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Low-dose high-LET heavy ion-induced bystander signaling (II)

M. Tomita,∗1,∗2 T. Tsukada,∗2 and M. Izumi∗2

Radiation-induced bystander response (RIBR) is a
cellular response induced in nonirradiated cells that
receive bystander signals from directly irradiated cells
within an irradiated cell population.1) RIBR induced
by low doses of high-LET radiations is an important
issue concerning the health of astronauts and in heavy-
ion radiation cancer therapy. Here, we investigated the
underlying molecular mechanisms and biological im-
plications of RIBR induced by such low doses of high-
LET radiations.

The clonogenic cell survival of normal human fibrob-
last WI-38 cells irradiated with Ar ions (310 keV/µm)
is shown in Fig. 1. At a higher dose region (0.5 Gy
and above), the surviving fractions of cells harvested
16–24 h after irradiation was similar to those of cells
harvested immediately (0 h) after irradiation [Fig. 1A].
On the other hand, a strong cell-killing effect at doses
below 0.08 Gy was observed in the cells harvested 16–
24 h after irradiation [Fig. 1B]. Such an effect was not
observed in the cells harvested immediately after irra-
diation. Previously, we reported that cells irradiated
with high-LET Fe ions (1000 keV/µm) showed simi-
lar results.2) These results suggest that an adequate
incubation period is necessary for bystander signal in-
duction and transfer.

Previously, we reported that gap-junction intercellu-
lar communication (GJIC), cyclooxygenase-2 (COX-2)
protein, and nitric oxide (NO) were involved in high-
LET Fe-ion-induced bystander signal transfer.2) Fig-
ure 2 shows the progress of results reflecting new data.
Lindane and NS-398 (an inhibitor of GJIC and COX-2,
respectively) were dissolved in DMSO (a scavenger of
reactive oxygen species). c-PTIO is a scavenger of NO.
DMSO (0.1%), lindane (Lin, 50 µM), c-PTIO (20 µM),
or NS-398 (50 µM) was added to the medium 2 h be-
fore irradiation3) with 0.1 Gy of Fe ions (1000 keV/µm)
[Fig. 2A] or 0.05 Gy of Ar ions (310 keV/µm) [Fig.
2B]. The obtained results for the cells irradiated with
Fe and Ar ions were almost similar. DMSO did not sig-
nificantly suppress the bystander cell killing. In con-
trast, lindane, NS-398, and c-PTIO significantly (P <
0.05) suppressed cell death to similar levels. Cells pre-
treated with both c-PTIO and lindane did not exhibit
a significantly higher surviving fraction than those pre-
treated with lindane or c-PITO alone. These results
suggest that bystander signaling through GJIC and the
cell culture medium induces the bystander cell killing
effect in a coordinated manner.
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Fig. 1. Survival curves of WI-38 cells. Confluent monolay-

ers of WI-38 cells were irradiated with 95 MeV/u Ar

ions and the cells were harvested immediately (0 h) or

16–24 h after irradiation. The surviving fraction was

determined by using a colony forming assay. Panel A

shows all data obtained in this study. Panel B shows the

surviving fractions at doses of 0.2 Gy and below. The

error bars represent the standard errors of the mean

(SEM) (n = 3–6).

Fig. 2. Effect of inhibitors or scavengers. Panels A and B

show the surviving fractions in the cells irradiated with

0.1 Gy of Fe ions and 0.05 Gy of Ar ions, respectively.

*P < 0.05 and **P < 0.01, for comparison with control

and drug-treated cultures.
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Effects of several LET conditions on the mutation isolation system in fruit 
flies  
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Heavy-ion beam mutagenesis is generally recognized as 
an effective method for mutation breeding1, 2). Although this 
method was greatly successful with plants, its application is 
limited for animals. Therefore, we plan to acquire more 
basic data to set up optimal conditions for the irradiation 
system by heavy-ion beam, using Drosophila melanogaster 
(fruit fly) as the model. 

In a previous study, we developed and improved a stable 
mutant isolation system using fruit flies using carbon-ion 
beam irradiation. Then, we estimated the suitable state of 
the F1 progeny that includes a possibility of chromosome 
damage. It is important to know when the flies with high 
probabilities of DNA damage are born. Since DNA damage 
to important genes for survival can be judged by the 
homozygotes born in the F3 progeny, we measured a 
frequency of the lethal rate of the F3 progeny3). The 
progeny born 4 days after irradiation at 10 Gy dose levels 
recorded the maximum frequency of lethal rate3). 

In this report, we measured the survival and the lethal 
rates at 4-days samples with various linear energy transfer 
(LET) values of [22.5, 30, 50, 80, 100, 200, and 300 
keV/µm] at different dose levels (1, 3, 10, 20, 30, 40, 60, 
and 80 Gy) using carbon-ion beam or argon-ion beam to 
estimate the influence of LET of heavy-ion beam on the 
biological effects. 

Irradiated male flies were crossed with virgin female flies 
in the manner shown in reference 4. We focused on 4-days 
samples because they showed maximum frequency of lethal 
rate of the F3 progeny3). We compared the survival rate 
with those at different LET conditions. The survival rate 
decreases with increasing dose of LET irradiation (Fig. 1).	
When the strength of LET was beyond 100 keV/µm, the 
survival rate decreased remarkably, and the population of 
the F1 generation to establish mutant flies decreased sharply 
(Fig. 1).	 Furthermore, even when the exposure doses 
exceeded 20 Gy, survival rates decreased remarkably, and 
the population in the F1 generation decreased sharply.  

Then, we compared the lethal rates at different LET 
condition. When the exposure doses exceeded 20 Gy, the 
lethal rates had high numerical values (Fig. 2). But these 
data could not establish the lethal mutants because there 
were only a few numbers of the F1 generation. In other 
words, it is impossible to search the mutant lines for 
large-scale screening, and it is impossible to estimate the 
good irradiation conditions. 

The good exposure doses for the purpose of large-scale 
screening of mutant lines are 1-3 Gy. The good LET values 
for irradiation are 22.5-80 keV/µm (Fig. 1). In the case of 
22.5, 30, and 50 keV/µm, the lethal rate for 3-Gy irradiation 
is higher than that for 1-Gy irradiation (Fig. 2). Thus, these 
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data suggest that 3-Gy irradiation is better than any other 
condition. In the case of 80 keV/µm, the lethal rate for 1-Gy 
irradiation is higher than that for 3-Gy irradiation (Fig. 2).  
Therefore, these data suggest that 1-Gy irradiation is better 
than any other conditions. 

Fig. 1. Correlation between survival rate and exposure dose. 
Parental male flies were irradiated with carbon-ion beams 
(LET = 22.5, 30, 50, 80, 100 keV/µm) or argon-ion beams 
(LET = 200, 300 keV/µm). The frequency of survival rate 
of the F1 progeny is measured using 4-days samples.  

Fig. 2. Correlation between lethal rate and exposure dose. 
The frequency of lethal rate of the F3 progeny is measured 
using 4-days samples. 
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