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1.  Overview
The primary aim of the Research Center for Radiation 

Protection is to provide a scientific basis for radiation protection 
and safety. Toward this goal, radiation exposure from various 
sources is measured, the dose-effect relationships for various 
endpoints are examined, and the mechanisms underlying the 
effects are investigated. The Research Center disseminates its 
research results to promote public understanding of radiation 
effects and to encourage the enactment of more reasonable 
regulations concerning the use of radiation. The scope of its 
activities is not limited to Japan: the Center has been appointed 
as a Collaborating Center by the International Atomic Energy 
Agency and the appointment lasts until 2018.

The Research Center consists of the Planning and Promotion 
Unit, three research programs (Radiobiology for Children’s 
Health Program, Radiation Risk Reduction Research Program, 
and Regulatory Science Research Program) and the R&D Team 
for Biospheric Assessment for Waste Disposal.

2.  FY2015 activities
2.1.  Radiobiology for Children’s Health Program
1)  Background and objectives of research 

In this era of low birthrate and prolonged longevity in Japan, 
concerns about the safety of fetuses and children with respect 
to radiation protection have been growing. Progressive increas-
es in the use of medical radiation for children have recently 
forced the ICRP, IAEA and WHO to draft global initiatives on 
radiation protection of children. 

This program carries out studies using mice and rats to 
provide information on the risk of cancer due to radiation expo-
sure during fetal and childhood periods. Our studies focus on 
the effects of high linear energy transfer (LET) radiations i.e., 
neutrons and heavy ions, on fetuses and children. The ultimate 
objective of this research group is to propose weighting factors 
for both age-at-exposure and radiation quality to support the 
framework of radiation protection. 

2)  Main results
•  The relative biological effectiveness of neutrons, from expo-

sure during childhood, was determined experimentally for 
cancer risk of kidney and brain.

•  Experiments was continued to investigate the effect of repeti-
tive radiation exposure, giving reduction factors related to 
fractionation of radiation exposure for gamma rays. 

•  Novel findings were made on characteristic mechanisms 
of carcinogenesis associated with childhood exposure to 

radiation, including genetic mutations and early responses. 
•  Genomic analysis was conducted, for the first time in the 

world, on uranium-induced cancer in an animal model and a 
genetic alteration was found.

•  Three articles, to which members of the Program had con-
tributed as authors, were cited in ICRP Publication 131 Stem 
Cell Biology with Respect to Carcinogenesis Aspects of 
Radiological Protection (2015).

2.2.  Radiation Risk Reduction Research Program
1)  Background and objectives of research 

Susceptibility to radiation-induced malignancies differs de-
pending on the individuals. Variable efficiencies of the DNA 
repair function resulting from single nucleotide polymorphisms 
(SNPs) located in genes for DNA repair-related proteins are 
thought to be one of the factors that cause individual differ-
ences in radiation sensitivity. In addition, there is evidence sug-
gesting that individual radiation sensitivity can be modulated 
by lifestyle practices. These practices include smoking habits 
which have been shown to elevate an individual’s sensitivity to 
α-particles. The purpose of this program is to identify factors, 
whether genetic or epigenetic, causing individual differences 
in radiation sensitivity, and also to present a possible way to 
reduce individual radiation risks by artificially regulating these 
factors.

2)  Main results
•  More radiation-induced micronuclei were observed in mice 

administered Japanese rice wine (sake) than control mice, 
with varying degrees in induction of antioxidant activity in the 
liver depending on the grade of sake.

•  Results were summarized on DNA damage repair factors 
Ku80 and Rad52 and candidates of protein markers of radio-
sensitivity were listed.
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•  A combination of mild dietary restriction and radiation-in-
duced adaptive response was effective in reducing genotox-
icity of radiation. 

•  A research perspective was reported to OECD/NEA-CRPPH 
regarding modification of radiation sensitivity by lifestyle fac-
tors including dietary habits. 

2.3.  Regulatory Science Research Program
1)  Background and objectives of research 

Objectives of this program are to investigate the necessary 
information for development of radiation safety standards and 
guidelines and to propose scientifically based measures for 
radiation regulation and policy aiming at a more reasonable 
system of radiation protection. For such purposes, the scientific 
knowledge is processed in a suitable form to apply each prac-
tice and to provide it to government regulatory agencies and to 
society.

2)  Results
•  Twelve research articles were published regarding protection 

of radiation from natural sources.
•  Information on research needs for the next mid/long-term 

plan was actively collected from international organizations 
including ICRP and IAEA.

•  To establish grounds for deployment in research and other 
activities, agreements were concluded on research collabo-
ration with overseas organizations and partnerships were 
strengthened with governmental administration and educa-
tional organizations.

•  Experts were dispatched to national councils and other 
meetings to support setting of standards for radiation safety. 
For example, in a cross-ministerial meeting on safety of par-
ticipants in offsite disaster prevention, a proposal was made 
on training of disaster prevention workers during normal 
times, which was adopted in the final report. 

2.4.  R&D Team for Biospheric Assessment for Waste 
Disposal

1)  Background and objectives of research
The aim of the team’s current project is to provide environ-

mental transfer parameters for radiation dose assessments 
from radionuclides released from radioactive waste disposal 
sites. To obtain suitable parameters for the Japanese bio-
sphere, this team has been carrying out three tasks: (1) con-
structing the database of environmental transfer parameters (TF 
and Kd) considering climate change; (2) estimating the effects 
on microbial activities for the transfer parameters of carbon-14 
in soil-plant systems; and (3) collecting the environmental 
transfer parameters of important radionuclides (Pu, Am, Th and 
Cl) by ultra-high sensitivity analysis. 

2)  Main results
• Regarding development of analysis methods for trace ra-

dionuclides, the recommended temperature for soil sample 
ashing in the nitric acid leaching method was determined 
for plutonium, which is applicable to other artificial radionu-
clides (e.g. strontium-90 and americium-241) in soil samples; 
for seaweed samples, there is no limitation for the ashing 
temperature.

• Concentrations of cesium-137 and potassium-40 were meas-
ured in leaves of several perennial herbaceous and woody 
plants and it was clarified that these two radionuclides do not 
behave similarly in the leaf blade and petiole. 

3.  Summary of main results of the mid-term plan
3.1.  Experimental research for radiation protection 

of children
•  Information for age-weighting factors of radiation risk was 

collected through experiments on age dependence of the 
relative biological effectiveness of carbon ions and neutrons 

on life shortening and incidence of breast cancer and on age 
dependence of the relative biological effectiveness of neu-
trons on induction of lung cancer, myeloid leukemia, renal 
cancer and brain tumor. 

•  Reduction factors related to fractionation of radiation expo-
sure was experimentally determined regarding life shortening 
of young animals exposed to gamma rays or carbon ions. 

•  Persistence of uranium exposed during infancy was clarified 
in a rat model; a novel model was developed in which expo-
sure to uranium induces renal carcinogenesis with an identi-
fied genetic mutation. 

•  As biological grounds for age-weighting factors for radiation 
risk, distinct mechanisms of carcinogenesis were revealed 
between infant and adult animals.

•  These and other results were presented in international meet-
ings including the WHO Collaboration Center Symposium 
and the International Congress of Radiation Research and 
cited in important publications issued by UNSCEAR, ICRP, 
NCRP and WHO (a cumulative total of 11 citations). 

3.2.  Mechanistic studies aiming at risk reduction
•  High calorie diets, drinking alcohol and hormones were 

shown to be factors that may modify radiosensitivity of mice. 
•  Two amino acids of Ku80 and 8 amino acids at the C termi-

nus of Rad52 were shown to be candidates of biomarkers 
for individuals with high susceptibility to radiation-induced 
carcinogenesis.

•  Dietary conditions were identified to be factors that modify 
efficiency of radiation-induced adaptive response.

•  Artemis, a protein for non-homologous end joining, was 
shown to have a function that may increase mutation fre-
quency in DNA damage response after low-dose radiation 
exposure. 

•  Regarding modification of radiation sensitivity by lifestyle 
factors including dietary habits, future research needs were 
summarized as a proposal to OECD/NEA-CRPPH. 

3.3.  Regulatory science for bridging the gap 
 between scientific findings and society
•  As the main sources of radiation exposure in Japan have 

been medical radiation and natural radiation even after the 
Fukushima Daiichi nuclear power plant accident, the current 
status of, and countermeasures to, natural radiation expo-
sure in Japan were clarified and information on management 
measures and requirements thereof were conveyed to the 
regulation authorities.

•  Regarding the important issue of risk of radiation at low dose 
and low dose rate, mathematical models and pooled analy-
sis were used to more precisely estimate radiation risks, by 
incorporating the latest epidemiological information and pa-
rameter values for the Japanese population. 

•  To support risk communication activities conducted nation-
wide after the Fukushima Daiichi nuclear power plant ac-
cident, information sources and methodologies were devel-
oped and published. 

•  Regarding the environmental effect of the Fukushima Daiichi 
nuclear power plant accident, exposure levels of wild life and 
the dose rate of no observed effect were estimated, present-
ing IAEA with scientific grounds for judging the necessity of 
environmental protection measures.
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Distribution differences of K and 137Cs in leaf blade 
and petiole of herbaceous and woody plant leaves
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Introduction
Large areas in Eastern Japan were contaminated with radi-

ocesium (134Cs and 137Cs) after the Fukushima Daiichi Nuclear 
Power Plant (FDNPP) accident. Because of the similar chemi-
cal reactivities of Cs and potassium (K), 40K/137Cs ratios in 
aboveground plant tissues are similar. Therefore, it was widely 
thought that to predict the behavior of radiocesium in plants, 
K could be used as an analogue of radiocesium for any plant 
species after uptake through the roots. However, Ban-nai et al. 
[1] reported that radiocesium concentrations in petiole of three 
leafy vegetables (lettuce, spinach and komatsuna) were small-
er than that in the leaf blade. On the other hand, for sycamore 
tree, the K concentration in the petiole was found to be higher 
than that in the leaf blade [2]. These results suggested that 
petiole and leaf blade would have different K/Cs ratios, which 
means the elements have different roles in leaves.

In this study, we collected leaves of several perennial herba-
ceous and woody plants and measured 137Cs and 40K concen-
trations of their leaf blade (LB) and petiole (P) tissues to clarify 
whether the two elemental distributions were the same or not in 
other plant species.

Materials and method
The following plants grown wild on the NIRS campus in 

Chiba City located ca. 220 km south from the FDNPP were col-
lected at various times from 2012 until 2015: giant butterbur 
(Petasites japonicus, LB and P); Japanese knotweed (Fallopia 
japonica, LB and P); Japanese dock (Rumex japonicus, LB 
and P+S (petiole+stem)); ginkgo (Ginkgo biloba, deciduous 
tree, LB and P); Someiyoshino cherry (Cerasus × yedoensis 
(Matsum.) A.V.Vassil. ‘Somei-yoshino’ deciduous tree, LB and 
P); and mochi tree (Ilex integra, evergreen tree, LB and P). We 
have in particular collected giant butterbur regularly since 2012 
in the spring. For comparison, we also collected two wild her-
baceous plants in Fukushima Prefecture, that is, giant butterbur 
(LB+P) and momijigasa (Parasenecio delphiniifolius, LB and 
P+S) in 2013 and 2015, respectively.

Immediately after the collection, plant specimens were trans-
ferred to a laboratory and then, each tissue part was separated 
as shown in Fig.1. They were separately washed with tap water 
to remove dust from the surface; this was done in a washing 
bowl by changing the water 5 times, and then, finally, the sam-
ples were rinsed with reverse osmosis water. All samples were 
oven-dried to a constant weight at 80°C in an electric oven for 
at least 2 d to decrease the sample volume. Each oven-dried 
sample was pulverized and mixed well, and then transferred to 
a 100-mL plastic container.

Radioactivity concentration in each sample was measured 
by a Ge detecting system (Seiko EG&G) using 50,000–150,000 
s counting intervals. A mixed gamma standard solution 
(Amersham, QCY-46) was used for an efficiency correction. 
The 137Cs activity was decay corrected to the sampling date. 
Potassium analysis was done based on 40K because the radio-
nuclide is a nearly perfect indicator of stable K.

Concentration ratios for 137Cs (CR_Cs) and 40K (CR_K) were 
defined as

CR_Cs = CLB-Cs / CPS-Cs ………..(1)
CR_K = CLB-K / CPS-K ………..(2)

where CLB-Cs is 137Cs concentration in LB, CPS-Cs is 137Cs con-
centration in P (+S), CLB-K is 40K concentration in LB and CPS-K is 
40K concentration in P (+S). Then the discrimination ratio (D) of 
40K/137Cs of LB to P (+ S) was calculated as CR_K / CR_Cs, that 
is,

D = (CLB-K / CPS-K) / (CLB-Cs / CPS-Cs) ………..(3)

Leaf blade 
(LB)

Petiole 
(P) 

Leaf blade 
(LB)

Petiole (P)

Giant butterbur Ginkgo

Fig.1 Leaf blade and petiole samples for giant butterbur and ginkgo.

Biospheric Assessment for Waste Disposal
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Results and discussion
We judged the source of 137Cs in plants collected at NIRS to 

be mostly from the FDNPP accident because global fallout 137Cs 
in plants was low in Japan before 2011. Since March 2011, we 
have been able to measure 134Cs in many plant samples. In this 
highlight, however, we only report 137Cs and 40K results.

The measured concentrations of 137Cs and 40K in LB and P 
samples for giant butterbur are shown in Fig.2 on a dry weight 
basis. The 137Cs decreased for both LB and P in 2012–2014, 
because bioavailability of radiocesium added to the soil should 
decrease with time after the deposition due to the aging effect. 
We previously reported the effective half-lives of 137Cs in gi-
ant butterbur tissues from 2011–2014 and found the average 
value of 446 d [3]. However, when we compared the data from 
2014–2015, no statistical differences were observed, that is, 
137Cs concentrations did not decrease from 2014 to 2015. Thus 
we assumed that the bioavailable 137Cs amount in the soil did 
not change much between 2014–2015. 

From the results of Fig.2, we saw 137Cs concentrations in LB 
were higher than those in P, however 40K showed a different 
tendency. Specifically, CR_Cs and CR_K were calculated us-
ing eqs. (1) and (2), respectively, and the results are shown in 
Fig.3. The CR_Cs values were from 1.2 – 2.1, while the CR_K  

Fig.2 137Cs and 40K concentrations change in leaf blade (LB) and peti-
ole (P) in giant butterbur samples collected at NIRS from 2012 to 
2015.

Fig.3 CR_Cs, CR_K and D values of giant butterbur from 2012 to 2015.

values were from 0.49 – 0.70. Then we calculated the discrimi-
nation ratio D using eq. (3). If D values are equal to one then 
the leaf blade and petiole or stem do not discriminate Cs from 
K, and if the value is lower than one then the leaf blade con-
centration of K is decreased and/or Cs is enhanced in. The D 
values were from 0.23 – 0.47 with an average value of 0.35. 
Thus apparently, K and Cs discrimination was observed in the 
leaf components, LB and P. One of the reasons for the differ-
ent 137Cs and K distributions in these leaf parts might be soil 
re-suspension onto the plant; however, our previous study of 
plant tissues from the same sampling sites showed that 137Cs 
concentration did not increase by re-suspension of soil onto the 
giant butterbur LB and P [4]. Therefore, the soil re-suspension 
effect should be negligible.

To allow us to compare the giant butterbur results with other 
plant species, further measurements were carried out and the 
results are shown in Table 1. The only exception was found for 
mochi tree, an evergreen tree species. Because evergreen 
tree leaves generally have a longer life than deciduous tree 
leaves or herbaceous plants have, they might have different 
physiological chemistry and, consequently, the concentration 
difference may not be clear between the leaf blade and petiole. 
Therefore, data for mochi tree leaves are not considered further 
here.

The CR_Cs values for plant species were higher than 1 (1.2 – 
4.1). The tendency was the same not only for the plant samples 
collected at NIRS but also for samples collected in Fukushima 
Prefecture. We also used reported data [1] and calculated the 
CR_Cs for comparison; the value ranged from 1.4 – 2.1 show-
ing the same tendency as the present study.

For 40K, on the other hand, CR_K values were lower than 1, 
not only for giant butterbur but also for other plant species, 
and K concentrations in P were higher than those in LB. The D 
values were calculated to be lower than 1. These results sug-
gested that Cs and K did not behave similarly in these specific 
areas of leaf tissues, leaf blade and petiole. We previously 
reported Cs and K distribution differences between stems and 
leaves of perennial herbaceous plants; thus Cs and K roles in a 
plant might be different. From these results we concluded that 
to understand the detailed radiocesium fate in plants, K mea-
surement results should not be used as an analogue.

References

[1] Ban-nai T, et al., J Radiat Res 36, 143, 1995.

[2] Guha MM, Mitchell RL, Plant Soil 24, 90, 1966.

[3] Tagami K, Uchida S, J Environ Radioactiv 141, 138, 2015.

[4] Tagami K, Uchida S, Hosyakagaku 28, 1, 2013.

Table 1  CR_Cs, CR_K and D values of seven plant species.

Plant name Collection 
date

CR_Cs
LB/P(+S)

CR_K
LB/P(+S) D

Japanese 
Knotweed

3-Sep-14 - 0.40 -

1-May-15 1.3 0.54 0.41

Japanese dock 27-Apr-15 1.3 0.84 0.62

Giant butterbura 24-May-13 1.2 0.44 0.38

Momijigasaa 30-Sep-15 4.1 0.68 0.17

Ginkgo 19-Jul-13 1.2 0.52 0.44

Ginkgo 10-Jul-14 - 0.54 -

Ginkgo 27-Apr-15 - 0.54 -

Someiyoshino 
cherry 17-Jun-14 2.1 0.95 0.46

Mochi tree 17-Jun-14 0.71 1.0 1.4
aSamples were collected in Fukushima Prefecture.
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Introduction
Plutonium is the second element in the transuranium element 

series. The current existence of Pu in the natural environment is 
due to human nuclear activities, such as nuclear weapon test 
explosions, nuclear industry operations and accidental releas-
es. Global fallout, resulting from extensive atmospheric nuclear 
weapon tests in the last century, is the dominant Pu source in 
the environment. In recent years, there has been considerable 
concern regarding the behavior of global fallout Pu in the envi-
ronment because of the radiotoxicity associated with its alpha-
emitting radioisotopes (239Pu, 240Pu). 

Attention has also been given to using Pu as a tracer to 
study geochemical processes, for example, soil erosion, sedi-
ment dating and desertification studies. In all these applica-
tions, an inevitable analytical operation is to transfer Pu from 
environmental samples (e.g. soil, sediment and biological 
samples) into a liquid which is compatible with the subsequent 
chemical treatment. In the literature, many methods have 
been presented to achieve this, such as, the nitric acid leach-
ing method, total digestion method and alkali fusion method. 
Among these methods, nitric acid leaching is the most popular 
one because it is simple, fast and effective. Normally, the nitric 
acid leaching analytical method consists of four steps: ashing, 
acid leaching, Pu separation and Pu measurement. The ashing 
step is intended to destroy any organic matter in the samples 
that would have a negative impact on the Pu separation step. 
Different ashing temperatures, from 400 to 900°C, have been 
used by different researchers. Various ashing temperatures 
may cause additional uncertainty in Pu analysis. For example, 
low temperatures may not decompose the organic matter thor-
oughly, while high temperatures may produce some refractory 
particles. Therefore, an appropriate ashing temperature should 
be identified and accepted by researchers to improve the reli-
ability and accuracy of the nitric acid leaching method.

Thus, in this study, efforts were made to investigate the effect 
of ashing temperature on accurate determination of Pu using 
the nitric acid leaching method, for soil and biological samples. 
Furthermore, an optimum temperature was recommended for 
sample ashing.

Experimental
One seaweed (IAEA-446) and two soil (IAEA-soil-6 and 

IAEA-375) standard reference materials were used to in the 
experiment. 1.5 – 2 g soil samples and approximately 5 g sea-
weed samples were weighed and ashed in a muffle furnace 
(FUW 253PA, Tokyo). The ashing temperature was set from 
375 to 600°C, and each temperature was used to ash three 
replicate samples for analysis. After ashing, a well-established 

two stage anion chromatographic chemical separation method 
was utilized for sample preparation [1]. Specifically, 20 mL 
conc. HNO3 was used to leach Pu from a soil sample by heat-
ing the sample-HNO3 mixture in a closed PTFE vessel at 160°C 
for 4 h. After filtration and adjusting Pu to the tetravalent state, 
the sample was loaded onto a preconditioned 2 mL AG 1 × 8 
resin column, which was subsequently washed with 50 mL 8M 
HNO3 and 30 mL 10 M HCl to remove U, Fe, Pb and Th. Pu 
was eluted from AG 1 × 8 with 40 mL 0.1 M NH4I-8.5 M HCl 
solution, followed by sample evaporation, organic matter de-
composition (adding 1 mL aqua regia and heating to dryness, 
repeated twice) and dissolution in 4 mL conc. HCl/H2O2 solu-
tion. The sample was then transferred to a preconditioned 2 mL 
AG MP-1M resin column, where matrix elements like U and Th 
were further removed by washing with 20 mL 8M HNO3 and 8 
mL 10 M HCl. Afterwards Pu was eluted from AG MP-1M resin 
with 16 mL conc. HBr. After the sample was heated to dryness, 
1 mL ultrapure HNO3 was added and heated to dryness again 
to remove any trace of HBr. Finally, the residue was dissolved 
in 0.8 mL 4% HNO3 for ICP-MS measurement [2].

Results and discussion
For soil samples, the Pu analytical results of IAEA-soil-6 and 

IAEA-375 are plotted in Fig.1 and Fig.2, respectively [3]. In 
Fig.1, for samples ashed at temperatures not exceeding 450°C, 
the 239+240Pu activities were generally consistent with the re-
ported range: 0.96 – 1.11 mBq/g. As the ashing temperature in-
creased, however, an obvious decreasing trend of 239+240Pu was 
observed. The lowest activity was found in samples ashed at 
600°C, in which only 62% of the Pu was recovered, compared 
to the certified 239+240Pu activity (1.035 mBq/g). In contrast to the 

239+240Pu activities, the 240Pu/239Pu atom ratios plotted in Fig.1 did 
not show any significant difference at various ashing tempera-
tures, and all the ratios were within the reported range. This 
may indicate that no isotopic discrimination occurred during 

Biospheric Assessment for Waste Disposal
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ashing, and all Pu isotopes were lost at the same rate. For the 
IAEA-375 samples, similar tendencies were observed, with 
the exception of the 600°C ashed samples, which might be 
slightly influenced by hot particles that had been released from 
the Chernobyl accident [3]. The lowest Pu activity was found 
for the 550°C ashed samples, in which only 60% of the Pu 
was recovered, compared to the certified activity of IAEA-375 
(0.30 mBq/g). 

As discussed above, both soil standard reference materials 
had a decreasing trend for 239+240Pu activity when the ashing 
temperature exceeded 450°C, indicating that a smaller Pu con-
tent was measured in these samples. Since all the experimental 
conditions were the same except ashing temperature, it was 
hypothesized that the Pu loss in these soil samples may be 
attributed to high temperature ashing by forming some refrac-
tory fractions in which some portion of the Pu was trapped and 
could not be leached out by HNO3. To verify this hypothesis, 
X ray diffraction (XRD) analysis was performed to examine the 
chemical composition change in soil samples after ashing. The 
XRD results of non-ashed, 400°C ashed and 600°C ashed soil 
samples showed that new crystalline phases were generated 
in the 600°C ashed samples. These new phases were further 
identified as plagioclase-like silicate materials which are known 
to be insoluble in HNO3.

To validate the hypothesis, various combinations of leach-
ing/ digesting conditions, including conc. HNO3, HNO3-HF, and 
HNO3-HF-HClO4, were utilized to treat IAEA-soil-6 samples after 
ashing at 550˚C. The 239+240Pu activity obtained from the conc. 
HNO3 leaching method was 0.67 ± 0.02 mBq/g, significantly 
lower than the reported range: 0.96 – 1.11 mBq/g. For the 
HNO3-HF leaching and HNO3-HF-HClO4 digestion methods, 
silicate fractions formed during ashing were dissolved by HF, 
resulting in the 239+240Pu activity being within the reported range: 
0.96 ± 0.03 mBq/g for HNO3-HF leaching; and 0.99 ± 0.02 
mBq/g for HNO3-HF-HClO4 digestion. Consequently, based on 
the above discussion, it was confirmed that high ashing tem-
peratures (500 – 600˚C), can lead to formation of some refrac-
tory silicates which remain insoluble in conc. HNO3, and that 
results in Pu loss in the HNO3 leaching method.

For seaweed samples, only two temperatures were assessed 
(450 and 600°C), with the results shown in Table 1. For both 
temperatures, the Pu activities and atom ratios were all con-
sistent with the certified values, indicating that no ashing tem-
perature effect was observed. The contradictory behavior to 
that of soil samples might be attributed to the different silicate 
concentrations in soil and seaweed materials. Soil is well to be 
rich in silicon, with the proportion up to one third, while the sili-
con fraction in the investigated seaweed sample is only 0.042%. 
Therefore, for seaweed samples, high temperature ashing 
(> 450°C) does not lead to Pu loss for the conc. HNO3 leaching 
method.

Overall, the results of soil samples showed less Pu extracta-
bility with HNO3 when the ashing temperature exceeded 450°C, 
due to the formation of plagioclase-like refractory fractions. The 
findings of this study suggest that the temperature for soil sam-
ple ashing in the HNO3 leaching method should be controlled 
below 500°C, and 450°C is recommended. This suggestion is 
also useful for the determination of other artificial radionuclides 
(e.g. 90Sr, 241Am) in soil samples. But for seaweed samples, 
there is no limitation for the ashing temperature.

Table 1 Pu analytical results of the ashing temperature experiment for IAEA-446 seaweed 
samples (n=3)

Ashing temperature 450°C 600°C Certified value

239+240Pu activity (mBq/g) 0.026 ± 0.001 0.025 ± 0.003 0.024 ± 0.002

240Pu/239Pu atom ratio 0.222 ± 0.003 0.230 ± 0.007 0.220 ± 0.006

Fig.2 Pu analytical results of IAEA-375 samples treated by the conc. 
HNO3 leaching method (ashed at 375 – 600˚C) 

Fig.1 Pu analytical results of IAEA-soil-6 samples treated by the conc. 
HNO3 leaching method (ashed at 400 – 600˚C) 
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Using genetic analysis to examine T cell lymphomas 
arising in mice irradiated with carbon ions or gamma rays

Benjamin J. Blyth

Introduction
One of the key advantages of carbon ion radiotherapy is the 

reduction of radiation deposition in normal tissue ahead of the 
target volume. The reduction in second cancer risk associated 
with this dose reduction is, however, dependent on the relative 
cancer risk associated with this radiation exposure compared 
to traditional radiotherapy modalities. In this project [1], we 
examined T cell lymphomas which arose in mice exposed 
starting from 1 week old to a mono-energetic carbon ion beam 
(290 MeV/u) produced at the Heavy Ion Medical Accelerator at 
Chiba (HIMAC) at the NIRS, such that the whole-body received 
the low LET (13 keV/μm) deposition ahead of the Bragg Peak 
recapitulating the exposure of normal tissue ahead of an irradi-
ated tumour. We examined both single exposures of 4 – 4.8 Gy 
as well as the same total dose delivered over four once-weekly 
fractions. Our aim was to determine whether the radiation-in-
duced tumours from these exposures showed different cancer-
initiating events from tumours arising following a standard 
gamma ray exposure at the same dose.

Induction of Lymphomas by Gamma or Carbon 
Irradiation

When comparing a single exposure of 4 Gy, carbon ions 
induced a significantly increased frequency of T cell lympho-
mas (cancer of the thymus originating from immature T cells), 
with a significantly reduced T cell lymphoma-free lifespan, 
an indication of a higher RBE for carbon ions, even at the low 
LET relevant for normal tissue exposure (Fig.1). The effect of 

Fig.1 T cell lymphoma-free survival of mice irradiated with gamma rays or carbon ions. The Kaplan-Meier estimator is plot-
ted for the five irradiation groups with censored cases (causes of death other than TL) marked with crosses. Curves 
sharing the same letter designation (a, b or c) are not significantly different by pairwise log-rank tests (P > 0.05).
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fractionation for carbon ion irradiation was complex, with the 4 
Gy and 4.8 Gy doses at the inflection point for efficient induc-
tion of early lymphomas instead of late-occurring solid tumours. 
However, when the 4 Gy carbon dose was fractionated mim-
icking a clinical regimen, the risk was the same as for a single 
dose of gamma rays, suggesting that normal tissue can be 
partially protected from second cancers using this method that 
is routinely employed to prevent acute tissue reactions.

Genetic Analysis of Tumour Suppressor Genes
We selected T cell lymphomas from a cohort of 100 carbon 

ion irradiated mice, based on records in J-SHARE (Japan-
Storehouse of Animal Radiation Experiments) an experimental 
and pathology archive of lifetime radiobiology experiments 
at NIRS. For comparison, we also examined 16 tumours from 
gamma irradiated mice.

A selection of the carbon tumours (n=20) and all of the 
gamma tumours (n=16) were examined by whole genome DNA 
copy number analysis to identify regions of the genome which 
had suffered deletions or amplification events. Identifying which 
regions of the genome had been lost allowed us to characterise 
candidate tumour suppressor genes within the deleted regions. 
In both carbon and gamma tumours, deletions were identified 
over regions containing known T cell tumour suppressor genes, 
including Pten, Bcl11b, Ikzf1, Trp53, Cdkn2a/Cdkn2b and 
Notch1. 

Allelic loss on the chromosomes harbouring Pten, Bcl11b, 
Ikzf1 and Trp53 genes was then examined across the whole 
cohort of tumours. Those genes which are known to frequently 
suffer DNA mutations were also screened by sequencing of 
mRNA transcripts via reverse-transcription PCR. Many of these 
gene alterations were mutually exclusive, as they converge on 
important T cell developmental networks, removing any advan-
tage from multiple hits to the same pathway. Although some 
significant differences were observed in the frequency of the 
competing inactivation modes (loss of a Bcl11b allele was more 
common in carbon tumours, while Pten loss was more common 
in gamma tumours), on the whole, both radiation types showed 
cancer-initiating mutations in canonical T cell lymphoma genes.

Interstitial Chromosomal Deletions
Many of the DNA copy number aberrations were small (less 

than a few million basepairs) and often occurred within tumour 
suppressor genes, resulting in loss of gene expression. These 
are known to arise in many cases by illegitimate recombination 
events, whereby cryptic signal sequences are recognised by 
the cell’s normal gene rearrangement machinery and undergo 
unintended recombination events. Larger events included 
whole chromosome loss, or loss of a chromosome at a break-
point to the end of the chromosome. However, it was observed 
that large interstitial deletions, or a loss of more than 5 million 
basepairs of DNA from within the chromosome, was more com-
mon in the carbon tumours than those from mice irradiated with 
gamma rays (Fig.2). These deletion events are more complex, 
requiring the DNA to be broken in two distant locations and for 
the intervening DNA to be lost before repair of the distant ends. 
Genes in the middle of a chromosome are normally more resist-
ant to deletion, yet it appears that even at the lower LET in the 
plateau region, heavy ion irradiation is more effective at induc-
ing these lesions. 

Interestingly, most of these large interstitial deletions did not 
involve any of the T cell lymphoma tumour suppressor genes 
and are likely hallmarks of the heavy ion radiation exposure, but 
are not the causal events. This is consistent with radiation act-
ing as a genotoxin to introduce cancer-initiation mutations, as 
well as a promoter of cells harbouring DNA damage to expand 
in tissues which need to recover from large-scale radiation-
induced cell death.

Fig.2 Distribution of large interstitial deletion frequency by irradiation 
group. The number of large interstitial deletions (>250 kb) per 
tumour is shown for each treatment group as a percentage of the 
number of tumours examined by array CGH (n = 4 – 6 per car-
bon group, n = 12 gamma group).

Conclusions
The efficacy of strategies to use heavy ion irradiation to 

spare normal tissues from acute radiotoxicity may also reduce 
the risk of future second cancers in surrounding normal tissues. 
However, the benefit depends not only on the dose reduction, 
but also on the biology of how the heavy ions interaction with 
healthy tissues to increase cancer risk. We showed here that 
even at low LET, carbon ions were more effective at causing ra-
diation-induced tumours in a mouse model, and that they may 
harbour unique signatures of the exposure. However, we also 
saw that for this tumour type, the initiating events were similar 
to those after photon irradiation, and that large interstitial dele-
tions might be an additional risk for second cancer induction, 
but was not the primary cause of tumour suppressor gene loss. 
Future studies in other tumour types and for alternative expo-
sure parameters will help establish these lesions as bone fide 
markers of heavy ion exposure.
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The influence of age at exposure on genetic alterations 
in radiation-induced mouse T-cell lymphomas

Masaaki Sunaoshi

1.  Introduction
It has been considered that children are more sensitive to 

radiation-induced cancer than adults, because i) children’s 
tissues and organs are growing and developing rapidly, and 
ii) they have more time for radiation-induced tumors to mani-
fest. Epidemiology studies of the atomic bomb survivors from 
Hiroshima and Nagasaki show that the risk of radiation car-
cinogenesis is higher in exposed children than adults, with 
leukemia showing the greatest modification by age. Our animal 
experiments assessing radiation risk depending on age at ex-
posure show similar results to the human studies. However, the 
mechanism of the age dependency is still unclear, making it 
necessary to reveal the molecular mechanisms which increase 
the risk of radiation carcinogenesis at a young age. However, 
due to the small number of tumors associated with childhood 
radiation exposure available for study, the inability to distinguish 
radiation-induced tumors from spontaneous tumors, and the 
retrospective nature of such human studies, very little is actu-
ally known about molecular characteristics associated with age 
at exposure. In this study, we examined radiation-induced T-cell 
lymphomas, a mouse model of human acute lymphoblastic leu-
kemia, as a way to investigate any molecular mechanisms that 
might be dependent on the age at exposure. 

In this highlight, we show that age at irradiation might influ-
ence the targets and mechanisms of tumor suppressor gene 
inactivation in radiation-induced T-cell lymphomagenesis, or 
favor particular tumor pathways due to age-specific selection 
pressures [1].

2.  Results
2.1.  T-cell lymphoma incidence

To characterize age-specific molecular changes in tumors, 
we analyzed T-cell lymphomas induced by 1.2 Gy whole-body 
X-ray irradiation of female B6C3F1 mice for 4 consecutive 
weeks starting at 1, 4 or 8 weeks of age (Fig.1). As the thymus 
continues to grow between birth and puberty, and then begins 
to atrophy, the three age groups chosen represent the respec-
tive growth stages of the thymus and correspond to the infant 
(1–4 weeks old), adolescent (4–7 weeks old), and young-adult 
(8–11 weeks old) periods in B6C3F1 mice. The incidences of 
T-cell lymphoma in infant-, adolescent-, and young adult–irra-
diation groups were 26% (16/62), 34% (17/50) and 22% (11/50), 
respectively. The incidence was the lowest in the oldest age 
group, although the differences among the three age groups 
(all of which were still young when compared with the aver-
age B6C3F1 lifespan of about 124 weeks) were not statistically 
significant. Furthermore, comparison of other metrics such 
as lifespan of mice with lymphoma, tumor latency, and tumor 

weight did not show statistically significant differences among 
the three groups.

2.2. Age at exposure–dependent distribution of LOH and 
copy-number alteration in lymphomas

Since loss of heterozygosity (LOH) is frequently accompa-
nied by inactivation of tumor suppressor genes in radiation 
induced tumors, we determined the frequency of LOH at micro-
satellite markers flanking the Cdkn2a (chromosome 4), Ikaros 
(chromosome 11), Bcl11b (chromosome 12) and Pten (chro-
mosome 19) candidate tumor suppressor genes implicated in 
radiation-induced T-cell lymphoma in our previous studies [2]. 
LOH can occur as a result of chromosomal deletion (with loss 
of DNA copy number) or recombination/mis-segregation (with-
out copy number change). Thus, to reveal the LOH mechanism, 
we used array-based comparative genome hybridization (CGH) 
to distinguish between copy number loss- and copy number 
neutral-LOH on these chromosomes. In particular, we noted 
that the nearest markers of Cdkn2a, Ikaros and Pten showed 
LOH frequencies that differed between infant and young-adult 
groups (P = 0.12, P = 0.12 and P = 0.04, respectively) (Fig.2). 
Since the Cdkn2a, Ikaros and Pten loci showed signs of the 

X-ray 1.2 Gy × 4 (Weekly)

Adolescent

Young adult

Infant

1

n = 62

n = 50

n = 50 (Weeks of age)4 8

Irradia�on group

Fig.1 Experimental design of T-cell lymphoma induction.
 Mice were observed daily until moribund, when they were sacri-

ficed by exsanguination under terminal isofluorane anesthesia, 
and they were assessed for the incidence of T-cell lymphoma.
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LOH frequency changing with age at exposure, the LOH analy-
sis was extended to markers along the length of chromosomes 
4, 11 and 19. Conversely, the Bcl11b locus did not show any 
age-dependent changes in LOH frequency, and thus was not 
studied further.

LOH on chromosome 4 always included the marker nearest 
Cdkn2a and was either by interstitial deletion (of one or both 
copies) or copy number–neutral LOH along the whole chromo-
some. The frequency of LOH or deletions including the Cdkn2a 
locus was higher in the young adult–irradiation group than in 
both of the younger groups. LOH on chromosome 11 always 
included the Ikaros locus, predominantly by large interstitial de-
letion (of one or both copies) or deletion extending to the most 
centromeric marker examined; although, LOH in some tumors 
was by retention of two copies of chromosome 11 from a single 
parent. The frequency of LOH or deletions involving Ikaros was 
higher in both of the older groups than in the infant-irradiation 
group. In all but one tumor, LOH on chromosome 19 always 
included the Pten locus. Interestingly, LOH on chromosome 
19 was predominantly via retention of two copies from a single 
parent, either along the length of the chromosome, or extend-
ing from near the Pten locus down to the most telomeric marker 
examined; although, smaller interstitial deletions (of one or both 
copies) centered on the Pten locus were also observed. In con-
trast to the Cdkn2a and Ikaros loci, the frequency of LOH at the 
Pten locus was higher in the infant-irradiation group than in the 
two older groups. 

2.3.  Expression and mutation of IKAROS and PTEN
We examined the expression and sequence of Ikaros and 

Pten transcripts by RT-PCR and measured protein levels by 
western blotting. Mutation frequencies of Ikaros (including in-
activation of both alleles, a single dominant-negative mutation 
or unexplained lack of expression) were 33% (5/15), 31% (4/13) 
and 50% (5/10) in the infant-, adolescent-, and young adult–
irradiation groups, respectively. Lack of IKAROS protein was 
observed in the young adult–irradiation group in particular. In 
contrast, the mutation frequencies of Pten (including inactiva-
tion of both alleles or unexplained lack of protein), were 60% 
(9/15), 38% (5/13) and 30% (3/10) in the infant-, adolescent-, 
and young adult –irradiation groups, respectively. There were no 
significant associations between the status of Ikaros and Pten 
across the tumors that would indicate either coincidence or ex-
clusivity of the mutation events.

2.4.  Aberrations in other genes
In contrast to Cdkn2a, Ikaros and Pten, the Trp53 mutation 

frequency in lymphomas from all three irradiated groups was 
low in accordance with previous reports showing a low fre-
quency of Trp53/TP53 mutation in mouse T-cell lymphoma and 
human leukemia. Furthermore, frequency of site-specific copy-
number alteration did not show any other significant differences 
depending on age at exposure among the three-irradiation 
groups. Activating deletions in Notch1, deletion of Bcl11b, and 
trisomy of chromosome 15 were frequent events in all three ir-
radiation groups. Copy-number alteration at the various T cell 
receptor gene loci, indicative of V(D)J recombination-induced 
rearrangement, was in keeping with the developing T-cell origin 
of the tumors.

3.  Summary
The incidence of mouse T-cell lymphoma showed no differ-

ence depending on age-at-irradiation. Nevertheless, our find-
ings demonstrate that while deletions on chromosomes 4 and 
11 affecting the Cdkn2a and Ikaros loci are a prominent feature 
of young adult irradiation–induced T-cell lymphoma, tumors 
arising after infant irradiation suffer a second hit in the Pten 
gene by chromosome mis-segregation or recombination (Fig.3). 
This is the first report showing an influence of age-at-exposure 
on genomic alterations of tumor suppressor genes and their rel-
ative involvement in radiation-induced T-cell lymphoma. These 
data are important for considering the risks associated with 
childhood exposure to radiation and suggest that the mecha-
nism of carcinogenesis can vary even where cancer incidence 
does not change.
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Introduction
Diet habits or nutrient factors have been demonstrated to 

influence radiation effects [1, 2]. However, among diet habits, 
how alcohol drinking habits modify radiation effects remain 
unclear. Many types of alcohol beverages are consumed 
worldwide. Sake is a traditional alcoholic beverage in Japan 
that is gaining popularity worldwide. Although sake is reported 
to have beneficial health effects, it is not known whether the 
habit of drinking sake modulates health risks due to radiation 
exposure or other factors. The liver is the main organ involved 
in detoxification of harmful substances, including alcohol and 
it is susceptible to radiation damage. Alcohol is metabolized 
in the liver, and the resulting metabolic byproducts can impair 
liver function and cause tissue damage. For this reason, liver 
metabolites are useful indicators of health status. Here, the ef-
fects of chronic administration of sake on radiation-induced 
metabolic alterations in the livers of mice and metabolic mark-
ers in serum were evaluated [3].

Metabolome analysis on effects of sake & 15% 
ethanol solution on mouse livers

Sake (junmai-shu) was administered daily to female mice 
(C3H/He) for one month, and the mice were exposed to frac-
tionated doses of X-rays (0.75 Gy/day) for the last four days 
of the sake administration period. For comparative analysis, 
another group of female mice were administered 15% (v/v) 
ethanol in water instead of sake, and these mice were exposed 
to fractionated doses of X-rays (0.75 Gy/day) for the last four 
days of the 15% ethanol administration period. Metabolites in 
the liver were analyzed by capillary electrophoresis-time-of-
flight mass spectrometry (CE-TOFMS) one day after the last ex-
posure to radiation. In the analyses, a total of 230 metabolites 
(87 anions and 143 cations) and 245 metabolites (81 anions 
and 164 cations) were identified in the livers of mice adminis-
tered sake and 15% ethanol, respectively. Principal component 
analysis (PCA) was performed to reveal differences in the me-
tabolite profiles of the four treatment groups, which consisted of 
the control, radiation, sake, and the combination of sake admin-
istration and radiation (Fig.1). In the PCA score plot, the group 
that received a combination of radiation and sake was clearly 
separated from the other three groups by the second principal 
component (PC2, 18.9% proportion; Fig.1). The metabolite pro-
files of mice chronically administered sake in combination with 
radiation showed marked changes. On the other hand, In the 
case of 15% ethanol administration, the group that received a 
combination of radiation and 15% ethanol was not clearly sepa-
rated from the other groups along either PC1 or PC2[3].

Using the correlation coefficients between the PC scores 

and variables for factor loading, we identified liver metabo-
lites in irradiated mice were affected by sake administration. 
Metabolites that reached significant levels (p<0.01) in the 
evaluation of positive and negative correlations using the cor-
relation coefficients were selected from the PC2 data from 
mice treated with a combination of radiation and sake. In the 
selected metabolites, seven metabolites (3-dephospho-CoA, 
GSH, nicotineamide, cysteine glutathione disulfide, GMP, UMP, 
and sedoheptulose 7-phosphate) were significantly modulated 
in the livers of mice treated with radiation and sake compared 
to the levels in the control, and sake and radiation alone-treated 
mice. 

We have also demonstrated changes in several metabolites, 
including methionine and valine, were induced by radiation 
alone, but they were not detected in the livers of mice who re-
ceived chronic administration of sake [3].

Fig.1 PCA of metabolic data for the combined effects of sake and ra-
diation on mouse livers.
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Sake induces anti-oxidative activities in livers
Among the seven selected metabolites that were significantly 

modulated in the livers of mice treated with radiation and sake, 
GSH is an important regulator of redox homeostasis and GSH/
GSSG (glutathione disulfide) is considered to be the major 
redox couple that determines anti-oxidative capacity. GSSG 
is the oxidized form of GSH, and the GSH/GSSG ratio is often 
used as an indicator of the cellular redox state. Here, the lev-
els of GSH and GSSG significantly increased and decreased, 
respectively, in the livers of mice treated with a combination of 
radiation and sake (Fig.2). The changes in these metabolites 
were not observed in mice administered 15% ethanol instead of 
sake (Fig.2), suggesting that glutathione metabolism is specifi-
cally influenced by the consumption of sake. 

Sake and radiation induce decrease in TG 
Changes in the serum levels of several metabolic biochemi-

cal markers that were accompanied by alterations in liver me-
tabolism in the four treatment groups were also evaluated [3]. 
In this experiment, the amount of sake administered to mice 
seemed to be excessive because a significant increase of 
serum TG (triglycerides) in mice administered sake alone was 
observed compared to control mice (Fig.3). Although radiation 

alone induced a slight reduction of TG levels, the serum TG 
level in the treatment group that was administered sake was 
greatly reduced by radiation to the level of the control mice. 

The observed reduction of TG by radiation in mice adminis-
tered sake may be in part due to an induction of anti-oxidative 
responses, as indicated by the increase of GSH in the liver be-
cause the alcohol-induced accumulation of TG can reportedly 
be mitigated by a diet including foods that contain factors that 
promote anti-oxidative responses. 

Conclusions
Chronic Japanese sake consumption induces specific meta-

bolic alterations in the liver in response to irradiation. Although 
excess sake consumption may induce adverse effects on the 
liver, sake intake has the potential to promote anti-oxidative 
stress activities following radiation exposure in the liver. As 
many other aspects in the biological modulation of radiation ef-
fects by drinking sake have to be evaluated more, the findings 
presented here suggest that moderate sake consumption may 
promote anti-oxidative activity following exposure to stress such 
as radiation at least in the liver, thereby limiting the adverse ef-
fects typically associated with these stresses. 

Fig.2 Effects of sake or ethanol on radiation-induced changes of GSH and GSSG in mouse livers.
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Fig.3 Effects of sake on TG (triglycerides) in the serum of irradiated 
mice.
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Introduction
Both ionizing radiation (IR) and stresses cause detrimental 

effects on humans [1]. Besides possible health effects result-
ing directly from exposure to IR, a nuclear plant accident is a 
cause of social psychological stresses (PS). Using a mouse PS 
model, a recent study showed that chronic restraint-induced 
stresses (CRIS) attenuated Trp53 functions and increased car-
cinogenesis (predominantly lymphomas and sarcomas) sus-
ceptibility of Trp53 heterozygous (Trp53+/−) animals to total-body 
γ-irradiation, having a big impact on the academic world and 
a sensational effect on the public, especially residents living 
in areas contaminated by radioactive materials from such an 
accident. It is important to investigate the possible modifying 
effects from CRIS on IR-induced health consequences in Trp53 
wild type (Trp53wt) animals. Prior to a carcinogenesis study, 
effects of total-body X-irradiation (TBXI) on the hematopoietic 
system under CRIS were investigated on hematological abnor-
mality in the peripheral blood and residual damage in the bone 
marrow erythrocytes using a mouse PS model [2].

Materials and Methods
Four-week-old male Trp53wt C57BL/6J mice were purchased 

from SLC, Inc., Japan. The mice were acclimatized to the labo-
ratory conditions for 1 week as an adaptation period before 
use: they were maintained in a clean conventional animal facil-
ity under a 12-h light/12-h dark photoperiod. The mice were 
housed in autoclaved cages with sterilized wood chips, and 
allowed free access to acidified water (pH = 3.0 ± 0.2) and a 
standard laboratory chow MB-1 (Funabashi Farm Co., Japan). 
The mice at postnatal age 5 weeks were randomly assigned 
to 4 experimental groups, namely, the “control group (C-Gr)” 
receiving neither restraint nor TBXI, the “restraint group (R-Gr)” 
receiving only restraint, the “TBXI group (IR-Gr)” receiving only 
TBXI, and the “restraint and TBXI group ((R+IR)-Gr)” receiving 
both restraint and TBXI. For the mice in R-Gr and (R+IR)-Gr, the 
mouse restraint system (Flat Bottom Rodent Holder, RSTR541, 
Kent Scientific Co., USA) was used for chronic periodic re-
straint on a daily basis of 6 hours for 28 consecutive days. 
Individual mice were placed in the strainer and the restrained 
mice were maintained horizontally in their home cage during 
the 6-h restraint session (9:30 a.m. to 3:30 p.m.) daily, then the 
animals were released into the same cage and allowed to ac-
cess food and water during the free session (3:30 p.m. to 9:30 
a.m. the next day). The animals in C-Gr and IR-Gr received no 
restraint but they were kept from food and water from 9:30 a.m. 

to 3:30 p.m. each day. For the mice in IR-Gr and R+IR Gr, they 
were given an acute TBXI (4 Gy) on the 8th day. X-rays were 
generated with an X-ray machine (Pantak-320S, Shimadzu, 
Japan) operated at 200 kVp and 20 mA, using a 0.50-mm Al 
+ 0.50-mm Cu filter. The dose rate was at 0.25 Gy/min. The 
body weight gain of the animals in each experiment group was 
recorded daily. At the end of the restraint regimen, the animals 
were euthanized. The peripheral blood hemogram was as-
sessed and the bone marrow micronucleus test was carried 
out accordingly [3]. Bone marrow smears prepared from both 
femurs were processed for the enumeration of micronucleated 
polychromatic erythrocytes (MNPCEs) and micronucleated nor-
mochromatic erythrocytes (MNNCEs). The slides were coded 
to avoid any observer bias. The micronuclei were scored us-
ing a light microscope at a magnification of 1000×. At least 
5000 cells per mouse were counted and the data for each 
experimental point were from at least 5 mice. All experimental 
protocols involving mice were reviewed and approved by the 
Institutional Animal Care and Use Committee of the National 
Institute of Radiological Sciences (NIRS). The experiments were 
performed in strict accordance with the NIRS Guidelines for the 
Care and Use of Laboratory Animals. Statistical evaluation of 
the body weight data was done by 2-way ANOVA. For the other 
data Student’s t-test was used except for the micronucleus data 
where the c2 test was performed. Statistical significance was 
assigned to a value of P of <0.05.
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Results
Significantly reduced body weight gain by CRIS appeared 

one day after onset of the restraint, which resulted in the low-
est body weight on the 3rd day (Fig.1). After TBXI, significant 
reduction of body weight gain was observed on the following 
day in both IR-Gr and (R+IR)-Gr while no interaction (namely, 
neither synergistic nor antagonistic effect) between the restraint 
and TBXI was observed. The recovery of body weight gain 
appeared late in the animals that received the restraint (R-Gr 
and (R+IR)-Gr). In general, there was a statistically significant 
difference in the mean body weight between the groups that 
received the restraint and the groups that received no restraint 
1 day after the onset of restraint regardless of the TBXI.

CRIS alone induced a marked decrease in red blood cell 
(RBC) and white blood cell (WBC) counts, while TBXI caused 
significant low counts of RBCs, WBCs and blood platelets, and 
low concentration of hemoglobin regardless of CRIS (Fig.2). 
CRIS alone did not show any significant effect on erythrocyte 
proliferation and on induction of micronucleated erythrocytes, 
while TBXI markedly inhibited erythrocyte proliferation and 
induced a significant increase in the incidences of micronucle-
ated erythrocytes regardless of CRIS (Fig.3).

These findings suggest that CRIS does not have a significant 
impact on radiation-induced detrimental effects on the body 
weight gain and the hematopoietic system in Trp53wt mice.

Discussion and Conclusion
Results obtained in the present study are consistent with the 

report on increased susceptibility induced by CRIS for Trp53+/- 
mice to radiation carcinogenesis. It should be noticed that 
although the mice used were of the same strain, Trp53wt ani-
mals were used in this work. It is known that chronic stresses-
induced susceptibility to pathogens and toxicological assaults 
including IR on health is dependent on the genetics of the 
exposed organism. Based on these studies and the results 
obtained in the present work, it was suggested that CRIS would 
have little influence on sensitivity of Trp53wt mice to radiation 
effects on the hematopoietic system, including the genotoxic 
effect. The possibility still could not be excluded that the meth-
odology of the present work is not sensitive enough to detect 
the influence of CRIS on the genotoxic effect in this experimen-
tal system. To improve the sensitivity for detection of genomic 
damage, further study using the fluorescence in situ hybrid-
ization technique for detection of chromosome aberrations in 
splenic cells is in progress.

In summary, the present findings suggest that CRIS does not 
have a significant impact, neither synergistic nor antagonistic, 
to modify the radiation-induced detrimental effects on the he-
matopoietic system in young Trp53wt mice under the experi-
mental setup used here. For most people, especially those liv-
ing in radioactively contaminated areas, the present work may 
partially allay their concern that stresses could increase the 
cancer susceptibility to radiation.
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Fig.1 Effect of CRIS and TBXI on body weight gain of mice. Group 
mean ± SD levels of the control group (C-Gr, open circles), the re-
straint group (R-Gr, open squares), the TBI group (IR-Gr, solid cir-
cles), and the restraint and TBXI group ((R+IR)-Gr, solid squares).

Fig.2 Effect of CRIS and TBXI on the peripheral blood hemogram of 
mice. Group mean ± SD levels of RBC count (A), WBC count (B), 
PLT count (C), and hemoglobin concentration (D). “*” and “**” 
indicate a significant difference between two groups compared 
at P < 0.05 and P < 0.01, respectively.

Fig.3 Effect of CRIS and TBXI on the femur bone marrow erythrocytes 
of mice. Group mean ± SD of the percentage of PCEs to the sum 
of PCEs and NCEs (A), the number of MNPCEs per 1000 PCEs 
(B), and the number of MNNCEs per 1000 NCEs (C). “*” and “**” 
indicate a significant difference between two groups compared 
at P < 0.05 and P < 0.01, respectively.
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Introduction
It is well known that radiation health risk estimations for ra-

diation protection are based on the epidemiological data from 
the LSS (Life Span Study) of atomic bomb survivors. However, 
these health effect data are the results of the single- and acute-
exposure to relatively high-dose and high-dose rate radiation, 
and therefore, they require an extrapolation to low-dose and 
low-dose rate using a reduction factor to apply these values to 
the practical doses of radiation protection, i.e., over ten mSv or-
der. Though there are no suitable epidemiological data at pre-
sent, the reduction factor for this purpose is estimated by long-
term animal experimental data and numerical model analysis. 
Therefore, the storage of animal exposure experimental data 
and the reposition of derivative biomaterials of both previous 
and present studies are valuable and important.

Archival activities may be categorized into two types, pro-
spective archiving and retrospective archiving. In short, the 
former includes the archiving activity which is concurrently 
proceeding with the ongoing studies. Conversely, the latter 
includes the activity which is archiving the data and materials 
of terminated studies. The activities described in this report are 
mainly focusing on the retrospective type of archiving.

The retrospective type of archival and repository activities to 
digitalize and storage the data/materials of long-term animal 
experiments was started in the early 1990’s in institutes of both 
the US and Europe. These archival activities included the col-
lection and digitalization of the primary data and information 
(detailed exposure protocols, animal data and pathological 
diagnosis, etc.) and storage of the experimental materials (par-
affin embedded tumor blocks, derivative slides). Data and ex-
posed materials have been correlating to each other by using a 
common data registry format. 

Long term animal experiments have become considerably 
difficult to perform on a large-scale, because research grants 
have been reduced and the numbers of investigators, particu-
larly radiation pathologists, have dropped as well. According 
to the national intellectual infrastructure development plan, 
NIRS has started to archive its research products as well as the 
measurement standards.

Scientific background
Differences between animal data and models adopted 

in research organizations are reflected on the resulted risk 
estimates, e.g., National Academy of Sciences – National 
Research Council estimated the DDREF (Dose and Dose Rate 
Effectiveness Factor) as 1.5 in its 2006 BEIR VII Report [1] and 
ICRP (International Commission on Radiological Protection) es-
timated it as 2 in its 2007 Recommendations [2].

In the early 1990’s, in order not to lose valuable information, 
U.S. and European scientists started an international collabora-
tive project to collect data and store exposed biomaterials. This 
project, with the cooperation of Japan, has been followed up 
with a series of successive projects of the EU (e.g., ERA, ERA-
PRO, and STORE shown in Fig.1 and the US (Janus Tissue 
Archive). 

Accumulated archival data have been used for radiation risk 
reanalysis [3] or meta-analysis by compiling different data sets 
from previous studies and the exposed materials are being pro-
vided for checking by recent molecular analysis techniques.

Development of international network
To enhance the international col laboration, the 1st 

International Workshop on Sample/Tissue Archiving of 
Radiobiology (STAR2015) was organized as a satellite meet-
ing of the International Congress on Radiation Research in 
Kyoto (ICRR 2015) on 24-25 May 2015 and NIRS co-chaired 
this meeting. The purpose of this workshop was to provide 
researchers with information about the structure of archive sys-
tems worldwide, technology for research analysis of archived 
materials, and the future possibility to organize an academic 
network and international research collaboration for sustain-
ability of the archives as the property for the next generation. 
A total of 26 participants from 4 countries joined this workshop 
and 14 presentations were made. Table 1 shows the archives 
and databases introduced in this meeting. It was concluded 
that this workshop will be organized regularly every 4 years.

Bridging the Gap between Scientific Knowledge and Society: Regulatory Sciences Research
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Legacy materials to be archived
As a result of reorganization of NIRS, some of the legacy 

data and biomaterials of the long term animal experiments car-
ried out for well over a decade are expected to be released 
from the storage management by the institute. Such data and 
materials are the results of the following studies: 

(1) Radiation-induced myeloid leukemia in C3H/He mice and 
the effect of prednisolone acetate on leukemogenesis;

(2) Radiation-induced myeloid leukemia in C3H/He mice 
calorie restriction reduces the incidence of myeloid leu-
kemia induced by a single whole-body radiation in C3H/
He mice;

(3) Radiation-induced myeloid leukemia in mice exposed to 
the low dose rate radiation; and 

(4) Radiation-induced tumor in mice exposed to fast neu-
trons, heavy particle beams and gamma rays.

It is planned that data and materials related to the above 
studies will be digitalized and redeposited as a part of the ret-
rospective archive in the near future. 

Conclusion
NIRS is now planning to take over several research depart-

ments of JAEA (Japan Atomic Energy Agency) and rebuild 
them into the new organization on 1 April 2016. This reor-
ganization is expected to be accompanied by a wide range 
of restructuring in both administrative systems and research 
environments. Such re-organization of the institutions and the 
related transfer / retirement of the investigators will result in the 
disposal of the research deliverables. It is important to archive 
the legacy materials of the past studies systematically and re-
produce tem for the next generation. 
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Archiving the data and 
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Fig.1 Development of International Radiological Archive.

Table 1  Archives and databases in the world.

Archive Organization / Country

STORE Univ. Cambridge, UK
Janus Tissue Archive Northwestern Univ., USA 
The National Human Radiobiology Tissue 
Repository

USTUR, USA

Chernobyl Thyroid Tissue Bank CTTB
J-SHARE NIRS, Japan
Fukushima accident abandoned domestic 
animals organ archive

Tohoku Univ., Japan

Database on Thorotrast Patient in Japan Tohoku Univ., Japan
Biological Resources of Radiation Effects 
Research Foundation

RERF, Japan

Storage of Biosamples from Atomic Bomb 
Survivors at Nagasaki Univ.

Nagasaki Univ.

Institute for Environmental Sciences IES, Japan
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