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Abstract

Synchronous V79 Chinese hamster cells were exposed in G4-phase to either X-rays
or 4.6 MeV/u Ar-icns (LET: 1840 keV/um) and the induction of chromosomal damage
was measured at 5 sampling times ranging from 14 to 30 hours after treatment. To
distinguish between cells in the first and second postirradiation cycle the
Fluorescence-plus-Giemsa technique was applied. The experiment showed that the
time course of the appearance of damaged cells is markedly influenced by radiation
induced cell cycle delays and depends on both radiation quality and dose. The yield
of aberrant metaphases and the number of aberrations per metaphase was found to
increase with sampling time, but this increase was more pronounced for Ar ions.
These differences in the yield time profiles of X-ray and Ar ion induced chromosomal
damage are particularly important for an accurate determination of the RBE for parti-
cles. Our data clearly indicate that meaningful RBE values can only be obtained, if
chromosomal damage is analyzed at several postirradiation sampling times and the
complete time course of the expression of chromosomal damage is taken into ac-
count. Besides these quantitative differences, differences in the spectrum of chro-
mosomal lesions were observed for X-rays and Ar ions. Following particle exposure
more breaks and less exchange-type aberrations were formed compared to X-
irradiation and. despite irradiation in G4-phase, a significant number of chromatid-
type aberrations occured in Ar-irradiated samples. The experimental results are
interpreted on the basis of the different pattern of energy deposition by sparsely and
densely ionizing radiation. In addition, a statistical analysis based on the Neyman
type A distribution is performed, which takes into account the specific stochastic
properties of particle irradiation

1. Introduction

In the first chromosome experiment using various light particles Skarsgard et al.
(1967) found that the RBE for the induction of chromosome aberrations parallels the
RBE for cell inactivation when graphed as a function of the linear energy transfer
(LET). Meanwhile inactivation by charged particles has been extensively studied and
these investigations show that the RBE or the cross sections for cell inactivation ex-
hibit a more complex structure as function of LET. Individual RBE maxima at in-
creasing LET values are reported for protons, He and heavier ions in order of
increasing atomic numbers but with decreasing height (Barendsen et al. 1963, Kraft
1987, Furusawa et al. 1992, Belli et al. 1993). These maxima have been identified as
the optimal ionization density for the production of lethal lesions. The steep decline
at higher LET values is probably due to a saturation effect (Butts and Katz, 1967, Hal!
1988).

The investigation of chromosomal damage provides a deeper insight into the mech-
anisms of radiation action at the cellular level than inactivation measurements, be-
cause this technique allows to detect the number of lesions per cell and their
distribution between cells. Also differences in the spectrum of aberration types can
be distinguished giving more information about the quality of the molecular lesions
induced. However, the interpretation of particie experiments is complicated by pro-
nounced cell cycle perturbations and mitotic delay which interfere more strongly with
the expression of chromosomal damage than X-rays (Ritter et al. 1990). Moreover,
investigations of Lloyd et al. (1977) and Pyatkin et al. (1984) indicate that cell cycle
progression delays are related to the aberration burden of a cell, i.e. cells carrying
two aberrations are delayed for longer times than those carrying only one aberration.
If this holds true, for high LET radiation, which induces pronounced cell cycle delays
(Lacke-Huhle et al. 1979, Collyn-d’Hooghe et al.1981, Scholz et al. 1994) a drastic in-
crease in the frequency of aberrations with sampling time is expected. So far a de-
tailed analysis of high LET induced chromosomal damage in relation to sampling time



has not been made. In general, heavy ion induced chromosomal damage has been
scored only once within a period of about one cell generation time (Skarsgard et al.
1967, Edwards et al. 1986, Sabatier et al. 1987, Suzuki et al. 1990, Edwards et al. 1994)
or twice, at two widely spaced sampling times (Govorun et al. 1982).

In the experiment described below, the induction of chromosomal damage in V79
Chinese hamster cells by X-rays and 4.6 MeV/u Ar ions as representatives of sparsely
and densely ionizing radiation has been analyzed at several postirradiation sampling
times. Cells were collected in metaphase between 14 and 30 hours after exposure,
a period which corresponds to 2.5 cell generation times of control cells and ensures
that also very delayed cells will be included in the analysis. Because the
radiosensitivity varies within the cell cycle (Dewey et al. 1970, Durante et al. 1994 and
references therein), the experiments were performed with synchronous cells. In ad-
dition, the Fluorescence-plus-Giemsa technique was applied to differentiate between
cells in the first and second postirradiation mitosis. Recently a brief summary of
some of the results has been reported (Ritter et al. 1994).

2. Materials and Methods
2.1. Cell culture

V79 Chinese hamster celis with a modal chromosome number of 22 and a cell gen-
eration time of 12 h were used in this study. The cells were cultivated according to
standard procedures as previously reported (Ritter et al. 1990). For the experiments
cells were synchronized in G4-phase by centrifugal elutriation (J2-21M/E centrifuge,
Beckmann) and seeded in Petri dishes at a density of 1x10 2x10° cells/dish de-
pending on harvesting time and radiation dose. Two hours after seeding, when the
cells were attached and spread, samples were irradiated with Ar ions or X-rays.

2.2. lrradiation

The exposure to 4.6 MeV/u Ar .ons (LET 1840 keV/um) was performed at the UNILAC
(GSI, %rrnstadt Germany) as described by Kraft et al. (1980). The delivered fluences
of 1x10% and 4x108 particles/cm® correspond to a dose of 2.9 and 11.7 Gy, respec-
tively. The exposure of cells to 2, 4 and 7 Gy X-rays was done with a Siemens
therapeutic X-ray machine operated at 250 kV and 20 mA with a 1mm Cu and a Tmm
Al filter. To diminish experimental variation, both exposures were performed in par-
allel, i.e. at the same time with the same fraction of cells. Flow cytometric measure-
ments confirmed that 95% of cells were in G4-phase during irradiation.

2.3 Fluorescence-plus-Giemsa technique

In order to differentiate between metaphases in the first and second cell generation
the Fluorescence-plus-Giemsa technique according to Perry and Wolff (1974) was
applied with minor modifications. In brief, 10ug/ml| BrdU were added immediately af-
ter irradiation and the samples were kept in the dark at 379C until fixation. Cells were
harvested 14, 18, 22, 26 and 30 hours after irradiation. 2 hours before fixation 0.1
ug/ml colcemid was added to the samples to accumulate mitotic cells. Chromosome
preparations were made according to standard techniques: Cells were trypsinized,
treated with hypotonic solution (0.075M KCl) and fixed with methanol-acetic acid (3:1).
All procedures up to the fixation of cells were performed under subdued light to avoid
the photolysis of BrdU, which causes the formation of additional DNA breaks. Fixed
cells were dropped on wet, ice-cold slides and air-dryed. Slides were incubated in
Hoechst 33258 solution (1ug/ml), irradiated for 1 hour with a low-pressure UV-lamp
(». 365nm) and stained with 3% Giemsa in phosphate buffer (pH 6.8). As a result, the



chromosomes of first postirradiation mitoses are darkly stained, second generation
mitosis show “harlequin” chromosomes.

2.4 Chromosome analysis

The percentage of aberrant ceils and the aberration types were seperately deter-
mined for first and second cycle metaphases. Chromaosome aberrations were classi-
fied according to Savage (1975). Gaps were not counted as aberrations. In the case
of a dicentric chromosome or a centric ring one acentric fragment was subtracted
from the number of fragments present in the cell. The data, based on the analysis of
one hundred aberrant first or second cycle metaphases per dose and sampling time,
are summerized in table 1. Also. the mitotic index was determined for each sampie
by the direct scoring of a population of 1000-2000 cells on the slides (tab. 1 and fig.
1),

Measurergem of the cell survivai shows that the delivered particle fluences of 1x106
and 4x10%particles/cm“ correspond to survival levels of 70 and 20%. the exposure
to 2, 4 and 7 Gy of X-rays result in 80, 45 and 15% cell survival, respectively,

2.5 Statistical analysis

Errors on the proportion of mitotic cells and aberrant metaphases plotted in figures
1 and 2 are standard deviations of a binominal distribution

\F "F(1 - F)

N N

where F is the number mitotic celis or aberrant metaphases and N the total number
of cells scored. The statistical uncertainty of the measured number of
aberrations/metaphase (fig. 3). the frequency of chromatid type aberrations (fig. 4)
and chromosomal breaks (fig. 5) was calculated by \n, where n is the frequency
under consideration.

The distribution of chromosomal aberrations within a cell population was investigated
by means of two different stochastic distributions: the Poisson distribution and the
Neyman type A distribution.

The Poisson distribution is given by

- n
plL. N = Te

where | is the number of aberrations per individual cell and 7 is the average number
of aberrations per cell in the population.

The Neyman type A distribution is a generalized Poisson distribution given by
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which takes into account the stochastic distribution of particle traversals as discussed
by Virsik and Harder (1981). Here, n; can be interpreted as the average number of
particle traversals per nucleus, whereas 7, represents the average number of aber-
rations per particle traversal through the nucleus.

Fits to the experimental data were performed using the ‘GD’ display and fit software
package available for UNIX workstations at GSI. The fit routines are based on algo-
rithms given in Bevington (1969)



3. Results
3.1. Mitotic delay

The fraction of cells reaching mitosis as a function of time after the exposure of
G4-phase cells are listed in table 1 and plotted in figure 1. Furthermore, in table 1 the
percentage of first and second postirradiation metaphases is given. Unirradiated
control cells complete their first mitosis by 14 h or slightly earlier, whereas X-ray and
Ar ion irradiation prolong the cell cycle progression and delay the entry of cells into
mitosis. The duration of this delay increases with dose or particle fluence. However,
there is a significant difference between X-ray and particle irradiation: Cells exposed
to X-rays proceed in a synchronous wave through the first postirradiation cell cycle
as indicated by a steep rise and fall in the number of mitotic cells within a few hours.
Higher doses shift this peak to later sampling times (fig. 1). The synchrony of X-
irradiated cells is also largely maintained during the second postirradiation cycle as
indicated by the measurements 26 and 30 hours after treatment. In contrast, after
heavy ion exposure the differences between minimum and maximum values of the
mitotic index are diminished indicating a fast desynchronisation of the cell popu-
lation. This finding is confirmed by means of the Fluorescence-plus-Giemsa tech-
nigue. which shows a pronounced spread of first cycle metaphases following Ar ion
exposure resulting in a mixture of cell generations at late sampling times (tab. 1).

3.2. Frequency of aberrant metaphases in relation to sampling time

In order to quantify the chromosomal damage induced by X-rays and Ar ions the
percentage of aberrant metaphases was determined at 5 successive sampling times
starting from 14 up to 30 hours after exposure. The data show that the amount of
aberrant first and second generation mitoses varies with time and follows a different
time course for both radiation types (tab. 1 and fig. 2): 14 hours after X-ray exposure
the amount of abnormal first cycle metaphases is already as high as 28, 48 and 78%
for 2, 4 and 7 Gy, respectively. Thig percentage rises slightly with time. In contrast,
after the exposure of cells to 1x10° and 4x10° Ar ions/cm< corresponding to doses
of 2.9 and 11.7 Gy, the number of damaged first cycle metaphases amounts only to
14 and 19% at the first sampling time. Then, their frequency increases more steeply
with sampling time than it was found for X-rays and by 22 to 26 hours after Ar-
exposure only aberrant metaphases are seen. Furthermore, following particle expo-
sure the frequency of aberrant mitoses increases less with dose than it was found for
X-rays.

A significant amount of second cycle metaphases appears 26 hours after exposure
(fig. 2 and tab. 1). The limited data, which are available for this cell generation indi-
cate that the appearance of damaged second cycle metaphases follows in general the
same tendency found for first generation cells: For X-rays a high amount of damaged
second cycle metaphases is already present at the onset of the second cycle in-
creasing slowly with time, whereas for particles a low amount of damaged second
cycle metaphases is observed increasing steeply with time. However, for both radi-
ation types the percentage of aberrant metaphases decreases with cell generation.

3.3. Aberration frequency and spectrum of aberration types with respect to
sampling time

Differences in the induction of chromosomal damage by sparsely and densely
ionizing radiation become most evident, when the aberration frequency and the
spectrum of aberration types are compared. For both radiation types an increase in
the number of aberrations per cell with sampling time is observed in first and second
cycle metaphases (fig. 3). However, this rise is less pronounced for sparsely ionizing



radiation. For example. in X-irradiated samples the aberration frequency increases in
first cycle metaphases by a facter of 3, in Ar ion irradiated samples however by a
factor of 20. Second generation cells follow in general the same trend, but due to the
limited number of data available for the second generation the increase with time
cannot be precisely determined in this experiment. Furthermore, in X-irradiated
samples the number of aberrations per cell rises proportional to applied dose, i.e.
doubling the dose yields about twice as many aberrations per cell at a given sampling
time. This is not the case for particle exposure, where the number of aberrations
doubles, when the dose or the particle fluence is increased by a factor of 4.

When the spectrum of aberration types observed in first cycle metaphases (tab. 1) is
analyzed an unexpected high amount of chromatid-type aberrations (chromatid
breaks and chromatid exchanges) is found in Ar-irradiated samples (fig. 4). Despite
the fact that 95% of the cells were in G4-phase at the time of exposure about 30 to
35% of all lesions, which are induced by Ar ions are chromatid-type aberrations. In
contrast, in X-irradiated samples only 10 to 15% of all lesions in first cycle
metaphases are chromatid-type aberrations {fig. 4). These rates remain refatively
constant for each radiation type and vary only slightly with dose or sampling time.
Only in very delayed X-irradiated cells reaching the first postirradiation mitosis 26 h
after exposure the amount of chromatid-type aberrations increases to the level ob-
served after Ar irradiation. In second cycle metaphases the frequency of chromatid-
type aberrations is nearly the same following X-rays and Ar ion irradiation, i.e. for
both radiation types a rate of about 30% of chromatid-type aberrations are found.

When the aberration-types are classified as chromosomal breaks and exchange-type
aberrations, another significant difference in the distribution of aberration-types is
observed in first cycle metaphases. Chromoscmal breaks include chromosome- and
chromatid-type breaks, exchange-type aberrations comprise dicentrics, centric rings
and all other aberration-types listed in table 1. As shown in figure 5 after Ar-exposure
at least 50% of aberrations detected in first division cells belong to the category of
chromosomal breaks. Although the vyield of particie induced aberrations increased
drastically with harvesting time (fig. 3) the percentage of chromosomal breaks re-
mained nearly the same up to 30 h after irradiation. After X-ray exposure the per-
centage of chromosomal breaks is much lower. Most lesions are exchange-type
aberrations. Only very delayed X-irradiated cells entering the first postirradiation
mitosis by 26 hours contain a high amount of breaks. For second cycle metaphases
the difference in the rate of chromosomal breaks versus exchange-type aberrations
disappears due to an increase in the percentage of breaks in X-irradiated cultures
and a decrease in particle irradiated cuitures (see tab. 1).

3.4. Frequency of aberrations per cell

In the case of X-ray induced chromosomal damage the relative frequencies of aber-
rations per individual metaphase measured at a given sampling time are well de-
scribed by the Poisson distribution (data not shown). The particle exposure data were
additionally fitted by a Neyman type A distribution, a generalized Poisson distribution
which takes into account the stochastic distribution of particle traversals as well as
the stochastic distribution of aberrations induced by a single particle traversal. This
distribution for the description of aberration frequencies after charged particle
irradiation was proposed by Virsik and Harder (1981). In general, the Neyman type A
distribution yields a better description of the experimental data than the Poisson dis-
tribution as shown in figure 6 for the relative frequencies of aberrations per individual
metaphase 18h and 22h after Ar exposure. The corresponding fit parameters are
listed in table 2. Major discrepancies between the two distributions are observed in
particular for the celis with no aberrations. In addition, the experimental data show
the typical overdispersion, i.e. the width of the distribution is broader than expected
from a pure Poisson distribution with the same mean value.



4. Discussion

4.1. Spatial energy deposition by sparsely and densely ionizing radiation

The observed differences in the response of cells to sparsely and densely ionizing
radiation are related to the spatial energy distribution by both radiation types. When
X-rays are applied, the cell nucleus is homogeneously covered by energy depositions
within the limits as defined by microdosimetry, so that all cells are potentially at risk
for the formation of aberrations. In the case of low energy particles however, the dose
is extremely inhomogeneously deposited concerning both, the dose distribution in-
side each particle track and the number of the particle traversals per cell nucleus.
Tracks of 4.6 MeV/u Ar ions have a diameter of about 2 um. Within the track the dose
increases from about 0.2 Gy at the outer parts to several hundred kGy in the center
(Kraft et al. 1992). Due to the low particle fluences, pronounced stochastic fluctu-
ations in the number of particle traversals per celi nucleus occur, and the probability
for an overlap of tracks is very small because the track radii are small at low ener-
gies.

For V79 G,-phase cells synchronized by centrifugal elutriation and plated as de-
scribed above_the mean geometrical cross section of the cell nuclegs iS approxi-
mately SOum2 (Scholz  1992). Therefore, for fluences of 1x10° and 4x10
particles/cm“ a mean number of 0.5 and 2 particle traversals per cell nucleus are
calculated. From Poisson statistics it follows that a mean value of 0.5 traversals cor-
responds to 60% of cell nuclei which received no particle hit, 30% are hit once, 7.5%
are hit twice and 2.5% of the nuclei are hit three times or more. For a mean value of
2 traversals these frequencies change to 14, 27, 27 and 32%, respectively.
Consequentely, cells with nuclei that are not in the path of particle tracks will not
develop aberrations at all, whereas those that are traversed are at risk for the for-
mation of aberrations. The numbers derived above have to be taken as a rough esti-
mate to illustrate the importance of stochastic effects for the interpretation of the data.
For a more detailed comparison, the radial extension of the track and the radial dose
distribution igside the tréjck have to pe taken into account. Thus, althcugh the expo-
sure to 1x10% and 4x10”Ar ions/cm*“ corresponds to doses as high as 2.9 and 11.7
Gy, the dose depositior per cell nucleus is extremely heterogeneous.

In the following, the biological consequences of the nonuniformity of energy deposi-
tion by particle exposure are discussed: (a) the influence of the inhomogenous dose
distribution inside the tracks that affects the spectrum of the aberration types, (b) the
influence of the stochastic fluctuations in the number of particle traversals per cell
that affect the time course of the appearance of chromosomal damage; and, (c) im-
portance of the implications of (b) for the calculation of the relative biological effi-
ciency.

4.2. Ratio of chromosomal breaks versus exchange-type aberrations

The comparison of the aberration types induced by both radiation types shows (fig.
5) that densely ionizing radiation induces a much higher frequency of chromosomal
breaks than sparsely ionizing radiation. Similar results were obtained in previous
experiments, where chromosomal damage was scored either in mitotic celis with
conventional cytogenetic techniques (Govorun et al. 1982, Edwards et al. 1986, Ritter
et al. 1990, Durante et al. 1994) or by the premature chromosome condensation
technique (Suzuki et al. 1990, Goodwin et al. 1994) which allows visualization of
chromosomal damage in interphase cells.

The observed alterations in the ratio of chromosomal breaks versus exchange-type
aberrations indicate that the initial molecular damage from high LET radiation is



qualitatively different from iow LET damage. The lesions produced by particle tracks
seem to be more severe and therefore less repairable. Evidence supporting this as-
sumption comes from two sources. First, DNA rejoining studies have demonstrated
that the fraction of residual DNA damage increases with LET (Aufderheide et al. 1987,
Heilmann et al. 1993, Weber and Flentje 1993, Rydberg et al. 1994). A pronounced lack
of rejoining was already observed in cells exposed to O ions with an LET value of 285
keV/um (Aufderheide et al. 1987). Second, modelling studies predict a gradual
change in the molecular spectrum of lesions with increasing LET, in particular a rise
in the ratio of multiple tc single damage as recently reviewed (Prise 1994).

4.3. Induction of chromatid-type aberrations

It is generally assumed that the main type of aberrations induced by radiation in
G4-phase cells is the chromosome type, which involves both chromatids of a chro-
mosome at the same location, whereas in S- or Gs-phase mainly chromatid-type ab-
errations are formed that affect only one chromatidQ(Evans 1962, Savage 1975). In our
experiments, where at the time of exposure 95% of cells were in G,-phase and only
5% in early S-phase an unexpected high amount of about 30-35% of chromatid-type
aberrations has been observed after Ar- but not after X-irradiation (fig. 4).

At almoest all sampling times after X-irradiation only 10-15% of all chromosomal
lesions are chromatid-type aberrations. This is consistent with data from Dewey et
al. (1970) and Tremp (1981) for other Chinese hamster cell lines exposed in G1-phase.
Only in very delayed X-irradiated cells, which reached mitosis by 26 hours we found
an increase in the frequency of chromatid-type aberration. Tremp (1981) studied the
variation in the amount of damaged cells with harvesting time and observed the same
effect.

The much higher rate of chromatid-type aberrations found after particle exposure
cannot be attributed to a higher frequency of S- or Gy-phase cells in this experiment,
because Ar- and X-irradiation were performed in parallel (see materials and meth-
ods). Also, our observation that both chromosome and chromatid-type aberrations
were generally found within one cell confirms that almost all chromatid-type aber-
rations are induced in G4-phase cells. Obviously, the frequency of chromatid-type
aberrations among the total number of aberrations depends strongly on radiation
quality. Further evidence for this assumption comes from Sevankajev et al. (1975),
who found a higher rate of chromatid-type aberrations in human lymphocytes after
neutron irradiation than after X-ray exposure.

Chromatid-type aberrations observed after irradiation of G4-phase cells are obviously
not generated by DNA double strand breaks. Double strand breaks directly induced
in G4-phase cells, would lead to chrocmosome type aberrations (Evans 1962, Savage
1975). Alkali-labile sites or single strand breaks induced in G4-phase cells would give
rise to chromatid-type aberrations. When unrepaired throughout G4-phase they can
be converted into double strand breaks during S-phase anc} expressed as
chromatid-type aberrations in the subsequent mitosis. This assumption is supported
by the finding of Roots et al. (1990) that alkali labile-sites are formed at a higher rate
as LET increases. Furthermore, these authors have some evidence that in contrast
to X-irradiation a substantial number of single strand breaks remained unrejoined af-
ter high LET radiation. Thus, the elevated frequency of chromatid-type aberrations
observed in the first postirradiation mitosis after exposure to Ar ions with an LET of
1840 keV/um can be regarded as a further indication that high LET induced DNA
lesions are qualitatively different from those induced by low LET radiation.



4.4. Mitotic delay and cell cycle perturbations

Delay of cell cycle division induced by radiation is a well known and widely demon-
strated phenomenon (Lloyd et al. 1977, Lucke-Huhle et al. 1979, Purrot et al.1980,
Collyn-d’'Hooghe et al. 1981, Pyatkin et al. 1984, Ritter et al. 1990, Scholz et al. 1994).
As shown in figure 1 after X-irradiation cells are homogeneously slowed down and
the synchrony of the exposed cell population is largely maintained (tab. 1), an ob-
servation which agrees well with data obtained for human lymphocytes by the
FPG-technique (Purrot et al. 1980) or for synchronous V79 cells by flow cytometry
(Scholz et al.1994). In contrast, after particie exposure large variations in the delay
of individual cells have been observed as indicated by the kinetics of the mitotic in-
dex and the pronounced spread of first cycle metaphases (table 1). Similar variations
in the progression delay have been observed by flow cytometry (Scholz et al. 1994).
As pointed out above, in the case of particle exposure a differential delay is expected,
because unirradiated as well as cells passaged by one or more particles are present
within the cell population. Cells. which are not hit progress like control cells, whereas
for cells, which are hit, the delay is correlated to the number of particle traversals per
nucleus (see tab. 2). In consequence, cell synchrony is rapidly lost after particle ex-
posure. In other words, the fast desynchronization observed after Ar-irradiation is due
to the stochastics of particle traversals and will be similar for all low energy. high LET
particles.

4.5 Yield of particle induced chromosomal damage

The non-doseproportional yield of aberrant cells induced by Ar ion irradiation also
can be explained on the bas:s of Poisson statistics: Cell nuclei that are not traversed
by particles will not develope aberrations. The small fraction of nuclei that are not in
the direct path of a particle, but receive ionizations from the outer part of a partic|%
track is negligible at the low particle energy used. For a fluence of 1x10

particles/cm% only 40% of the nuclei are hit, whereas for a fluence of 4x10

particles/cm® more thanr 80% of the nuclei are traversed. This means that although
the average fluence and therefore the dose is raised by a factor of four, the number
of cells which are at risk for the formation of aberrations only doubles. in accordance,
the amount of aberrations per_cell douples as showry in fig. 3. Therefore, increasing
the particle fluence from 1x10% to 4x10 particles/cm® increases the number of cells

traversed by particles by a factor of two and the amount of aberrations by a factor of
two.

4 6. Frequency of aberrations per cell

Statistical analysis of the frequency of aberrations per individual metaphase cell
clearly showed that for Ar ion exposure the experimental data are better described
by the Neyman type A distribution than by the Poisson distribution as proposed by
Virsik and Harder (1981). The Neyman type A distribution has been also used by
Durante et al. (1994) for investigations of chromosome aberrations after a-particle
irradiation. In contrast to our analysis, they fixed the average number of particle
traversals according to the size of the cells and the particle fluence used for the ex-
periments. This is not justified, however, if cell cycle delays are correlated with the
aberration burden of the cells. Obviously, the cells with a low number of particle
traversals and correspondingly low chromosomal damage will become visible in
mitosis earlier than the cells with a high number of traversals and a correspondingly
more severe delay, so that the distribution of particle traversals will be distorted at
late sampling times compared to the initial distribution. This is supported by the
comparison of fit parameters given in table 2. For example, for irradiation with
4 x 10°part./cm? there is a very strong increase of 1, representing the average num-
ber of traversals, with time, whereas 7,, denoting the average number of aberrations



per traversals, remains nearly constant within the errors. Thus, the fit parameters
clearly reflect the damage dependent cell cycie delays.

4.7. The relative biological efficiency

In a large number of experiments the comparision of chromosomal damage induced
by sparsely and densely ionizing radiation was based on the amount of lesions
scored at only one (Skarsgard et al. 1967, Edwards et al. 1986, Sabatier et al. 1987,
Suzuki et al. 1990, Edwards et al. 1994) or two widely spaced sampling times
(Govorun et al. 1982). However, data are inconsistent and the reported RBE values
differ considerably. For example, for low energy particles (N, O, Ne) with LETs in the
range of 350 to 530 keV/um published RBE values vary between 0.2 (Suzuki et al.
1990, Edwards et al. 1994) and 1.5 (Skarsgard et al. 1967). The discrepancy observed
in these experiments can be related to the fact that the samplies used for aberration
detection are not representative for the whole population.

As shown before cell cycle perturbations and mitotic delay strongly influence the time
course of the expression of chromosomal damage and cells collected at only one
sampling time after irradiation do not represent the initial distribution of damage.
From figures 2 and 3 it is most evident that at early sampling times X-ray induced
lesions predominate. wheras at later sampling times particle induced aberrations are
found more frequently. Consequently, RBE values smaller than one will result from
the comparison of chrcmosomal damage at early sampling times used in most parti-
cle experiments, but RBE values greater than 1 will be obtained at the late sampling
times. Therefore, in particle experiments many sampling times should be used in
order to cover the whole spectrum of particle induced damage corresponding te the
initia! stochastic distribution of particle traversals. A novel approach for the esti-
mation of a realistic RBE value for the induction of chromosome damages, which is
based on the integration of the chromosome damages over the total sampling time
interval will be described in a separate paper.

In conclusion, our study provides further evidence of a significant difference in the
nature of particle and X-ray induced lesicns that manifests at cellular level in the cell
cycle kinetics, the spectrum of aberration types and the distribution of aberrations
among the cells. From the data presented here a firm conclusion on the intrinsic na-
ture of high LET lesions cannot be made. This needs more systematic studies cov-
ering a larger spectrum of particles and LET values. Meanwhile further experiments
with low energy particies with LET values of 400 keV/um and 4000 keV/um have been
performed and are currently under investigation.
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Fig. 1

Mitotic indices found after 2 hour colcemid accumulation periods following irradiation
of V79 cells with (a) X-rays or (b) Ar ions in G4-phase. Frequencies are plotted to the
endpoints of the sampling times. Errors on the proportion of mitotic cells were plotted
only for one curve but otherwise omitted for clarity (redrawn from Ritter et al. 1994),
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Fig. 2

Percentage of aberrant first and second cycle metaphases observed at different
sampling times after the exposure of V79 G4-phase cells to (a) X-rays and (b) Ar ions.
Cells were irradiated at t =0, treated with BrdU and harvested following 2h incubation
in colcemid. Frequencies are plotted to the endpoints of the sampling times. Data
are taken from table 1. The open symbols show the data for first cycle metaphases;
the solid symbols represent the data for second cycle metaphases.

Fig. 2a: V/¥ unirradiated control, A/4 X-rays, 2 Gy, ¢ /¢ X-rays, 4 Gy,b /p X-rays,
7 Gy. Fig. 2b: V/¥ unirradiated coptrol, data asz in fig. 2a, O/@® Ar ions,
1x10Pparticles/cm<, O/ Ar ions, 4x10° particles/cm®. Errors on the proportion of
aberrant metaphases were determined as described in materials and methods. If
absent error bars are too small to be shown.
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Time Fluence | Bo_ijs;on o ) | Neyman Type A

[h] 1ojemt | o | oas | 7 P ol Am | A | Am | £° p
14 1 0.14 | 004 | 059 0.61 0.68 | 0.79 | 0.23 | 0.29 | 0.50 | 0.60
18 1 2.35—»6-.17 12.49| 3910° % | 0.76 | 0.14 | 198 | .39 | 0.43 | 0.83
22 1 348 017 | 2.16 881072 | 249 | 045 | 1.47 | 027 | 0.89 | 0.55
26 1 las7 | o025 | 186 | 0029 | 243|041 | 210|035 099 |045
14 4 0.14 | 0.04 | 2.38 0.05 029 | 0.09 | 1.15 | 0.48 | 1.09 | 0.35
18 4 348 | 0.18 | 3.89 | 2610™° { 1.30 | 0.19 | 228 | 0.31 | 1.06 | 0.39
22 4 449 | 021 | 254 | 62107 | 464 | 095 | 1.26 | 029 | 1.28 } 0.19
26 3 757 | 030 | 2.01 57107 | 6.48 | 1.71 | 1.38 | 0.38 | 0.68 | 0.83
Tab. 2

Parameters for the frequency distribution of aberrations per first cycle cell fitted ac-
cording to the Poisson and Neyman type A distribution, respectively. Parameters are

described in the text. Reduced y*values per degree freedom are given; P is the
probability to find a higher y? -value.
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