 
frequency of dicentric chromosomes, mainly localised in hamster chromosomes; 
in 3 clones a slightly increased rate of stable and unstable aberrations was found. 
After Ne ion exposure chromosomal instability was manifested in 6 out of 8 
aberrant clones: In 5 clones mainly breaks and various rearrangements between 
the human and hamster chromosomes were found; in 1 clone an elevated fre-
quency of dicentric chromosomes was observed. 

Number of clones with 
Exposure Number of clones normal abnormal 

(cells) analyzed karyotype karyotype 
Control 25 (3300) 24 1 (4.0 %) 
1.5 Gy X-rays 6 (600) 1 5 (83.0%) 
3.5 Gy X-rays 9 (1050) 3 6 (67.0%) 
8.0 Gy X-rays 5 (750) 3 2 (40.0%) 
2.0 Gy Ne ions 16 (2200) 14 2 (12.5%) 
3.5 Gy Ne ions 6 (1100) 4 2 (33.3%) 
5.0 Gy Ne ions 20 (3100) 16 4 (20.0%) 

Table 1: Karyotypes in UV cell clones determined 20 to 25 cell divisions after the 
initial radiation exposure. Cell clones were classified as normal, when 2% 
aberrant metaphases were found at most. 



In all other aberrant cell clones chromosomal instability could not be detected. 
In these clones 30 - 100% of metaphases showed identical stable aberrations 
(translocations between the human and one or two hamster chromosomes) indi-
cating that these aberrations were formed immediately after irradiation or during 
the firs, cell divisions and transmitted to daughter cells. 

Furthermore, several aberrant clones displayed an elevated amount of tetraploid 
cells, which may have resulted from failed cytokinesis or endoreduplication. In 
contrast to X-rays, the frequency of tetraploid cells was not enhanced after Ne 
exposure. 

Discussion 

Our data indicate that chromosome destabilization occurs at a high frequency in 
the progeny of cells which survive the initial exposure to either X-rays or Ne ions. 
In the particular cell line used, X-rays were found to be about three times more 
effective than Ne ions. Our data are consistent with those of Marder and Morgen, 
who observed chromosomal instability in a hamster-human hybrid cell line car-
rying the human chromosome 4 after 5 and 10 Gy X-ray exposure (1). Chromo-
somal instability also occured in X-irradiated human T-lymphocytes after clonal 
growth for 14 to 21 days (2), in primary human skin fibroblasts 15 passages after 
the exposure to low energy particles (3) and in murine hematopoietic stem cells 
10 cell generations after irradiation with a-particles (4). In the murine system 
however, chromosomal instability was not observed after X-irradiation. 

Experiments, in which the progeny of cells surviving X-irradiation, electroporation 
with restriction endonuclease Hnf1 or UV-irradiation were analyzed suggest that 
the induction of DNA double strand breaks initiate the delayed expression of ra-
diation damage (7): Treatment of cells with X-rays or a restriction enzyme, i.e. 
agents which are known to produce DNA double strand breaks, resulted in 
genomic instability, whereas UV-irradiation (254 nm) which usually does not 
generate a significant number of DNA double strand breaks did not result in in 
genomic destabilization in progeny. 

Also, there is evidence that the length of telomeric sequences plays an important 
role for the integrity of chromosomes. In fact, the shortening of telomere length 
as observed in senescent fibroblasts, in tumor cells and in yeast est1 mutants is 
associated with an elevated amount of chromosome aberrations (8,9 and refer-
ences therein). Particularly, most of the aberrations observed in senescent 
fibroblasts and tumor cells are dicentric chromosomes. A similar phenomenon 
was found in our study as well as by others ( 1,3) several replication cycles 
postirradiation. By the use of R-banding Martins et al. could clearly demonstrate 
that indeed the telomeric regions of chromosomes were preferentially involved 
in the formation of dicentrics. 

Besides these effect on individual chromosomes the elevated number of 
tetraploid cells observed in the the present study as well as by Marder and 



Morgan (1) indicates that also cell division failure occurs in some progeny of 
irradiated cells as a delayed radiation effect. 

These delayed effects on chromosomal level represent however, only one par-
ticular feature of radiation induced déstabilisation of the genome. Other examples 
are delayed reproductive cell death (10,11) and delayed mutations (11,12). Iden-
tification of underlaying cause and the mechanisms by which ionizing radiation 
induces a delayed déstabilisation of the genome are important challeanges for 
future studies. 
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INTRODUCTION 

For the understanding of cellular radiation effects the consideration 
of the relevant molecular damage is of great concern. DNA double-strand 
breaks (dsbs) are believed to constitute the critical event, but the basis for the 
enhanced relative biological effectiveness (RBE) of high-LET radiations is as 
yet not fully understood. The use of accelerated particles of varying radiation 
qualities provides a valuable tool for systematic probing of radiation effects on 
cells and DNA. 
DOUBLE-STRAND BREAKS IN M A M M A L I A N CELLS 

In various studies with mammalian cells both the survival response 
and dsb formation have been investigated after high- and low-LET irradiation. 
The LET range up to 120keV/¿xm has been covered using protons and helium 
particles [1, 2, 3, 4, 5]. In general, RBE for dsb induction was found to vary 
around unity at LETs where the RBE for cell killing for the same radiation 
type was much greater than one. Concerning the higher LET region (100-
200keV/jum) where the RBE for cell inactivation reaches its maximum [6], 
we have recently shown that RBE values for dsb formation in CHO-K1 cells 
are around unity and even decrease below this value for LETs greater than 
100 keV/ßm [7]. The striking difference in the RBE-LET relationship of cell 
killing and dsb production in this region is depicted in Fig. 1. This set of data 
was obtained using constant field gel electrophoretic elution and densitometry 
for the determination of dsbs [7]. The results fit well into the general systematics 
of the RBE-LET relationship, and are in agreement with RBE values reported 
by other studies using heavy ion beams [8, 9, 10], although discrepancies to an 
earlier report are apparent [11], 

The interpretation of the information available has lead to propose that 
DNA DSBs produced by high LET radiation may differ from those induced 
by low LET. In fact, after irradiation of CHO-K1 cells with high and low 
LET carbon ions, both slower and less complete rejoining was observed for 
dsbs induced by particles with LETs greater than 150keV///m (unpublished 
results), suggesting enhanced severity of these lesions. The differing quality of 
dsbs may be a consequence of clustering of damaged sites [12] at the DNA-helix 
level, although spatial association of damage in higher-order DNA structures is 
also conceivable [13]. Indeed, the characterization of strand breaks generated 
at high LETs is required for a better understanding. 
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STRAND BREAKS IN VIRAL DNA IN SOLUTION 

The need of direct and accurate measurement of strand break yields 
prompted us to use the small viral SV40 DNA molecule for further studies (see 
[14] for experimental). 

Previous work using SV40 DNA in dilute solution [15] pointed out 
similarities of the general outline for dsb induction and other endpoints, espe-
cially in the slowing down range of particles, where the track structure rather 
than LET become significant [16, 17]. Early studies of radiation-induced DNA 
damage in radioprotective solution [18] indicated a slight increase with LET, 
showing a maximum of dsb yields aroung 500keV/^m. Preliminary results 
for SV40 in solutions containing radical scavengers to mimic the cellular en-
vironment have shown a similar trend [19]. Minor changes in dsb yields with 
increasing LET up to 150keV//xm have been reported for He irradiation of 
naked SV40 DNA and minichromosomes under protective conditions [20]. In 
Fig. 2 the influence of radiation quality on dsb yields in the viral DNA under 
high scavenging conditions (lOmM Tris buffer + 100 mM mercaptoethanol) is 
presented over a wide LET range. A slight but consistant incre ase of dsb yields 
is observed in this radioprotective solution (scavenging capacity 7 x 10 s - 1 ) , 
showing a maximum at 300-400 keV/^m. An RBE close to unity was obtained 
for the Tower LET He and high energetic 0 ions. This overproportional increase 
of dsbs with LET is indicative of correlated damage induction, i.e. additional 
dsb formation by the interaction of two nearby single-strand breaks. The re-
duction of dsb yields observed beyond the peak reflects the localized deposition 
of dose by a decreased number of incident particles at these high LÉTs. In 
addition, for the very heavy ions, saturation processes at the physical, chem-
ical or molecular stage can account for a decreased strand break production 
depending on both LET and track diameter [21]. 
CONCLUSIONS 

From the analysis of dsb induction the unique feature of high-LET le-
sions can be inferred. Spatial correlation of damage induction is deduced from 
the increased yields of dsbs observed in purified DNA in protective solution. 
Enhanced cell killing efficiency without concomitant variation in the quant-
ity of dsbs induced suggests a greater severity due to increased complexity of 
lesions at higher LET. Variations in dsbs yields dependent on the DNA envir-
onment are evident. The differing behaviour of dsb effectiveness in vitro and in 
cells may reflect the influence of target compaction (i.e.chromatin packaging) 
in conjunction with the inhomogenous character of densely ionizing radiation 
tracks. 
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Figure 1: Influence of LET on RBE values for DSB induction in mammalian 
cells after irradiation with C, O and Ne ions as indicated (dashed line). The 
cell inactivation curve follows the RBEs obtained for C ions at 10% survival 
(W. Kraft-Weyrather, unpublished) 
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Figure 2: Influence of LET on double-strand bre?J; yields in SV40 DNA irradi-
ated in protective solution (TE-buffer + 0.1 mol 1_1 mercaptoethanol (EtSH)). 
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