
In order to support restoration and revitalization of Fukushima

Prefecture following the nuclear accident at the Fukushima Daiichi

Nuclear Power Plant (NPP), the Fukushima Project Headquarters

was established in May 2012. The headquarters manages three

research projects, Project for Human Health, Radiation Effect Ac-

cumulation and Prevention Project, and Project for Environmental

Dynamics and Radiation Effects; these were chosen after consid-

eration of the major concerns of people living in the prefecture.

The headquarters also manages other activities of NIRS related to

the NPP accident.

1) Project for Human Health

This project started an epidemiological investigation with the

cooperation of first responders who worked at Fukushima Daiichi

NPP controlling the accident in the early stage. The project will

monitor their health long-term by referring to their certificates of

health and by asking for their medical history and information

about their lifestyle such as smoking and drinking habits, etc. The

information is being collected in a database to analyze the corre-

lations between health conditions and the doses they received.

The database structure and functions have been designed, and

special attention has been given to security of the collected infor-

mation for long-term follow-up. More than 600 workers have been

registered in the database along with the data of a baseline ques-

tionnaire survey. The findings from the follow-up study are ex-

pected to be used in workers’ health care, as well as in future

planning of radiation protection measures for emergency situ-

ations.

The project also developed the NIRS external dose estimation

system for Fukushima residents to estimate the external effective

doses for the first four months after the Fukushima Daiichi NPP ac-

cident. This system has been adopted in the Fukushima Health

Management Survey, which is a long-term health management

survey for all people of Fukushima Prefecture, conducted by

Fukushima Medical University, and the estimated results were

provided to the Fukushima residents, individually. This task can

be very useful as the first approximation of the external effective

doses to Fukushima residents by the accident.

2) Radiation Effect Accumulation and Prevention Project

This project aims at elucidating the effects of low-dose-rate ra-

diation and its underlying mechanism, and then at providing pos-

sible measures to mitigate the risks based on findings using ani-

mal models. In order to answer the major questions determined

from the concerns of Fukushima residents, the project conducts

the following three research programs. i) Effects of the low-dose-

rate radiation on life shortening and cancer induction are being

examined for juvenile exposure in comparison with adult expo-

sure, to confirm if the dose-rate effect for children is the same as

that for adults. ii) Accumulation of radiation effects in the stem

cells of the skin and mammary glands is being evaluated, to clar-

ify if the dose-rate effect can be explained in part by the reduced

accumulation of radiation-induced damage in stem cells or by the

elimination of damaged stem cells. iii) Inhibitory effects of calorie

restriction and anti-oxidant food ingredients on radiation-induced

cancer are being investigated, to provide possible approaches to

reduce the cancer risk after childhood exposure by subsequent

control of diet.

3) Project for Environmental Dynamics and Radiation Effects

This project started the following two research programs related

to the environmental contamination in Fukushima Prefecture. i) Es-

timation of radiation doses for Fukushima residents from surround-

ing ecosystems, and providing countermeasures to minimize the

received dose. After coming back to their homes, many of the

evacuees are afraid of encountering high radiation doses from the

contaminated environment and from the ingestion of radioactive

materials from foods and water. In order to estimate long-term ra-

diation doses of the residents from the surrounding environment

during their daily life, the project started dose-estimation-oriented

collection of environmental samples considering the migration of
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radioactive materials in the environment. ii) Assessment of radia-

tion effects on non-human biota in contaminated ecosystems.

High contamination levels of the environment suggest possible ef-

fects of radiation on non-human biota. Although drastic effects

such as the “red forests” in contaminated Chernobyl areas have

not been observed, long-term studies are required to estimate the

environmental effects. The project is collecting biological samples

such as pine needles and cones, wild mice, and salamanders in

heavily contaminated areas, and is estimating radiation effects us-

ing different endpoints (e.g. growth rate, reproduction and chro-

mosome aberration).

For this project, NIRS founded a new research building “Envi-

ronmental Radiation Research Building” (Fig.1 & Fig.2) in Chiba

campus in April 2014, it has accelerated the implementation of

these research programs.

4) Other activities

In addition to the three projects, the headquarters manages the

following activities in order to relieve the anxiety of people and to

support research activities of the projects. i) Developing an auto-

mated procedure for the dicentric chromosome aberration assay,

and estimating background frequency of the dicentric chromo-

some of Japanese. ii) Supporting the construction of new build-

ings and facilities for researchers. iii) Carrying out telephone con-

sultations. These consultations were operated by NIRS’s staff

members by turn for 24 hours a day, seven days a week for the

first two weeks from March 17, 2011. The service continues to be

run but with a reduced size, and a total of about 19,500 telephone

calls have been received so far.

In the following highlight, four research topics are introduced

from two research projects, the Project for Environmental Dynam-

ics and Radiation Effects and the Radiation Effect Accumulation

and Prevention Project.

Fig.1 Appearance of the “Environmental Radiation Research Building”.

Fig.2 Inside view of the “Environmental Radiation Research Building”.
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90Sr activity concentration was measured in four soil samples

collected from the exclusion zone around the Fukushima Daiichi

Nuclear Power Plant (FDNPP). The open chemical digestion

method was used for sample decomposition with a mixture of ac-

ids. The strontium separation was achieved with strontium selec-

tive resin (Sr resin). The activity of 90Sr was determined with a liq-

uid scintillation counter (LSC). Owing to the atmospheric nuclear

weapon tests, the soil in Japan is contaminated with 90Sr. Signifi-

cant Fukushima contamination was not noticed from the results of

this study compared to the background level. The detected 90Sr

activities were 8.9±0.8, 20±1.3, <6.8, and 23.4±1.5 Bq kg－1,

respectively.

Introduction
The nuclear accident at the FDNPP triggered by equipment

damage due to the earthquake-generated tsunami in March 2011,

caused massive contamination by radionuclides in parts of Ja-

pan. In the environment, 90Sr and radiocesium isotopes (134,137Cs)

have a long-lasting presence due to their long half-lives.

Strontium as an alkaline earth metal shows similar chemical be-

havior to calcium, thus it can be accumulated by bone tissue

causing internal radiation exposure. Therefore the environmental

monitoring of 90Sr has been one of the important tasks following

the Fukushima accident. The 90Sr (T1/2 28.8y) is a man-made radi-

onuclide, a fission product produced in nuclear reaction

(235U(n,f)90Sr) and it is released into the environment by nuclear

weapon tests, and by nuclear facilities including reprocessing

plants (in an accident or during normal operation). The production

and decay scheme of 90Sr is as follows.

90Sr is a pure beta emitter radionuclide; thus separation from the

self-absorptive sample matrix and other interfering beta emitter

radionuclides is required. Most of the 90Sr separation methods are

based on precipitation, liquid-liquid extraction, ion-exchange

chromatography and extraction chromatography. Recently extrac-

tion chromatography using selective Sr resin has become the

most popular method since it is simple to use and materials are

easy to handle. Disadvantages of the Sr resin, such as strontium

retention decrement in the presence of elevated amounts of cal-

cium, and high retention of lead and tetravalent actinides are well

known and can be overcome.

Methods
Sample collection, preparation and measurement of radiocesium

isotopes

Four soil samples (collection depth 0－10 cm from the ground

surface) were collected from the 30 km exclusion zone around the

FDNPP. Detailed information related to the sampling points are

given in Table1. During the sample collection, external gamma ra-

diation dose rate was measured at a height of 1 m at each sam-

pling point. The soil samples were dried at 110 ℃ for 24 h, ho-

mogenized, sieved (<2 mm) for gamma-spectroscopy measure-

ment. After the sieving, U8 standard cylindrical containers were

filled with the soil samples to measure the specific activity of ra-

diocesium isotopes using a high-purity germanium detector

(ORTEC GEM100210) coupled with a multichannel analyser.

Decomposition of soil sample, strontium separation and recovery

About 15 g of each soil sample was homogenized, pulverized

Project for Environmental Dynamics and Radiation Effects

Measurement of 90Sr in soil samples affected
by the Fukushima Daiichi Nuclear Power Plant accident

Sarata Kumar Sahoo
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Table1 Parameters of the sampling point inside the restricted area of
FDNPP

No. Date of
sampling

N E Distance
from FDNPP

Dose rate
μSv h－1

1 2013.05.16 37°33’ 140°45’ <30km 6.5
2 2013.05.16 37°25’ 141°00’ <3km 21.9
3 2013.05.16 37°29’ 141°00’ <10km 0.6
4 2013.05.16 37°30’ 140°55’ <20km 7.4
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(～150 μm), and ashed. For decomposition of soil samples, open

wet chemical digestion was applied using concentrated

Tamapure AA100 ultrapure analytical reagents (HF, HNO3 and

HCl). Strontium separation was carried out with Sr resin.

For strontium recovery measurement, Agilent7500 ICP-MS (Ag-

ilent Technologies, USA) was used with Rh as an internal stan-

dard.

Detection of 90Sr

After reaching the secular equilibrium between 90Sr and its de-

cay product, 90Y, the 90Sr activity concentration was determined

with TriCrab3100 LSC. Decision threshold (about 3.4 Bq kg－1)

and detection limit (about 6.8 Bq kg－1) were calculated following

the instructions of the ISO 11929 standard.

Results and discussion
In Fukushima Prefecture, an environmental radiation survey had

been carried out in 2005 before the nuclear accident, wherein ra-

diostrontium and radiocesium isotopes were analysed. In that

study, the average 90Sr activity concentration was 3.6 Bq kg－1

(min 0.2 Bq kg－1; max 20.4 Bq kg－1) while the average 137Cs ac-

tivity concentration was 41.4 Bq kg－1 (min 1.3 Bq kg－1; max 660

Bq kg－1), and 134Cs was not detected. The detected contamina-

tion was likely to have originated from past atmospheric nuclear

weapon tests.

After the nuclear accident, a national survey had been carried

out by the Ministry of Education, Culture, Sports, Science and

Technology, Japan (MEXT) in July and October of 2011[1]. Some

of the results are presented in Fig.1. A small increment of 90Sr was

observed in the restricted area, close to the damaged FDNPP

where the average 90Sr activity concentration was 17.5 Bq kg－1

(max 80.8 Bq kg－1; min 1.4 Bq kg－1). For the exclusion zone no

significant increment was observed as the average 90Sr activity

concentration was 4.6 Bq kg－1 (max 20.6 Bq kg－1; min 1.6 Bq

kg－1). In the case of radiocesium isotopes, the increment was sig-

nificant both inside and outside the restricted area; the average
137Cs activity concentration was 3,333 Bq kg－1 (max 99,700 Bq

kg－1; min 16.7 Bq kg－1) and the average 134Cs activity concentra-

tion was 2,969 Bq kg－1 (max 90,100 Bq kg－1; min 14.7 Bq kg－1).

The results of radiocesium isotopes and 90Sr concentrations

measured in this study are summarized in Table2. The radioce-

sium and radiostrontium isotopes concentrations were similar to

the data published by MEXT [1]. The number of samples was in-

adequate for correct statistical analysis and a significant positive

correlation between radiostrontium and radiocesium isotopes (ex-

ternal gamma dose rate) could not be confirmed as the highest
90Sr value was related to a site of moderate radiocesium contami-

nation. However, the lowest 90Sr value was related to a slightly

contaminated soil sample. Significant negative correlation with the

distance from the FDNPP also could not be confirmed. The result

of sampling point No.3, located in the north direction from the

FDNPP, showed a much lower contamination compared to the

other points, located in northwest direction. This accorded with

the results of other surveys wherein the main contamination was

seen in the northwest direction from FDNPP, demonstrating that

radioactive contamination of soils was affected mainly by the di-

rection of the radioactive plume discharged by the FDNPP and

occurrence of rain not just simply by the distance from the FDNPP.

Analysing the data of radiocesium isotopes activity concentra-

tion and external gamma dose rate showed that a strong positive

correlation existed (Fig.2). The external gamma dose rate was

corrected by subtracting the background rate (0.07 μSv h－1) gen-

erated by naturally occurring radionuclides.

Fig.2 Correlation between radiocesium activity concentration and exter-

nal gamma dose rate [2]

Conclusion
Slight 90Sr contamination derived from the Fukushima accident

was confirmed in the exclusion zone around the plant site. To

make a reliable statistical analysis and identify all the highly con-

taminated areas, more Fukushima soil samples are being col-

lected from the exclusion zone and their analysis is in progress.

Considering the Japanese action level for foodstuffs, significant

radiation exposure caused by 90Sr cannot be expected for con-

sumers.

Fig.1 90Sr concentration in soil samples from Fukushima prefecture after

the Fukushima accident [1]
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Table2 Radiocesium isotopes and 90Sr activity concentrations in
Fukushima soil samples [2]

No. 134Cs
kBq kg－1

137Cs
kBq kg－1

90Sr
Bq kg－1

1 77.8±0.1 154.3±0.1 8.9±0.8
2 86.4±0.2 170.2±0.3 20±1.3
3 0.301±0.004 0.603±0.005 <6.8
4 37.7±0.1 77.6±0.2 23.4±1.5
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Introduction
During the Fukushima Daiichi Nuclear Power Plant accident

that occurred in March 2011, radionuclides that were released

into the atmosphere contaminated the surrounding environment.

Since the accident, much attention has been paid to the biologi-

cal consequences of radiation exposure due to the radionuclides.

An effective biomonitoring tool for detection of radiation-induced

genotoxic effects in the environment is a test of the seed embry-

onic meristems of field plants for cytogenetic changes that may

represent accumulated genetic damage during the seed matura-

tion period.

Cytological changes in seed embryonic meristems have been

generally tested by observation of chromosome bridges and frag-

ments formed in anaphase or telophase during the first cell divi-

sion after seed germination [1]. Although this anaphase-telophase

chromosomal aberration assay is an effective biological method

for detection of aberrant nuclear divisions, it is often difficult to ap-

ply for assessment of low levels of genotoxicity in the environment

because of its low efficiency, particularly with respect to problems

with scoring of aberrant cells. The cells in the anaphase or telo-

phase represent only a small portion of the total mitotic cell popu-

lation; accordingly, examination of an enormous number of cells is

often necessary to detect small changes in the nuclei caused by

low-dose genotoxicity.

To increase the efficiency and precision of cytogenetic analyses

of field plants under radiation exposures in the environment, an

improved assay for cytogenetic changes was proposed in this

study [2]. We developed a cytokinesis block micronuclei assay

technique in plant meristematic cells similar to the lymphocyte

test system used in mammals [3]. The assay was tested on seeds

of an endemic Japanese coniferous species Japanese cedar

(Cryptomeria japonica), which is one of the most common woody

plants naturally growing or planted widely in Japan.

Materials and methods
Cedar seeds collected from a tree in an area slightly contami-

nated with radioactivity were soaked on wet filter paper at 2℃ in

90-mm Petri dishes for 1 week to break seed dormancy before X-

ray or γ-ray irradiation and germination. X-ray irradiation of the

seeds was carried out acutely by exposing the Petri dishes to the

dose rate of 0.2 Gy/min for 1.5－20 min at room temperature using

an X-ray generator (Isovolt Titan-320, GE; Fairfield, CT, USA). γ-

irradiation of the seeds was performed chronically using a 137Cs γ
source by placing the Petri dishes at defined distances from the γ
source for 3 days at 23 ℃. A series of increasing doses from 0.5

to 4.0 Gy was used to construct dose-response curves for both

the acute X-ray and chronic γ-ray irradiations. The irradiated and

unirradiated control seeds were germinated at 23℃, under which

emergence of seminal roots was achieved in 5－20 days. Germi-

nated seeds displaying 0.2－1.5 mm of an emerging seminal root

were individually incubated with a solution containing 1 mg/mL 3-

isobutyl-1-methylxanthine (IBMX; Wako Pure Chemicals Co.;

Osaka, Japan) at 23℃ for 24 h. Apical meristems at the root tips

were microscopically examined for micronucleous frequencies

according to the detailed criteria for human lymphocyte culture

[3].

Results and discussion
In the cytokinesis block micronuclei assay system in mammal-

ian lymphocyte, efficient scoring of micronucleous cells is at-

tained by counting only in interphase cells after the first cell divi-

sion, where dividing cells are identified by means of blocking of

cytokinesis using a mammalian cell-specific cytokinesis inhibitor,

cytochalasin B [3]. This inhibitor makes the dividing cells easily

recognizable owing to their binucleate appearance, thus enabling

MN scoring only in the dividing cells. In plant cells, however, Cyto-

chalasin B is not suitable for use because of the differences in the

process of cytokinesis between plant and mammalian cells. With

respect to cytokinesis in plant cells, ethylxanthines such as caf-

feine are well-known for their inhibitory effects on cell plate forma-

tion. Among the methylxanthine derivatives, IBMX was found to be

Project for Environmental Dynamics and Radiation Effects
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effective in inhibiting cytokinesis to make once-divided cells easily

recognizable by their binucleate appearance in seed embryonic

meristems of the Japanese cedar (Fig.1).

In the meristem of IBMX-treated seminal roots from X-ray-

irradiated seeds, variation in micronucleus frequency in the binu-

cleate cell population was reduced compared to that in the total

cell population (Fig.2). The highest efficiency of measurement of

micronucleus frequencies was obtained in the root meristems

where 0.2- to 1.5-mm-long seminal roots were incubated with

IBMX for 24 h. This result indicated that this root elongation stage

corresponded to the first divisions of the root meristematic cells,

and was therefore suitable for obtaining reliable estimations of ac-

cumulated genetic damage in the seeds.

This cytokinesis block assay applied specifically at the root

elongation stage was then used to examine dose-response rela-

tionships in Japanese cedar seeds irradiated either acutely with X

-rays (Fig.3A) or chronically with γ-rays (Fig.3B). The resulting

dose-response curve for the acute X-ray irradiation was fitted to a

linear-quadratic regression curve, whereas the dose-response

curve for the chronic γ-irradiation matched a linear regression line

better. Both dose-response curves were consistent with the target

theory of classical radiation biology. The good agreement of the

micronucleus data to a simple dose-response model indicates the

proposed accuracy of the cytokinesis block micronucleus assay

for plant monitoring.

Conclusions
We proposed a cytokinesis block MN assay for detection of cy-

togenetic damage in plants. This method was successfully tested

in Japanese cedar seeds and seems to be useful for assays of

field plants in general, which possess diverse individual charac-

teristics. The assay was proven to be accurate and effective at

demonstrating a clear dose response to ionizing irradiation. This

analytical method should facilitate and improve in situ monitoring

of radiation-induced genotoxicity in a natural environment.

Fig.1 Fluorescence microscopy images of 3-isobutyl-1-methylxanthine

(IBMX)-generated binucleate cells in the root meristem of Japanese

cedar. A seminal root (0.2－4.0 mm in length) from a germinated

seed was incubated with IBMX for 24 h. Cells were stained with 4,6-

diamidino-2-phenylindole dihydrochloride and acridine orange. The

arrows indicate binucleate cells. Modified from a fig.in [2].

Fig.3 Dose-response curves of micronucleus frequencies in 3-isobutyl-1-methylxanthine-generated binucleate cells of root meristems from Japanese cedar

seeds irradiated chronically with γ-rays (A) or acutely with X-rays (B). Regression curves are shown for each irradiation type. *Significantly different

from control (*p < 0.05, Steel test). Modified from a fig.in [2].

Fig.2 Fluorescence microscopy images of micronuclei in 3-isobutyl-1-

methylxanthine (IBMX)-generated binucleate cells in the root meris-

tem of Japanese cedar. A seminal root was incubated with IBMX for

24 h after acute X-ray irradiation of the germinated seed at 2 Gy.

The cells were stained with 4,6-diamidino-2-phenylindole dihydro-

chloride and acridine orange. The arrows indicate micronuclei in

binucleate cells. Modified from a fig.in [2].
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Introduction
Genetic, physiological and environmental factors are implicated

in colorectal carcinogenesis. Mutation in the mutL homology 1

(MLH1) gene, one of the DNA mismatch repair (MMR) genes, is a

main cause of hereditary colon cancer syndromes such as Lynch

syndrome (LS). Inflammation is an important risk factor for gastro-

intestinal diseases and tumors, with colitis-associated colorectal

cancer (CRC) the most serious long-term complication of inflam-

matory bowel disease. CRC risk also increases following expo-

sure to ionizing radiation (IR), which becomes a consideration

when evaluating adjuvant radiotherapy for abdominal cancers,

and justifying computed tomography colonography, a first-line

screening modality to detect CRC. In addition to repairing endo-

genous damage, MMR is active in the response to radiation-

induced DNA damage. We previously showed a significant accel-

eration of intestinal tumor development after X-ray exposure in

MMR-deficient mice [1]. Still however, only limited data are avail-

able on the interaction between IR and inflammation on colon car-

cinogenesis, particularly in conjunction with inherited MMR defi-

ciency.

In the present study, we aimed to clarify the combined effect of

IR and induced inflammatory colitis on colon carcinogenesis in

Mlh1-/- mice. In this highlight, we show that IR exposure increases

the progression of preneoplastic colon lesions in MMR-deficient

mice with inflammatory colitis. This work has been published in

Cancer Science [2].

Materials and Methods
C57BL/6 male and female Mlh1-/- and Mlh1+/+ mice were irradi-

ated with 2 Gy X-rays when aged 2 or 7 weeks and/or were

treated with 1% dextran sodium sulfate (DSS) in drinking water for

7 days at the age of 10 weeks to induce mild inflammatory colitis.

All mice were killed under terminal isoflurane anesthesia when 25

weeks old. The colon lesions were harvested and examined

grossly and microscopically for pathological diagnosis.

Results
1) Combination of X-rays and DSS enhanced colon lesions in

Mlh1-/- mice

We first evaluated the incidence and multiplicity of colon lesions

induced by the combinations of radiation exposure and DSS treat-

ment. Macroscopic views of all lesions were sessile types and

plaque (Fig.1a) or protruded into the lumen as a polyp (Fig.1b).

The increase in the incidence in male mice receiving the com-

bined X-rays and DSS treatments above the untreated control

reached statistical significance, but not in those given DSS alone

(Fig.2a). In females, both DSS alone and in combination with X-ray

irradiation at the age of 2 weeks significantly increased incidence

above that observed in untreated females, with a higher fre-

quency when the DSS followed irradiation at the age of 2 weeks

(Fig.2b). Multiplicity of colon lesions largely mirrored the treads

observed in the incidence data (Figs. 2c and d), and was consis-

tent with the various treatments influencing the probability of colon

lesions for each mouse rather than increasing the number of colon

lesions in the susceptible mice. The difference in multiplicity be-

Fig.1 Macroscopic view of representative colon lesions induced by the

combinations of X-ray (2Gy) irradiation and DSS treatment in Mlh1-/-

mice. a) X-rays (7 weeks) + DSS (10 weeks), single small protruded

lesion in female mouse. b) X-rays (2 weeks) + DSS (10 weeks), sin-

gle large sessile polyp with hemorrhage in male mouse.
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tween males and females was due to a consistently lower number

of colon lesions found per tumor-bearing mouse in females, de-

spite a similar incidence of colon lesions between the sexes. Un-

like the males, no additional lesions compared to DSS alone were

observed in females after irradiation at the age of 7 weeks. Al-

though the number of mice available per group did not permit a

formal test of synergy between the two treatments, the nearly

completed penetrance in males given DSS combined with irradia-

tion at the age of 7 weeks was remarkable, and the putative addi-

tional colon lesions observed across the four combined exposure

groups exceeded what might have been expected from even an

additive effect from the X-ray-induced incidence.

2) Combination of X-rays and DSS enhanced the progression of

preneoplastic colon lesions in Mlh1-/- mice

We also examined the histopathological characteristics of colon

lesions induced by combined exposure to X-rays and DSS in

Mlh1 -/- mice. Histopathologically, colon lesions were classified into

mucosal hyperplasia, dysplasia (Fig.3a), low- and high-grade

adenoma, and adenocarcinoma (Fig.3b). In male Mlh1 -/- mice,

combined exposure to X-rays and DSS increased the number of

low-grade adenomas, dysplasia and hyperplasia compared with

DSS treatment alone (Fig.4). In females, compared with DSS treat-

ment alone, combined exposure to X-rays at the age of 2 weeks

also increased the number of high-grade adenomas and hyper-

plasia (Fig.4b).

Summary
For the first time, we have shown that combined exposure to X-

rays and DSS increased the incidence and multiplicity of colon le-

sions in Mlh1 -/- mice. Histopathologically, the combined exposure

to those treatments also increased the dysplasia and adenoma

with low- and high-grade dysplasia. Our results indicated a poten-

tial for exposure to ionizing radiation to further increase the pro-

gression of preneoplastic lesions in Mlh1 -/- mice with inflammatory

colitis. In conclusion, radiation exposure could further increase

the risk colorectal carcinogenesis induced by inflammation under

the conditions of Mlh1 deficiency.

Fig.2 Incidence and multiplicity of colon lesions in Mlh1+/+ and Mlh1-/-

mice treated with X-ray (2Gy) irradiation or DSS treatment alone or

in combination. a, b) Incidence of colon lesions is shown as a per-

centage for each group. c, d) Multiplicity is shown as the mean ±
SE for each group. *P <0.05, **P <0.01 versus control. #P <0.05,
##P <0.01 versus control. $P <0.05 versus treatment-matched female

mice. †P <0.05 versus treatment-matched female mice.

Fig.3 Histopathology of colon lesions induced by the combinations of X-

ray (2Gy) irradiation and DSS treatment in Mlh1-/- mice (Hematoxylin

and eosin stain). a) Dysplasia consisted of one or more glands lined

with hyperchromatic atypical columnar epithelium with closely

packed nuclei. X-rays (7 weeks) + DSS (10 weeks), male mouse. b)

Tubular adenocarcinoma was seen as endophytic lesions in the

mucosa. This tumor consisted of irregular-sized glands lined with

dysplastic glandular epithelium and was obvious invasion of the

muscularis mucosa by neoplastic glands. X-rays (2 weeks) + DSS

(10 weeks), male mouse.

Fig.4 Histological classification of colon lesions in male (a) and female (b)

Mlh1-/- mice treated with X-ray (2Gy) irradiation or DSS treatment

alone or in combination.
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Introduction
Stem cells are cells that: have self-renewal capacity, have a

long lifetime, generate descendant cells continuously, and are re-

cruited in response to specific physiological demands to regener-

ate the tissue. Progenitor cells proliferate with a shorter doubling

time but have a shorter life than stem cells, and they eventually

differentiate into functional cells of a tissue. Therefore, both stem

and progenitor cells are considered to be at high risk of carcino-

genesis by accumulating deleterious mutations because they re-

side and self-renew in somatic tissue for extended periods. Some

recent studies have suggested that radiation exposure changes

the dynamics of stem and progenitor cells. It is therefore vital to

delineate the change of stem and progenitor cells after irradiation

in understanding the carcinogenic mechanisms of radiation.

Mammary gland is a highly susceptible organ to radiation-

induced carcinogenesis. The epithelium of the mammary gland is

composed of two main cellular lineages, luminal and myoepithe-

lial cells (Fig.1). Rat mammary cancer serves as a useful model of

radiation-induced breast cancer, because it shares critical char-

acteristics with human breast cancer (e.g., hormone dependence

and ductal origin) and it is readily inducible by radiation [1]. Ex-

perimental systems to study stem and progenitor cells of the rat

mammary gland include the mammosphere (MS), which is a

clump of cells that forms from dispersed mammary epithelial cells

(MECs) in a nonadherent culture, that has been recently estab-

lished and widely used as a culture system of bipotent stem or

progenitor cells of human breast epithelium [2].

Materials and methods
MECs were isolated from dissected mammary fat pads of Lewis

rats and prepared for single cell suspensions. MSs were formed

in culture on a nonadherent substrate. We examined: 1) biological

characteristics of the rat MS in terms of positivity for myoepithelial

and luminal markers (cytokeratin [CK] 14 and 18, respectively),

regenerative activity upon orthotopic transplantation of MECs and

MS cells, and proliferation and aggregation during the formation

of MS: and 2) radiation effects on MS-forming cells in terms of the

efficiency of MS formation, cell proliferation by incorporation of 5-

bromo-2’-deoxyuridine (BrdU) into the MS and induction of differ-

entiation of the MS by culturing on Matrigel as defined by positiv-

ity of myoepithelial and luminal markers.

Results
1) Characterization of the rat MS

Enzymatically dissociated MECs were composed of myoepithe-

lial (CK14＋/CK18－), luminal (CK14－/CK18＋) and a rare popula-

tion of double positive (CK14＋/CK18＋) cells. Cells constituting a

MS essentially expressed both CK14 and CK18. When MSs were

forced to attach directly to basement membrane, they differenti-

ated into myoepithelial and luminal cells (CK14＋/CK18－ and CK

Fig.1 Cells in the mammary gland. a) Rat mammary epithelium in vivo is

composed mainly of two cell types, myoepithelial (CK14＋/CK18－,

green) and luminal (CK14－/CK18＋, red). b) Very occasionally, CK

14＋/CK18＋ cells (yellow) are noted in the mammary epithelium,

which are putative bipotent progenitors having a potential to pro-

duce both luminal and myoepithelial lineages.
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14－/CK18＋, respectively); it is therefore suggested that a MS con-

sists of bipotent progenitor cells. MECs regenerated a complete

mammary gland more efficiency than MS cells (stem cells consti-

tuted 0.8% of MECs and 0.1% of MS cells). The MS was formed

through proliferation (BrdU＋ cells, 57.8 ± 1.7% [mean ± SE]),

and aggregation. These observations suggest that the MS is a

clump of bipotent progenitor cells.

2) Radiation effects on MS-forming cells

We next set out to examine how radiation affects MS-forming

cells. When MECs were irradiated with up to 8 Gy and subjected

to formation of MSs, the efficiency of MS formation was unaf-

fected. As this result might merely reflect the radioresistance of

the aggregation process in the formation of MSs, we further exam-

ined cell proliferation activity during the formation of MSs from irra-

diated MECs. As a result, prior irradiation up to 8 Gy did not affect

cell proliferation or cellular composition of the MS. Accordingly,

when we dispersed MSs formed from irradiated MECs and secon-

dary MSs were formed, the formation efficiency of the secondary

MSs was still unaffected by radiation. The differentiation ability of

MSs was not influenced by prior irradiation of MEC (Fig.2).

Conclusion
We established a rat MS formation technique using the nonad-

herent culturing method, and examined the biological and radio-

biological characteristics of MS formation. We concluded that MS-

forming cells in MECs were extremely resistant to radiation-

induced proliferative death and perturbation of differentiation.

Fig.2 Radiobiological characterization of rat mammary stem and MS-forming cells. a) Effect of radiation on

the mammary stem cell activity as assessed by the transplantation regeneration assay. Mean and

95% confidence interval. b) Effect of radiation on MS formation was tested by measuring the effi-

ciency of MS formation from irradiated primary mammary epithelial cells. c) Delayed effect of radia-

tion on MS formation was assessed by evaluating the ability of MS-derived cells to form secondary

MS. The data were analyzed according to the linear-quadratic model, where the dose response was

described as S =e－(αD+βD2), and S is the survival fraction and D is the radiation dose.

References

[1] Imaoka T, et al., J Radiat Res, 50, 281, 2009.

[2] Dontu G, et al., Genes Dev, 18, 1253, 2003.

Fukushim
a

ProjectHeadquarters

National Institute of Radiological Sciences Annual Report 2014 93


	Fukushima Project Headquarters
	Project for Environmental Dynamics and Radiation Effects
	Measurement of 90Sr in soil samples affectedby the Fukushima Daiichi Nuclear Power Plant accident
	Development of a micronucleus assay systemin field plants for monitoring radiation-inducedgenotoxic effects in the environment

	Radiation Effect Accumulation and Prevention Project
	Interaction between ionizing radiation and inflammationin colon carcinogenesis in Mlh1-deficient mice
	Functional radioresistance of rat mammosphere-forming cellsin a nonadherent culture





