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Abstract Radiation-induced DNA double-strand breaks
(DSBs) were measured in Chinese hamster ovary cells
(CHO-K1) using an experimental protocol involving
static-field gel electrophoresis following exposure to var-
ious accelerated ions. Dose-effect curves were set up, and
relative biological efficiencies (RBEs) for DSB induction
were determined for different radiation qualities. RBEs
around 1 were obtained for low energy deuterons (6—7
keV/um), while for high energy oxygen ions (20 keV/um)
an RBE value slightly greater than 1 was determined. Low
energetic oxygen ions (LET =250 keV/pm) were found to
show RBESs substantially below unity, and for higher LET
particles (2250 keV/um) RBEs for DSB induction were
generally found to be smaller than 1. The data presented
here are in line with the generally accepted view that not
induced DSBs, but rather misrepaired or unrepaired DNA
lesions are related to cellular inactivation.

Introduction

In living cells, DNA is the most radiosensitive biomole-
cule (Cole et al. 1975). Typical DNA lesions include sin-
gle-strand breaks (SSBs), double-strand breaks (DSBs) or
cross-links. The dominant lesions responsible for cell death
are DSBs. Cell killing is thought to be the result of resid-
val unrepaired DSBs (Frankenberg et al. 1981; Bryant
1985; Wlodek and Hittelman 1988).

The interaction of accelerated heavy ions with matter is
similar to other ionizing radiations. Electron-ion pairs are
created, either in the target molecules or in the surround-
ing water, resulting in reactive radicals. The spatial distri-
bution of the energy depositing events is restricted to the
particle track. The classical radiobiological parameter to
characterize radiations of different ionizing potential is the
linear energy transfer [LET (keV/pum)] (Zirkle and Tobias
1953).
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To describe the effects of different ionizing radiations
on cellular DNA, both measurements on DSB induction
and DNA rejoining are necessary. The latter phenomeno-
logical approach gives information on the extent and ki-
netics of cellular DNA damage processing, while induc-
tion data allow the calculation of the relative biological ef-
fectiveness (RBE). Data on both molecular and cellular ef-
fects of heavy ions are essential to provide a radiobiolog-
ical basis for therapy planning.

Only a few publications deal with DNA-DSB induction
in mammalian cells following particle irradiation (Kampf
and Eichhorn 1983; Heilmann et al. 1993; Weber and
Flentje 1993). For cellular inactivation, an RBE maximum
at LET values around 100 keV/um is well documented
(Barendsen et al. 1963). Concerning DSB induction, only
data from Kampf and co-workers cover this LET region.
The other publications deal with heavy particles (Z=10) at
low energies. For light ions (Z<10) there are almost no
data availablein the low LET regime. However, these data,
together with results from survival experiments, provide
the input necessary for radiobiological modelling.

Several different experimental protocols have been es-
tablished for the detection of heavy-ion-induced DSBs:
ultracentrifugation in neutral sucrose gradients, neutral fil-
ter elution and pulsed-field gel electrophoresis (PFGE).
While the first two methods have been well known for
many years, PFGE was introduced for DSB measurements
in 1989 (Blocher et al. 1989). Since then, many varying
experimental protocols have been described in the litera-
ture. Recent publications have reported similar results with
either PFGE or gel electrophoresis in a static electric field
(SFGE) (Wlodek et al. 1991; Schneider et al. 1994), as
DNA fragments need not be separated by size in this ap-
plication.

We developed a procedure for DNA-DSB detection in-
volving SFGE and densitometric scanning of photographic
negatives from ethidium-bromide-stained gels. The high
selectiveness of the assay for DSBs was demonstrated with
DNasel treatment, and a standardized calibration proce-
dure resulted in almost perfect agreement with experiments
using radiolabelled cells after heavy-ion irradiation
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(Schneider et al. 1994). This assay was applied to measure
the induction and rejoining of DNA-DSBs in Chinese ham-
ster ovary (CHO-K1) cells after irradiation with different
heavy ions (D, C, O, Ne, Ar, Xe, Pb) of specific energies
between 3 MeV/u and 500 MeV/u (MeV/u: energy/nu-
cleon).

Materials and methods

Cells and cell culture

CHO-K1 obtained from the American Type Culture Collection were
grown in culture flasks (Greiner) as monolayers using Hams F12 me-
dium (Boehringer) supplemented with 10% fetal bovine serum and
2 mmol/l glutamine. Incubator settings were 37°C and 5% CO,. Ex-
ponential growth was maintained by regular passaging of the cells.

Preparation of cells for irradiation

Late log-phase cells were used in all irradiation experiments. For
X-rays and high-energy particles, irradiation was carried out in ag-
arose plugs. Cells were harvested from 75-cm? culture flasks at a
density of about 6-9x10* cells/cm?. After determination of the cell
number in a cell counter {Coulter Electronics), cells were embedded
in 0.5% low melting point agarose (Sigma, Type VII), and the sus-
pension was poured into plug moulds before irradiation. The final
cell number in the agarose plugs was 2.5x10° cells/mi. Until irradi-
ation, plugs were stored on ice in phosphate-buffered saline (PBS;
Gibco).

The limiting particle range of accelerated heavy ions with ener-
giesbelow 15 MeV/u called for irradiation of the cells as monolayers.
In this case, cells were grown to a density of about 6x10* cells/cm®
in small petri dishes (35 mm, Greiner) and irradiated directly as de-
scribed below.

Irradiation

X-ray samples were irradiated using a Siemens Stabiliplan X-ray
generator (lype TR 300F) operated at 250 kV and 20 mA, filtered
with 1 mm of aluminium and 1 mm of copper at a dose rate of
7 Gy/min. Dosimetry was performed with a DL4 dosimeter (PTW)
calibrated by the Fricke method. Accelerated heavy ions were pro-
vided by the accelerators at Gesellschaft fiir Schwerionenforschung
(GSI), Darmstadt.

Low-energy ions below 15 MeV/u were generated with the UNI-
LAC linear accelerator. Homogenous irradiation was achieved using
a defocused beam and ensuring excentric movement of the sample.
The particle fluence was measured via a secondary electron moni-
tor. Calibration was achieved by microscopic counting of etched par-
ticle tracks in glass or plastic. The irradiation facility has been de-
scribed in detail elsewhere (Kraft et al. 1980).

For higher particle energies (397 MeV/u oxygen and 482 MeV/u
lead) the heavy ion synchrotron (SIS) was used. Here, homogeneity
within the irradiated area was ensured using a raster scanning tech-
nique. As with the UNILAC, dosimetry relied on a secondary elec-
tron monitor and microscopic counting of particle tracks. A compre-
hensive description of the irradiation technique is given by Haberer
and co-workers (1993).

Cell lysis and incubation for rejoining

After irradiation, cells were either lysed directly or kept under cul-
ture conditions for different time intervals to allow strand-break re-
joining. For post-irradiation incubation, petri dishes irradiated at the
UNILAC were filled with prewarmed medium and placed in an in-

cubator. Cells irradiated in agarose plugs were transferred into me-
dium-filled petri dishes and incubated at 37°C, too.

Cells irradiated in monolayers had to be embedded in agarose for
further treatment. Residual medium was removed by washing twice
with PBS. Cell scrapers (Greiner) were used to remove the mono-
layer from the culture dishes. Cells from three dishes were pooled,
resuspended in PBS, and embedded in agarose plugs at a density of
2.5x10° cells/ml as already described. All steps were performed on
ice to minimize repair during preparation.

Cells in the agarose plugs were incubated in lysis buffer (0.5 mol/l
EDTA, 2% sodium lauryl sarcosinate) containing 1 mg/ml protei-
nase K (Boehringer). They were stored at 0°C for 1 h to guarantee
diffusion of the enzyme into the agarose before lysis. Protein digests
were performed at 50°C for 20 h. Afterwards, plugs were equilibrat-
ed in TE buffer (10 mmol/l TRIS, 1 mmol/l EDTA, pH 8) and used
directly for electrophoresis.

Static-field gel electrophoresis

Plug pieces equilibrated in TE buffer were loaded on 0.5% agarose
gels (Biorad Ultrapure DNA grade agarose) and subjected to
electrophoresis at a field strength of 1.85 V/cm in 0.5 TBE buffer
(45 mmol/1 TRIS, 45 mmol/l boric acid, 2 mmol/l EDTA) for 16 h.
Gels were stained for at least 3 h with ethidium bromide (2 pg/ml)
and destained overnight at 4 °C in distilled water. They were photo-
graphed on an UV transilluminator with an orange filter using Pola-
roid 55 film. Exposure was optimized to achieve a linear proportion-
al increase of film blackening with the intensity of fluorescence from
the DNA.

Densitometric scanning

The procedure has been described in detail elsewhere (Schneider et
al. 1994). Briefly, transilluminated photographic negatives were di-
gitized via a CCD camera and a frame grabber. Images with a reso-
lution of 512x512 pixels and 8-bit colour were analysed with a com-
puter program. A linear background was subtracted for calculation.
Yields of released DNA obtained from the negatives were deter-
mined. Standardization was achieved in X-ray experiments by meas-
uring in parallel both the amount of DNA eluted via densitometry
and the fraction of DNA retained in the well as isotope activity. A
calibration curve was then set up and used to calculate the fraction
of DNA retained from the densitometric data obtained in heavy ion
experiments. The applicability of this procedure has been tested us-
ing heavy-ion-irradiated, radiolabelled cells (Schneider et al. 1994).

Results

DNA DSB induction was investigated following exposure
of CHO-K1 cells to deuterium, oxygen, argon, xenon and
lead ions. From the densitometric analysis of the different
electrophoresis runs, dose-effect curves were prepared
(Fig. 1). Due to the limited accessibility of the accelera-
tors, experiments with heavy ions were only performed
once, so error bars cannot be given. However, taking to-
gether fluctuations of dosimetry and deviations within the
experimental procedure, errors are likely to be below 20%.
The physical parameters of the heavy ions used are
given in Table 1. To calculate the physical dose from a
given particle fluence, the following equation was used:

Dose [Gy] =1.602x 10" xLET [keV/um]
x fluence [p/cm?} x 1/p [g/cm?]



Fig. 1 Double-strand break
(DSB) induction in CHO-K1
cells as measured with static-
field gel electrophoresis after
(a) X-irradiation or treatment
with (b) 7.1 MeV/u deuterium,
(¢) 400 MeV/u oxygen or (d)
500 MeV/u lead ions. Plotted is
the fraction of DNA retained as
a function of dose or particle
fluence. Efficiency of DSB in-
duction per particle increases
with increasing atomic number
(b—d)
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Table 1 Physical data on the particle beams used and relative bio-
logical efficiency (RBE) values for DSB induction

Ton Energy LET Dy~ RBE, ;
MeV/u) (keV/um) (Gy)
X-ray - 2 51.0 1.0
D 2.9 12 102.0 0.5
6.1 6.6 31.6 1.61
7.1 6 37.9 1.35
(¢} 114 250 134.0 0.38
397.0 20 19.5 2.6
Ar 53 1734 106.0 0.48
13.3 1047 73.0 0.7
Xe 9.1 7990 650.0 0.08
11.8 7390 230.0 0.22
Pb 482.0 1660 93.0 0.55

LET, linear energy transfer

where LET is the linear energy transfer at the particles’
energy and p is the buoyant density of the target material
(usually 1 g/cm?® for biological samples).

Dose-effect curves all have a curvilinear shape with an
initial shoulder, despite the linear induction of DSB with

Particle Fluence (107/cm2)

dose (Ward 1990). The difference between the exclusion
size of the gel and the size of a hamster chromosome
(6 Mbp vs 100 Mbp) is responsible for the shape of the in-
duction curves (Blécher 1990). Chromosome fragments
larger than 6 Mbp will not enter the gel, and hence, the
DNA damage induced at low doses is underestimated, re-
sulting in a shoulder. The shape of effect curves up to an
ordinate value of about 0.5 fraction of DNA retained has
proven to be almost independent of the quality of the ra-
diation used (Fig. 1). Therefore, RBE values calculated for
different fractions of DNA retained are almost identical.
We chose a fraction of 0.7 of DNA retained as the refer-
ence point for RBE calculation, as the induction response
is almost linear here and experimental errors are low due
to high-intensity signals in the densitometry of the photo-
graphic films. The particle fluence corresponding to this
level of DNA damage was calculated and converted into a
physical dose as described above. The relative biological
efficiency is given by:

dOSeO.7(X—ray)

RBE =
doseO.7(particle radiation)

The calculated RBE values are compiled in Table 1.
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A flattening of the dose response at X-ray doses larger
than about 100 Gy was observed for the experimental set-
up applied here (Schneider et al. 1994). In many investi-
gations dealing with the detection of intracellularly in-
duced DSBs via electrophoresis, a similar effect has been
reported (Ager et al. 1990; Stamato and Denko 1990). For
this methodological reason, DSB yields cannot be inferred
from the final slope of the dose-effects curves.

Results of rejoining experiments with X-rays, Ne and
Xe ions are compiled in Fig. 2. Rejoining with high ener-
getic Ne ions is fast, taking into account that RBE~1 and
hence the damage induced initially by 38 Gy Ne ions is
about two times higher than for 20 Gy X-rays. With
10 MeV/u Ne ions, rejoining is impaired, especially when
regarding the level of residual damage after 3 hincubation.
After irradiation with Xe ions, incubation for rejoining has
only a minor effect, with 80% of the initial damage remain-
ing after 3 h.

Discussion

In addition to classical methods like neutral sucrose sedi-
mentation and neutral filter elution to detect DNA DSBs
in mammalian cells, a variety of experimental protocols
have evolved including different forms of agarose gel elec-
trophoresis, the comet assay and the precipitation assay (-
Olive 1988; Blocher et al. 1989; Ager and Dewey 1990;
Stamato and Denko 1990; Olive et al. 1992). The electro-
phoretic methods have clear advantages as they offer sim-
plicity, speed, sensitivity and a clear theoretical basis all
in one. In our experimental set-up, the densitometric anal-
ysis of the blackening of photographic negatives was cal-
ibrated with results obtained with radiolabelled cells after
X-irradiation (Schneider et al. 1994). This procedure al-
lowed us to drop radiolabelling in the accelerator experi-
ments, which was limited by strict safety regulation.

Despite all known differences and obstacles of the dif-
ferent detection methods, it has been proven that results
obtained with either sedimentation or neutral filter elution
or gel electrophoresis of cellular DNA are very much the
same (Iliakis et al. 1991). To compare our data with results
obtained by other groups using these techniques, the RBE
serves as the most convenient and reliable parameter. Fig-
ure 3 gives a compilation of RBE data for both low and
high LET particle radiations.

Concerning low LET particles, most data on the intra-
cellular induction of DNA-DSBs were collected with pro-
ton and o-particle beams. In the LET range up to 60 keV/
wm, the published RBE values vary from 0.5 to 1.6. While
the data set reported by Kampf shows a flat but steady in-
crease in RBE (Kampf 1983), proton and o-particle data
investigated by two groups independently lie close to-
gether, with RBE values between 0.7 and 1.0 (Prise et al.
1990; Goodhead et al. 1992). RBEs found by us for deu-
terons were about 1.5 for 6 keV/um and 6.6 keV/um par-
ticles, while it was only 0.5 for deuterons with a LET of
12 keV/pm. The first two values are well within the trend

Fraction of DSB Remaining
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Fig. 2 Rejoining of DNA-DSB after irradiation with (a) 20 Gy
X-rays (<), (b) 38 Gy 390 MeV/uNeions (O), (¢) 13 Gy 10 MeV/u
NE ions (+), and (d) 77 Gy 9.1 MeV/u Xe ions (X). Linear energy
transfers (LETs) correspond to 2 keV/um, 30 keV/um, 370 keV/pm
and 7990 keV/um, respectively. Curves were all fitted by eye
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Fig. 3 Relative biological efficiency for the intracellular induction
of DNA DSB. The fitted line corresponds to data from Kampf and
Eichhorn (1983), the o and proton data in the LET region from
17 keV/um to 110 keV/pm are from Jenner et al. (1992) and Prise
etal. (1990), while high LET data were taken from Weber and Flent-
je (1993) and Heilmann et al. (1993). Except for the latter data set,
in which non-permanent human skin fibroblast cell lines were used,
all other experiments were performed with V79 cells. Our data
(CHO-K1) are represented by filled symbols and are labelled with d
in the key

seen in the literature, while the last is quite low. It is un-
likely that an increase in LET in this regime of low energe-
tic particles with low ionization densities results in a sharp
decline of RBE. Therefore, we believe that an RBE around
unity is most realistic for light ions and LET values up to
about 60 keV/um.

Quite unexpectedly, a RBE of 2.6 was determined for a
high-energetic oxygen beam (400 MeV/u, 20 keV/um).
This value is higher than published data for protons and o
particles in this LET region (see Fig. 3). It should be kept



in mind that the RBE constitutes a quotient of data with a
systematic error of around 20%. Therefore, considerable
scatter of these values cannot be avoided. However, in an
independent experiment using a slightly modified proto-
col for DSB evaluation (manuscript in preparation), a RBE
of 1.9 was obtained for the 400 MeV/u oxygen particles.
RBE values higher than unity cannot be ruled out.

In this context, the production of clustered ionization
events should be discussed (Brenner and Ward 1992). The
interaction of accelerated particles with the target material
generates electrons. High-energetic electrons themselves
can produce secondary and even higher-order electrons, all
of which can lead to the formation of radicals. Thus, in a
small target volume, multiple radicals may be produced by
one primary ionization event. The resulting lesion within
a DNA double strand will be detected as DSB by all as-
says currently available. Calculations based on the forma-
tion of DSBs in so-called locally multiply damaged sites
(LMDS; Ward 1985) show an initial increase of RBE at
very low LET (£30 keV/um), followed by a more or less
steady decrease for higher LET values, depending on the
size of the volume considered and the number of ioniza-
tions assumed within this volume. This theory offers an ex-
plantation for high RBE at low LET with a credible phys-
ical and chemical background.

Going to higher LET values (100-200 keV/um), data
by Kampf and Eichhorn (1983) with RBE values well
above unity are in contrast to measurements with o-parti-
cles (110 keV/um; Prise et al. 1990) and data obtained with
oxygen and neon ions (250-400 keV/um; Heilmann et al.
1993; Weber and Flentje 1993). Our RBE calculation for
oxygen at 250 keV/um shows, in agreement with the lat-
ter data sets, a value less than 1.

For LET values beyond 300 keV/um, RBE values are
generally much smaller than 1, declining not only with in-
creasing LET, but also with the Z (atomic number) of the
particle. The decline of RBE with LET is most obvious for
lead ions, as some RBEs are available from 1800 keV/um
to 14300 keV/um. However, the same tendency can be
seen for neon and argon ions. This separation in distinct
curves is well-known from studies on DSB induction in
SV40 viral DNA in dilute solution (Roots et al. 1990). For
this experimental system, a comprehensive data set exists,
together with theoretical calculations (Katz and Wesely
1991).

The changes in the quality of the lesions induced by dif-
ferent particle radiations can be seen best when looking at
rejoining kinetics (Fig. 2). With increasing atomic number
and LET, kinetics of DNA DSB rejoining slow down, and
the level of damage remaining after 3 h, the maximum in-
cubation time, increases. After irradiation with low-energy
Xe ions, only a minute amount of rejoining was detected.
This decline in the rejoining capacity of cells for different
particle radiations cannot be explained as an effect of dam-
age quantity, but is very much in favour of a change in the
quality of the lesions induced. As the fidelity of DNA dam-
age processing is essential for cellular survival, systematic
data on DSB induction and rejoining will be collected in
the future to gain a clear picture of its systematics. This is
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especially necessary as the RBE-LET relationship for DSB
production in the region relevant for particle radiotherapy
(=10 up to a few hundred keV/um) is still unclear. Further
experiments with highly energetic lightions will cover this
matter in more detail.
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