Radiat Environ Biophys (2011) 50:371-381
DOI 10.1007/s00411-011-0360-2

ORIGINAL PAPER

Chromosome aberration measurements in mitotic and G,-PCC
lymphocytes at the standard sampling time of 48 h underestimate
the effectiveness of high-LET particles

Ryonfa Lee - Elena Nasonova - Carola Hartel -
Marco Durante - Sylvia Ritter

Received: 29 October 2010/ Accepted: 20 March 2011 /Published online: 11 April 2011

© Springer-Verlag 2011

Abstract The relationship between heavy-ion-induced
cell cycle delay and the time-course of aberrations in first-
cycle metaphases or prematurely condensed G;-cells
(G,-PCC) was investigated. Lymphocytes of the same
donor were irradiated with X-rays or various charged
particles (carbon, iron, xenon, and chromium) covering an
LET range of 2-3,160 keV/um. Chromosome aberrations
were measured in samples collected at 48, 60, 72, and 84 h
postirradiation. Linear-quadratic functions were fitted to
the data, and the fit parameters o and f§ were determined. At
any sampling time, o values derived from G,-cells were
higher than those from metaphases. The o value derived
from metaphase analysis at 48 h increased with LET,
reached a maximum around 155 keV/um, and decreased
with a further rise in LET. At the later time-points, higher «
values were estimated for particles with LET > 30 keV/
pm. Estimates of o values from G,-cells showed a similar
LET dependence, yet the time-dependent increase was less
pronounced. Altogether, our data demonstrate that heavily
damaged lymphocytes suffer a prolonged G-arrest that is
clearly LET dependent. For this very reason, the standard
analysis of aberrations in metaphase cells 48 h postirradi-
ation will considerably underestimate the effectiveness of
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high-LET radiation. Scoring of aberrations in G,-PCC at
48 h as suggested by several authors will result in higher
aberration yields. However, when particles with a very
high-LET value (LET > 150 keV/um) are applied, still a
fraction of multiple damaged cells escape detection by G,-
analysis 48 h postirradiation.

Introduction

The measurement of chromosome aberrations in human
peripheral blood lymphocytes at mitosis is a sensitive and
frequently applied method to assess the individual dose
following accidental, occupational, or medical exposure to
ionizing radiation (IAEA 2001) and to estimate possible
health risks (Bonassi et al. 2008). The technique has been
widely applied over the last 50 years when physical
dosimetry was not available or as an independent method
to supplement physical measurements (e.g., see Lindholm
et al. 1996; Sasaki et al. 2001; Wojcik et al. 2003). Like-
wise, in many studies, the metaphase assay has been used
to estimate the relative biological effectiveness (RBE) of
high-LET exposure (e.g., Testard et al. 1997; Bauchinger
and Schmid 1998). According to the routinely applied
protocol (IAEA 2001), a venipuncture blood sample is
taken and the whole blood or isolated lymphocytes are
cultured in vitro in medium supplemented with phyto-
hemagglutinin (PHA), a mitogen that preferentially stim-
ulates T-lymphocytes to enter the cell cycle. Lymphocytes
are cultured for 48 h and during the last 2-3 h of incuba-
tion, colcemid is added to the cultures to achieve a high
yield of first-cycle metaphases. Then, metaphase spreads
are prepared, and chromosome aberrations are scored. For
biological dosimetry, the measured aberration frequency is
compared with a calibration dose-response curve
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generated by the exposure of lymphocytes in vitro and
cultured as described previously (IAEA 2001), while for
the estimation of the RBE, the dose of the test radiation
(e.g., heavy ions) and the reference radiation (e.g., X-rays)
required for the induction of the same level of damage are
compared.

In recent years, data accumulate showing that the anal-
ysis of chromosome aberrations in lymphocytes collected
at the standard fixation time of 48 h underestimates the
damage produced by high-LET radiation (Ritter and Dur-
ante 2010). The exposure of cells to high-LET radiation
delays the cell cycle progression more than the exposure to
low-LET radiation (Lucke-Huhle et al. 1979; Scholz et al.
1994; Ochab-Marcinek et al. 2009), and it has been
recently demonstrated that the delay time is related to the
number of aberrations carried by a cell (Gudowska-Nowak
et al. 2005; Deperas-Standylo et al. 2010). For human
lymphocytes, the delayed entry of heavily damaged cells
into mitosis has been attributed to a prolonged G,-arrest
(Durante et al. 1999; George et al. 2001, 2003). Conse-
quently, if high-LET-induced chromosome aberrations are
only quantified at 48 h, heavily damaged and drastically
delayed lymphocytes are excluded from the analysis
(Anderson et al. 2000; George et al. 2001; Ritter et al.
2002; Nasonova and Ritter 2004; Lee et al. 2005, 2010).
This might result in an underestimation of the RBE of
heavy ions (Ritter et al. 1996; Anderson et al. 2000; Suzuki
et al. 2000; Ritter et al. 2002; Nasonova and Ritter 2004) or
the dose of a mixed radiation field as discussed by Durante
et al. (1997). To gain a realistic estimate of the amount of
damage produced by high-LET radiation within the entire
cell population, the use of multiple sampling times that
cover the complete time interval of the first mitosis toge-
ther with a mathematical folding of the data has been
suggested (Scholz et al. 1998). However, since heavy ion
exposure may delay the progression of lymphocytes to
mitosis for up to 50 h (e.g., Nasonova and Ritter 2004; Lee
et al. 2010), this technique is too labor-intensive for routine
applications.

Alternatively, as a fast and simple method to quantify
chromosomal damage in cells that suffer a prolonged
Gs-arrest and thus escape conventional metaphase analysis
at 48 h, the chemically induced premature chromosome
condensation (PCC) technique has been proposed (Durante
et al. 1998; Kanda et al. 1999; Gotoh and Tanno 2005). As
in the conventional metaphase assay, lymphocytes are
stimulated to grow and cultured for 48 h. During the last
30 min to 1 h, calyculin A or okadaic acid is added to the
cell culture medium inducing PCC predominantly in
G,-cells (see Gotoh and Durante 2006 and references therein).
Then, aberrations are analyzed in G, or Go/M-cells. Indeed,
when chromosome aberrations were scored in prematurely
condensed lymphocytes collected at 48 h after heavy ion
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exposure, higher aberration yields were obtained than for
metaphases collected at the same time (Durante et al. 1999;
Ritter et al. 2002; George et al. 2003; Nasonova and Ritter
2004; Lee et al. 2005). However, up to now, little is known
about the LET dependence of the G,-arrest in human
lymphocytes, and it has not been experimentally demon-
strated to what extent the drug-induced PCC assay at 48 h
postirradiation accounts for high-LET-induced cell cycle
delay of heavily damaged lymphocytes that prevents their
entry into mitosis.

To clarify this point, we exposed lymphocytes to heavy
ions and measured the aberration yields at several sampling
times in both first-cycle G,-PCC and first-cycle metaphase
cells. Main emphasis was placed on the effects of C-ions
and Fe-ions. A better knowledge of the cytogenetic effects
of C-ions is required, since their application in cancer
therapy is comparatively new (Tsujii et al. 2008; Fokas
et al. 2009; Schulz-Ertner 2009; Durante and Loeffler
2010; Minohara et al. 2010 and references therein), and the
induction of late effects such as secondary malignancies is
of major concern especially for the treatment of young
patients (Dickerman 2007; Combs et al. 2009; Merchant
2009). Likewise, for space radiation protection, more
information is needed on the effects of high-Z and high-
energy (HZE) particles such as Fe-ions that pose the
highest health risk to astronauts (Cucinotta and Durante
2006; Durante and Cucinotta 2008).

Materials and methods
Cell culture and irradiation

For all experiments, peripheral blood was obtained from a
nonsmoking female volunteer who gave informed consent,
and the study was approved by the international advisory
board at GSI. Immediately after blood collection into vac-
utainer cell preparation tubes (Beckton Dickinson, USA),
lymphocytes were isolated by centrifugation. Cells were
resuspended at a density of 4 x 10°ml in RPMI 1640
medium supplemented with 20% fetal calf serum, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomy-
cin referred to as complete medium (Durante et al. 1998).
Lymphocytes were exposed to X-rays (250 kV, 16 mA,
I mm Al 4+ 1 mm Cu filtering) or charged particles with
different energies at GSI (Darmstadt, Germany). Exposure
to particles with energies > 100 MeV/u was done at the
heavy ion synchrotron SIS (Haberer et al. 1993), while the
exposure to particles with an energy of 11.4 MeV/u was
performed at the linear accelerator UNILAC (Kraft et al.
1980). All irradiations were done at room temperature, and
control samples were sham-irradiated. For heavy ions, the
irradiation time was in the range of 1-4 min depending on
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Table 1 Information on the radiations applied in this study and sampling times for the detection of chromosome aberrations
Radiation  Epim E LET Rinax  Range Dose Fluence Sampling times (h)
type MeV/u MeV/u) (keV/pm m) (mm G x 10%cm?
yp ( ) ( ) (keV/um) (um) (mm) (Gy) ( ) Metaphases G,-PCC
X-rays 2 0.3,06,1,2,3,4,6 489, 604, 72¢ 489, 60, 72
Monoenergetic particle beams
Carbon 400* 396 11 1,300 266 1,2, 4 57, 113, 227 48 -
270° 265 14 680 137 05,1,2,4 23, 46, 93, 185 48, 72 -
100* 90 29 103 20 03,06,1,2,3, 4 6.5, 13, 22, 43, 65, 86 48, 60, 72 48, 60, 72
11.4° 9.5 175 23 039 1,2, 4 3.6,7.1, 14 48, 60, 72, 84 48, 60, 72, 84
Iron 1,000* 990 155 6,200 258 1,22,3 4,9, 12 48°, 60°, 72°, 84° 48°, 60, 72
200" 177 335 330 16 05,1.1,22,32,43 1,2,4,6,8 48, 60, 72, 84 48, 60, 72
200° 115 440 159 84  1,2,3 14,28,43 48", 60", 72" 48"
Xenon 1,000* 987 690 6,160 137 44,88, 133 4,8,12 48, 60, 72, 84 48, 60, 72
Chromium 11.4° 4.1 3,160 0.55 0.07 5,20, 61 1, 4,12 48, 60°, 72, 84 48, 60°, 72, 84
Extended Bragg peak
Carbon 114-158* 60-85 05, 1,2 488, 608, 728, 84% 488, 60, 72

4 Particle exposure was performed at SIS?, UNILAC® at GSI, or HIMACS at NIRS
9 Data subsets have been published in Ritter et al. (2002), Nasonova and Ritter (2004) and Lee et al. (2005)

¢ Data from Lee et al. (2005)
f Data from Ritter et al. (2002)
€ A data subset has been published in Nasonova and Ritter (2004)

Eyrim is the primary energy of the particles delivered by the accelerator

E is the average energy in the sample, and LET is the corresponding LET value

Riax 1s the maximum radial range of energy deposition within a particle track

Range is the residual range of particles in water

dose and accelerator conditions, and the dose rate was in
the range of several Gy/min. Accordingly, X-ray exposures
were done with a dose rate of about 2 Gy/min. The beam
characteristics, such as the ion type, the primary energy,
the energy and LET on target (corrected for material in the
beam path), and the residual range in water are given in
Table 1.

For the exposure to monoenergetic charged particles
with an energy >100 MeV/u, the cell suspension was
loaded into specially designed polyethylene holders with a
2-mm-thick well for the sample and 1-mm plastic between
the cells and the radiation source. Under this exposure
condition, the contamination by lighter fragments was 2%
or less, and their contribution to dose was less than 1%.
The variation of LET in the sample was less than 5% for
the lowest energy and decreased with increasing energy.
Irradiation with a 25-mm extended Bragg peak, obtained
by active energy variation of the beam in the range of
114-158 MeV/u, was performed in 5-ml plastic tubes
(inside diameter 10 mm). Tubes were set in the middle of a
25-mm extended peak, which was designed to deliver an
isodose distribution. Accordingly, in Table 1 the dose-
averaged LET at the proximal and distal part of the sample
is given (for further details see Nasonova and Ritter 2004).
For the exposure to 11.4 MeV/u C-ions and Cr-ions with a

short residual range (see Table 1), 10 pl of cell suspension
was sandwiched between a polycarbonate foil (thickness:
14 pm, diameter: 29 mm) and a 35-mm Petri dish to have a
liquid layer thickness of about 15 pm (Lee et al. 2005).
X-ray irradiation was done in 25-cm? culture flasks or in
polyethylene holders as described earlier.

Immediately after irradiation, cells were resuspended at
a concentration of 0.5 x 10° cells/ml in complete medium
supplemented with 1% phytohemagglutinin (PHA; Invit-
rogen, Paisley, UK) and 5-15 pg/ml 5-bromo-2-deoxyuri-
dine (BrdU; Serva, Heidelberg, Germany). All procedures
from the addition of BrdU up to the fixation of cells were
performed under subdued light to avoid photolysis of
BrdU.

Cytogenetic analysis

Chromosome aberrations were analyzed in metaphases and
prematurely condensed G,-phase cells collected at 48, 60,
72, and 84 h after radiation exposure. For metaphase
analysis, colcemid (200 ng/ml, Roche, Mannheim,
Germany) was added to the samples 3 h before harvest.
Chromosome spreads were prepared according to standard
techniques (IAEA 2001) and stained with the fluorescence-
plus-Giemsa (FPG) technique (see Ritter et al. 1996) in
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order to differentiate between cells in the first or a later cell
generation. At each dose- and time-point, 100-300 first-
cycle metaphases were scored based on the classification
criteria by Savage (1976). All aberration types detectable
by solid staining were scored, i.e., dicentric, centric and
acentric rings, interstitial deletions, chromosome- and
chromatid-type breaks, and chromatid-type exchanges.
Chromatid-type aberrations were included in the analysis,
because the induction of chromatid-type aberrations in
Go/G-cells is a specific feature of high-LET exposure as
described in detail elsewhere (Ritter et al. 1996; Lee et al.
2005). About 80% of the chromatid-type aberrations found
after high-LET exposure were chromatid-type breaks,
while the remaining 20% were chromatid-type exchanges
(i.e., mainly chromatid-type chromosome interchanges).

In the case of centric rings or dicentric chromosomes,
one acentric fragment was assigned to each exchange.
Polycentric chromosomes with n centromeres were counted
as n—1 dicentric chromosomes. For a direct comparison
with the data obtained for G,-phase cells, the number of
aberrations that result in an excess of chromosome frag-
ments (i.e., terminal and interstitial deletions and acentric
and centric rings) was determined.

For aberration analysis in G,-phase cells, premature
chromosome condensation (PCC) was chemically induced
by adding 50 nM calyculin A (Alomone labs, Jerusalem,
Israel) for 45 min (Lee et al. 2005; Gotoh and Durante
2006). PCC spreads were prepared and stained with FPG
technique as described previously. At each dose- and time-
point aberrations were measured in 100-200 first-cycle G,-
PCC cells that were differentiated from metaphases by
chromosome structure. Both, G,-cells and metaphase cells
display fully condensed bivalent chromatids, but G,-cells
lack a visible centromere as shown in Nasonova and Ritter
(2004). Therefore, only aberrations resulting in an excess
of chromosome fragments have been scored, while dicen-
trics remain undetectable. Some subsets of the metaphase
and PCC data have been previously published as indicated
in Table 1.

Error calculation and curve fitting

Aberration yields were averaged, and standard deviations
were calculated from 3 experiments for X-rays and 2
experiments for each 400 MeV/u C-ions or extended
Bragg peak C-ions. In case of single experiments, we
assumed Poisson standard errors for the data points as it
is normally done in radiation cytogenetics, although it
should be pointed that this errors underestimate the
uncertainty for broad overdispersed distributions. We did
not use these uncertainties for any statistical testing. The
errors should be interpreted as a broad indication of the
statistical variance.
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Least-squares fit of a linear-quadratic equation to data
was performed using the statistical program (gd) available
for UNIX workstations at GSI:

y=aD + D*

where y is the aberration yield after subtracting the back-
ground level, « is the linear coefficient, and f§ is the dose
(D) squared coefficient. Errors of o and f values were
obtained from the confidence limits of the fit curve at one
standard deviation.

Results and discussion

Analysis of aberrations in metaphase cells and G,-PCC:
impact of sampling time and LET

In the present study, we performed a systematic analysis of
the time-course of chromosome aberrations induced in
human lymphocytes by charged particles with differing LET
or X-rays (see Table 1). In the first series of experiments,
aberrations were measured in first-cycle metaphases col-
lected at the standard sampling time of 48 h and at later times
(i.e., 60, 72, and 84 h). Selected dose-response curves for
total chromosome aberration yields are shown in Fig. 1.
Following the exposure to X-rays (Fig. la) or low-LET
particles such as 11 and 14 keV/u C-ions (not shown), the
dose-response was linear-quadratic. In contrast, when lym-
phocytes were exposed to particles with higher LET values,
the dose-response curves were either linear for particles with
an energy >90 MeV/u (see Fig. 1b, ¢, e—g) or saturated for
particles with an energy <10 MeV/u (Fig. 1d, h).

For X-rays and particles with LET values up to 29 keV/
pm, no or only minor changes in the aberration frequencies
with time occurred consistent with previous reports on the
effects of y-rays, X-rays, or 30 keV/um Ne-ions (George
et al. 2001; Ritter et al. 2002; Hoffmann et al. 2002; Lee
et al. 2005; Heimers et al. 2005). In contrast, for heavy ions
with higher LET values, a marked rise in the aberration
yield with culture time was found, i.e., cells that entered
the first mitosis at 84 h carried up to 20 times more aber-
rations than those arriving at 48 h (Fig. 1c-h). The same
trend was observed when we restricted the analysis to
aberration subclasses such as dicentrics or excess acentric
fragments (data not shown). Likewise, a marked increase in
the aberration yield with time was observed in the few
studies applying fluorescence in situ hybridization tech-
nique (FISH) for the detection of cytogenetic damages
induced by charged particles with LET values of 121, 140,
and 175 keV/um, respectively (Anderson et al. 2000;
George et al. 2001; Lee et al. 2010). Altogether, these data
clearly demonstrate that the analysis of radiation-induced
aberrations in metaphase cells at a single early harvesting
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time as recommended by IAEA (2001) can lead to a severe
underestimation of the effectiveness of densely ionizing
particles.

To assess whether the G,-PCC assay at 48 h postirradi-
ation accounts for heavy-ion-induced cell cycle delay of
damaged cells, aberrations were measured at 48 h and
compared to that obtained at later sampling times (see

’ 3::) ] 40
Dose (Gy)

10 5 0 10

Table 1). Preliminary analysis of cell populations prema-
turely condensed by calyculin A showed that the percentage
of lymphocytes arrested at the first G,-phase depends on
LET and dose. For example, while most nonirradiated
lymphocytes completed the first cell cycle by 72 h and less
than 5% of the population were in the first G,-phase, after
exposure to 1 Gy of X-rays or 175 keV/um C-ions, the
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proportion of first-G,-phase lymphocytes amounted to 9 and
31%, respectively. After exposure to 4 Gy X-rays or C-ions,
these proportions rose to 30 and 55% (data not shown).

As mentioned in the introduction, in most studies per-
formed up to now, PCC cells were harvested at 48 h as ini-
tially suggested (Durante et al. 1998; Kanda et al. 1999), and
we are only aware of one study, where two sampling times
were used. George et al. (2001) scored aberrations in Go/M
lymphocytes collected at 48 h and at 72 h after irradiation
with 1 GeV/u Fe-ions (LET = 140 keV/um) and found
similar aberration yields at both times. However, in this
study, the differentiation of cell generations failed. Thus, the
aberration yield measured in cells harvested at 72 h is
probably underestimated, because cells at later cell divisions
that carry fewer aberrations than first-cycle cells (e.g., Sasaki
and Norman 1967; Bauchinger et al. 1986; Krishnaja and
Sharma 2004) have been included in the analysis.

Our experiments revealed that in G,-PCC cells like in
metaphases, the level of aberrations is stable or changes
only minimal with time after exposure to X-rays or low-
LET particles, but increases when high-LET particles are
applied (Fig. 2). However, this effect was less pronounced
in PCC samples compared to metaphase samples (compare
Figs. 1, 2), demonstrating for the first time that the pro-
posed G,-PCC assay at 48 h postirradiation accounts for
most, but not all, of high-LET-induced cell cycle delay of
severely damaged lymphocytes.

Fitting of the dose—effect curves

To facilitate a more detailed comparison of the impact of
sampling time and LET on the measured aberration yields
in first-cycle metaphases or G,-PCC cells, linear-quadratic
equations were fitted to the data and the fit parameters o and
f were derived. Table 2 shows the fit parameters obtained
from the total aberration yields in metaphase cells and from
the number of excess fragments measured in metaphase and
G,-PCC cells, respectively. The resulting « values and those
derived from the yields of dicentric chromosomes in
metaphases are plotted in Fig. 3. For the quadratic com-
ponent f3, larger values were obtained after X-irradiation
and the f values were smaller following exposure to par-
ticles in both metaphases and G,-PCC. Negative f§ values
were mainly derived from data sets for low-energy particles
such as 9.5 MeV/u C-ions (LET = 175 keV/um) or
4.1 MeV/u Cr-ions (LET = 3,160 keV/pum) due to the
saturation in the aberration yield (see Table 2). The curves
should then be intended as a guide for the trend of the data
points. Some o values are also very small (e.g., for X-rays),
but we have not refitted the data excluding the o parameter,
because we are assuming the linear-quadratic model for
describing the aberration yields. Data in Fig. 3 can therefore
be interpreted as a trend for the aberration frequency at low

@ Springer

doses. For a more precise estimate of the fit parameters «
and f, repeated experiments with a larger number of dose-
points have to be performed.

Analysis of the dose-response curves for total aberra-
tions, dicentrics, or excess fragments expressed in meta-
phase cells at 48 h postirradiation showed that the o values
increased with LET, reached a maximum around 155 keV/
pm, and decreased steeply with a further rise in LET
(Fig. 3a—c; Table 2). George et al. (2003) reported a sim-
ilar LET dependence of « values for simple and complex
exchanges in human lymphocytes collected in metaphase
48 h after exposure. Analysis of the dose-response curves
generated at later sampling times showed that the fit
parameter o is clearly time dependent for particles with
LET > 30 keV/um, i.e., o values derived from metaphases
collected at later times were higher than those obtained for
cells harvested at 48 h (Fig. 3a—c; Table 2).

Accordingly, the dose-response data for G,-PCC
(Fig. 2) were analyzed. As observed for metaphase cells,
the o values derived from PCC samples increased with LET
and peaked around 155 keV/um (Fig. 3d). However, in
contrast to metaphase analysis, the o coefficients from PCC
samples declined less steeply and, as expected from Figs. 1,
2, the time-dependent changes in the parameter o were
smaller for G,-PCC analysis than for metaphase analysis.

To gain further insights into how cell cycle delays affect the
aberration yield observable in Gj-phase or metaphase, we
compared the o values derived for excess acentric fragments,
the aberration class detectable with both assays. At any sam-
pling time, higher o values were obtained from PCC samples
(Fig. 3d) than from metaphases (Fig. 3c), confirming that
many damaged lymphocytes undergo a severe G,-block that
prevents their entry into mitosis (e.g., Durante et al. 1999;
George et al. 2003). The largest differences were observed at
48 h after exposure to C-ions with LET = 175 keV/um and at
any investigated time-point after exposure to Fe-, Xe-, or Cr-
ions with LET values >335 keV/um (see Table 2; Fig. 3c, d).
The latter observation suggests that high-LET radiation
induces not only a transient but also a sustained arrest of
heavily damaged lymphocytes in G,. Whether cells suffering a
prolonged G,-arrest will ever progress to the first postirradi-
ation mitosis remains to be determined. Certainly, the number
of aberrations detectable in G, or metaphase is also affected by
apoptosis. In preceding studies, we observed a low-apoptotic
rate in human lymphocytes after exposure to X-rays or Fe-ions
with 155 and 335 keV/um, but a high rate (up to 40%) after
exposure to Cr-ions with 3,160 keV/um (Lee et al. 2005).

Impact of the microscopic dose distribution
on the aberration yield

The observed differences in the time-course of aberrations
observed after low- and high-LET radiation (Figs. 1, 2) are



Radiat Environ Biophys (2011) 50:371-381

Fig. 2 Dose-response curves of
the yields of aberrations
detectable in first-cycle G,-PCC
cells. Because of the
morphology of G,-PCC, only
aberrations resulting in an
excess of chromosome
fragments (i.e., terminal and
interstitial deletions, acentric
and centric rings) are detectable.
Human lymphocytes were
collected at 48-84 h
postirradiation following a
treatment with calyculin A to
induce PCC in interphase cells.
Background values were
subtracted, and linear-quadratic
equations were fit to the data.
Note different x- and y-axes
scaling

attributable to the difference in the spatial energy deposi-
tion. For X-rays, the energy deposition on a micrometer
scale, i.e., in the dimension of a cell nucleus, is uniform,
leading to a homogeneous distribution of aberrations and
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delay times within the cell population. In contrast, charged
particles distribute their energy inhomogeneously with two
characteristics. The first is that the number of hits per
nucleus is randomly distributed among the cells (e.g., see
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Table 2 Fit parameters obtained for linear-quadratic dose—effect curves of total aberrations in first-cycle metaphases and excess fragments in

first-cycle G,-PCC cells collected at 48—84 h postirradiation

Radiation LET Fix Metaphases (total aberrations) Metaphases (excess fragments) G,-PCC (excess fragments)
type (keV/ time
um)  (h) :|:7le p :I:EE o i,SIE p :N:EE o :l:,SlE p :|:7§E
Gy Gy™ Gy Gy™ Gy Gy™)
X-rays 2 48 0.10 £ 0.06 0.19 £ 0.03 0.10 + 0.04 0.068 £ 0.017  0.46 &£ 0.10 0.05 + 0.03
60 0.16 + 0.06 0.20 £ 0.02 0.070 £ 0.048 0.085 £ 0.023  0.59 &£ 0.17 0.001 £ 0.06
72 0.15 + 0.07 0.20 £ 0.03 0.062 £ 0.052 0.096 £ 0.016  0.44 + 0.19 0.05 + 0.07
Carbon 11 48 0.33 + 0.08 0.15 £ 0.04 0.21 + 0.06 0.056 £ 0.019  nd.
Carbon 14 48 0.52 + 0.07 0.10 £ 0.02 0.22 + 0.05 0.042 £ 0.016  nd.
72 0.58 + 0.08 0.11 £ 0.03 0.21 £ 0.05 0.071 £ 0.017 nd.
Carbon 29 48 0.95 + 0.07 0.07 £ 0.02 0.38 + 0.05 0.041 £ 0.015 0.8 £0.1 0.05 + 0.03
60 1.1 £0.1 0.10 £ 0.03 0.49 + 0.06 0.029 £ 0.017 1.3+ 0.1 —0.05 + 0.03
72 1.1 £0.1 0.14 £ 0.03 0.48 + 0.06 0.075 £ 0.019 1.3 +0.1 —0.04 + 0.03
Carbon 60-85 48 1.34+0.2 —0.04 £ 0.12 0.64 + 0.13 —0.049 + 0.077 1.6 04 —-03+£02
extended 60 23402 —0.22 +0.13 1.2+ 0.2 —0.21 £ 0.09 20+05 —-03+04
Bragg peak 72 19402 0.11 %+ 0.12 0.77 % 0.23 0154014  18+£05 —0.04+02
84 32+ 04 —0.52 £ 0.29 1.4+03 —0.20 £ 0.26 n.d.
Carbon 175 48 0.3 +0.2 —0.03 + 0.05 0.10 + 0.03 —0.0065 £ 0.0094 1.5 £ 0.1 —0.25 + 0.03
60 2.0+ 0.1 —0.35 £ 0.03 0.88 + 0.08 —0.14 £ 0.02 27+02 —0.21 4+ 0.05
72 2.7 +£0.1 —0.32 + 0.04 1.3 £ 0.1 —0.13 £ 0.03 31+£02 —-039+0.05
84 354+02 —0.43 + 0.05 1.7 £ 0.1 —0.14 +£ 0.04 29+02 —-0.21+0.05
Iron 155 48 1.5+ 0.2 —0.01 + 0.07 0.64 + 0.12 0.042 £0.049 20+02 —-0.124+0.09
60 25402 —0.23 + 0.08 1.34+0.2 —0.091 £ 0.062 39+03 —-0.52+0.11
72 29 4+02 —0.0002 £ 0.10 1.2 4+0.2 0.15 + 0.07 40+ 03 —0.67 £ 0.10
84 35+03 —0.15 £ 0.10 1.9£02 —0.055 £ 0.078  n.d.
Iron 335 48 0.15 £ 0.04 0.01 £ 0.01 0.10 + 0.03 0.0011 £+ 0.0093 1.8 £ 0.1 —0.12 + 0.03
60 04 £+ 0.1 0.04 £ 0.02 0.24 + 0.05 0.026 + 0.015 2.5+ 0.1 —0.20 + 0.04
72 1.1 £0.1 0.08 £ 0.03 0.55 + 0.07 0.056 £ 0.020 32 £0.1 —0.37 £ 0.03
84 1.6 £ 0.1 0.06 £ 0.04 1.0 £ 0.1 0.016 £ 0.027  nd.
Iron 440 48 0.03 + 0.05 0.026 £ 0.018 0.003 £ 0.029 0.014 £ 0.011 14+02 —0.18 £ 0.06
60 0.82 £ 0.11 —0.064 £ 0.045 0.50 £ 0.09 —0.042 £ 0.034  n.d.
Xenon 690 48 0.02 £ 0.02 0.010 £ 0.002 —0.001 + 0.014 0.0054 £+ 0.0014 0.22 + 0.04 0.009 + 0.003
60 0.16 + 0.03 0.012 £ 0.003 0.096 £ 0.025 0.0062 £+ 0.0023 1.1 £ 0.1 —0.032 + 0.005
72 0.54 + 0.05 0.010 £ 0.005 0.28 + 0.04 0.0077 £ 0.0036 1.0 + 0.1 —0.016 + 0.006
84 0.61 + 0.05 0.006 £ 0.005 0.40 + 0.04 —0.0009 £ 0.0038 n.d.
Chromium 3,160 48 0.010 & 0.003 —0.0001 £ 0.0001 0.0034 + 0.0022 —0.00002 £ 0.00004 0.11 £ 0.01 —0.0008 %+ 0.0002
60  0.028 £ 0.005 —0.0004 + 0.0001  0.012 £ 0.003 —0.00016 £ 0.00005 0.31 + 0.02 —0.0038 £ 0.0003
72 0.10 £ 0.01 —0.0014 £+ 0.0001  0.058 £+ 0.006 —0.00077 £ 0.00010 0.68 4+ 0.02 —0.0071 %+ 0.0004
84 0.23 + 0.01 —0.0020 £ 0.0002 0.13 + 0.01 —0.0012 £ 0.0002 0.76 4+ 0.02 —0.0084 + 0.0004

Virsik and Harder 1981). For human lymphocytes with a
nuclear cross-sectional area of about 25 pm” (Anderson
et al. 2000), a particle fluence of 4 x 10° particles/cm?
leads to a mean number of one direct particle hit per cell
nucleus. According to Poisson statistics, 37% of the nuclei
receive no direct hit, while 37% are hit once, 18% are hit
twice, and 8% are hit by >3 particles. The second feature is
that the energy deposition of charged particles is highly
localized along the particle trajectory as reviewed by

@ Springer

Scholz (2003). The average energy deposition at a distance
r from the trajectory obeys a 1/* law, and the maximum
radial range follows a power law of the energy of the ion
(Kiefer and Straaten 1986). Hence, the inhomogeneous
dose deposition of particles results in a quite different
distribution of aberrations among cells (Virsik and Harder
1981; Gudowska-Nowak et al. 2007; Deperas-Standylo
et al. 2010) and subsequently in quite different delay times
as reflected in Fig. 1d-h.
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The impact of the track structure of particles on the
time-course of aberrations is clearly visible, when the
aberration yields produced by charged particles with a
similar LET but a different energy and consequently a
different track radius are compared, i.e., 175 keV/um
C-ions with 9.5 MeV/u (Ry.x = 2.3 um) and 155 keV/pum
Fe-ions with 990 MeV/u (R,,x = 6,200 um), respectively.
As shown in Fig. 1, at 48 h postirradiation, the aberration
frequencies were higher in lymphocytes exposed to Fe-ions
(Fig. le) than in cells irradiated with C-ions (Fig. 1d). At
the subsequent sampling times, the aberration yield
increased about twice after Fe-ion exposure, while after
C-ion exposure, an up to 24-fold rise was found.

The cytogenetic response to low-energy C-ions is
attributable to the fact that their track radius is smaller than
the radius of the cell nucleus of lymphocytes. For the
applied fluences (see Table 1), a fraction of lymphocytes is
not hit at all and will progress unperturbed through the cell
cycle, while cells receiving one or more particle hits to the
nucleus will suffer modest to severe damage and subse-
quently are delayed in the cell cycle progression. In con-
trast, in the case of high-energy Fe-ions, the track radius is
much larger than the radius of the cell nucleus. Thus, the
energy deposition of one particle is not restricted to the cell
nucleus it actually traverses, but affects also neighboring
cells. For high particle fluence, the particle tracks start to
overlap, leading to a more homogeneous dose distribution
compared to low-energy ions as described in more detail
elsewhere (Scholz 2003). As a consequence, high-energy
Fe-ions produce aberrations even in cells receiving no
direct hit, reducing the difference in aberration yields

LET (keV/pm)

between cells reaching mitosis at earlier or later times.
More detailed statistical analyses or modeling studies that
have been recently started (Gudowska-Nowak et al. 2007;
Deperas-Standylo et al. 2010) will provide further insights
into the interrelation of the number of aberrations carried
by a cell, the cell cycle progression delay, and the particle
track structure.

Particle fluence response of aberration yields
in metaphases and G,-PCC cells

To allow a comparison of the cytogenetic effects of the
applied ion beams on the basis of particle traversals per cell
nucleus, the aberration yields analyzed in both metaphases
and G,-PCC cells collected at 48 and 72 h were plotted
versus particle fluence. As mentioned earlier, a fluence of
4 x 10° particles/cm? leads to an average of one traversal
per cell nucleus for lymphocytes. As shown in Fig. 4a, in
metaphases collected at 48 h, a mean number of one par-
ticle traversal per nucleus resulted in similar aberration
yields for most ions; only 155 keV/um Fe-ions were con-
siderably more efficient. At 72 h, higher aberration fre-
quencies were observed for particles with LET > 30 keV/
pm (Fig. 4c), reflecting the specific LET- and time-
dependent changes in the aberration yield (Figs. 1, 3a—c).

The fluence—effect curves obtained for G,-PCC revealed
a different picture (Fig. 4b, d). For G,-cells, the differences
in the effectiveness of the ions studied were more
pronounced than for metaphases. Furthermore, G,-PCC
harvested at 48 h after exposure to 335 and 440 keV/um
Fe-ions displayed the highest aberration yield, i.e., a mean
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number of one particle traversal through a cell nucleus
induced about 3 excess fragments (Fig. 4b). At the later
time, 3,160 keV/pum Cr-ions were found to be most
effective producing about 10 excess fragments per hit
(Fig. 4d). Altogether, the experimental data prove that the
G,-PCC assay is more suitable than the metaphase assay
for detecting extensive high-LET-induced cytogenetic
damage. Yet, if cells are traversed by particles with a very
high LET, still a fraction of heavily damaged and drasti-
cally delayed cells is not included in the analysis when G;-
PCC are harvested only at 48 h postirradiation. Thus, in
case of a suspected exposure to particles with a very high
LET, aberrations should also be measured at a second
(later) sampling time even if the G,-PCC assay is applied.
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