
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 which were chosen after consid-

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

The headquarters also manages other activities of NIRS related

with the NPP accident.

The Project for Human Health started an epidemiological inves-

tigation 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 correlations between health conditions and the doses

they received. The database structure and functions have been

designed, and special attention was given to security of the col-

lected information for long-term follow-up. More than 600 workers

have been registered in the database along with the data of a

baseline questionnaire survey. The findings from the follow-up

study are expected to be used in workers’ health care, as well as

in future planning of radiation protection measures for emergency

situations.

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.

The Radiation Effect Accumulation and Prevention Project aims

to elucidate the effects of low-dose-rate radiation and its underly-

ing mechanism, and then to provide possible measures to miti-

gate the risks based on findings using animal models. In order to

answer the major questions determined from the concerns of

Fukushima residents, the project conducts the following three re-

search programs. 1) Effects of the low-dose-rate radiation on life

shortening and cancer induction are being examined for juvenile

exposure in comparison with adult exposure, to confirm if the

dose-rate effect for children is the same as that for adults. 2) Ac-

cumulation of radiation effects in the stem cells of the skin and

mammary glands is being evaluated, to clarify if the dose-rate ef-

fect can be explained in part by the reduced accumulation of

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

damaged stem cells. 3) Inhibitory effects of calorie restriction and

anti-oxidant food ingredients on radiation-induced cancer are be-

ing investigated, to provide possible approaches to reduce the

cancer risk after childhood exposure by subsequent control of

diet.

The Project for Environmental Dynamics and Radiation Effects

started the following two research programs related with the envi-

ronmental contamination in Fukushima. 1) Estimation of radiation

doses for Fukushima residents from surrounding ecosystems, and

providing countermeasures to minimize the received dose. On

coming back to their homes, many of the evacuees are afraid of

encountering high radiation doses from the contaminated environ-

ment and from the ingestion of radioactive materials from foods

and water. In order to estimate long-term radiation doses of the

residents from the surrounding environment during their daily life,

the project started dose-estimation-oriented collection of environ-

mental samples considering the migration of radioactive materials
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in the environment. 2) Assessment of radiation effects on non-

human biota in contaminated ecosystems. High contamination

levels of the environment suggest possible effects of radiation on

non-human biota. Although drastic effects such as the “red for-

ests” in contaminated Chernobyl areas have not been observed,

long-term studies are required to estimate the environmental ef-

fects. The project is collecting biological samples such as pine,

wild mouse, and salamander in heavily contaminated areas, and

is estimating radiation effects using different endpoints (e.g.

growth rate, reproduction and chromosome aberration).

In addition to the projects, the headquarters manages the fol-

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

support research activities of the projects. 1) Development of an

automated procedure for the dicentric chromosome aberration

assay, and estimation of background frequency of the dicentric

chromosome of Japanese. 2) Supporting the construction of new

buildings and facilities for researches. 3) Telephone consultation.

This consultation was started on March 13, 2011, and 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. It continues to

be run but with a reduced size, and a total of about 19,000 tele-

phone calls have been received so far.

In the following highlight, three research topics are introduced

from two research projects, the Radiation Effect Accumulation and

Prevention Project and the Project for Environmental Dynamics

and Radiation Effects.
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Introduction
Tremendously large amounts of radionuclides were released

into the environment following the Fukushima Dai-ichi Nuclear

Power Plant accident in March 2011. As a result, large areas in

east parts of Japan from Kanto to Tohoku districts, but mainly in

Fukushima Prefecture, were contaminated to varying degrees with

the released radionuclides. Radiation effects on non-human biota

inhabiting the contaminated areas have therefore been a concern

since the accident [1].

The Tohoku hynobiid salamander, Hynobius lichenatus (order

Caudata, class Amphibia; Fig.1) is suitable for field investigation

of radiation effects on non-human biota, because this species is

expected to be sensitive to radiation [2] and it inhabits the north-

ern part of the Abukuma Mountains, which were among the most

heavily contaminated areas by the accident. We started field stud-

ies on this salamander just after the accident. On the other hand,

we also did a chronic irradiation experiment in the laboratory, be-

cause there were no data on effects of chronic irradiation on Cau-

data. In the present study, H. lichenatus was chronically γ-

irradiated during the embryonic, larval and juvenile stages, and

effects on growth and survival as well as histological changes

were investigated [3].

Materials and methods
In May 2012, egg sacs of H. lichenatus were collected in the

Aizu district, which was a less contaminated area in Fukushima

Prefecture. Each embryo was separated from the egg sacs, and

reared in water. External γ-irradiation was started in the NIRS 137Cs

irradiation facility. The irradiation was continued until the juvenile

stage for 450 days at dose rates of 32, 150, 490, 4,600 and

18,000 μGy h-1.

Larvae were also reared in water, and aquatic oligochaetes

Tubifex tubifex were given as food.

Juveniles metamorphosed from the larvae were reared in plas-

tic containers filled with wet sphagnum moss, and larvae of moth

Galleria mellonella, sow bugs Porcellionides pruinosus and larvae

of cricket Acheta domestica were given as food.

Observation was made to check survival and metamorphosis.

Weight of juveniles was measured. Histological examinations

were performed in the liver, spleen, skin and intestine in accor-

dance with routine methods.

Results and discussion
Chronic irradiation at 32, 150 and 490 μGy h-1 did not signifi-

cantly affect survival (Fig.2) and growth such as age at metamor-

phosis (Fig.3) and weight of juveniles. No morphological aberra-

tions and histological damages were observed.Fig.1 Life cycle of H. lichenatus
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At 4,600 μGy h-1, growth was severely inhibited. Metamorphosis

was delayed (Fig.3), and weight of juveniles was lighter than that

of controls. All the individuals irradiated at this dose rate died,

mostly at the juvenile stage (Fig.2). Subcutaneous haemorrhage

was observed in some dead juveniles. The median life span was

371 days, during which a total dose (chronic LD50) was 42 Gy. In

the liver, the number of haematopoietic cells was significantly re-

duced in the living juveniles, and these cells disappeared in the

dead juveniles. In the spleen, mature lymphocytes were depleted

in the living larvae, and almost all the haematopoietic cells disap-

peared in the dead juveniles. These results suggest that this sala-

mander died due to acute radiation syndrome, i.e., haematopoie-

tic damage and subsequent sepsis caused by immune depres-

sion. The death would also be attributed to skin damage inducing

infection.

At 18,000 μGy h-1, growth inhibition and morphological aberra-

tions such as thickset bodies and development failure of hind

limbs were observed in the larvae. Subcutaneous haemorrhage

was also observed. All the individuals irradiated at this dose rate

died at the larval stage due to multiple organ failure (Fig.2). The

median life span was 77 days, and chronic LD50 was 28 Gy.

At 490 μGy h-1 or lower dose rates, growth and survival of H. li-

chenatus were not significantly affected over 450 days. For this

relatively short period, this result supports validity of all the guid-

ance dose rates proposed by various organisations (e.g., IAEA,

UNSCEAR, US DOE, Environment Agency UK and Environment

Canada) and programmes (e.g., FASSET, ERICA and PROTECT)

for protection of amphibians and taxonomic groups or ecosys-

tems including amphibians, which range from 4 to 400 μGy h-1.

However, considering the relatively long life span, i.e., longer

than 14 years, of this salamander, the results obtained in this

study may not support all of these guidance dose rates. Assum-

ing that LD50 of chronic exposure is also 42 Gy at lower dose rates

than 4,600 μGy h-1, a median lethal dose rate can be estimated to

be less than 340 μGy h-1 (=42×106 μGy/14 y/365 d/24 h) for the

whole life of this salamander. This estimation suggests that most

of the guidance dose rates, ranging from 4 to 200 μGy h-1, would

protect this salamander but the highest one, i.e., 400 μGy h-1 pro-

posed by IAEA, UNSCEAR, US DOE and Environment Agency

UK, may not on the whole life scale. Further long-term irradiation

experiments are required for the definitive conclusion.

The dose rate-response relationship obtained in this study and

dose rates estimated in the field study, which will be published in

the near future, enable assessment of radiation risks to this sala-

mander in the contaminated areas in Fukushima.

Fig.2 Survival curve of chronically γ-irradiated H. lichenatus [3] Fig.3 Metamorphosis fraction of chronically γ-irradiated H. lichenatus [3]
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Introduction
It is necessary to clarify behaviors of the atmospheric and oce-

anic releases and the dispersion of artificial radionuclides in the

marine environment after the TEPCO Fukushima Daiichi Nuclear

Power Station (FDNPS) accident. Many and various types of moni-

toring measurements were carried out in the marine environment

after this accident, but only the gamma-emitting radionuclides

iodine-131(131I) and radioactive cesium (134Cs and 137Cs) which

have high radioactivity were reported. The pre-accident levels of
137Cs activities in seawater and sediments were 1-2 mBq/L and 1

Bq/kg-dry, respectively. The activities of 134Cs + 137Cs in seawater

were observed to be more than 10 kBq/L around FDNPS at the

end of March 2011, and measurements showed that they had de-

creased gradually to 1-2 mBq/L in the past few months, ap-

proaching the pre-accident levels. On the other hand, higher ac-

tivities of 134Cs + 137Cs in sediments have been reported off the

Fukushima coastal area in the Pacific Ocean.

Sampling off the coast of Fukushima
The activities of radionuclides in marine biota off Fukushima, in-

cluding plankton and benthos, were investigated to determine the

variation in radioactivity. The aims of the present study were to ex-

amine the temporal and spatial changes in radioactivity and to in-

vestigate the distribution and behavior in the marine environment

after this accident. Samples collected in the marine environment

included seawater and sediments and also marine biota such as

plankton, benthos, fish and shellfish. They were collected with a

plankton net, dredge sampler, and trawl net during cruises of

some research vessels and by fishing ships. Radioactive Cs in fil-

tered seawater was determined with the ammonium phosphomo-

lybdate (AMP) /Cs compound method [1]. Detection limits of 134Cs

and 137Cs were 1 mBq/L in seawater, respectively. Collected ma-

rine biota samples were classified into species, and some kinds of

fish and shellfish were separated into some parts, such as the ed-

ible (muscle), viscera and bony parts, etc. These parts were dried

with a vacuum drying machine, homogenized, and packed into a

plastic container (U-8). The 131I activities could not be measured

as 131I had been volatilized by heat from the biological sample. Ra-

dioactivity was determined by gamma-ray spectrometry using a

HPGe detector (GX-2019; Canberra). The radionuclide activities

of seawater, sediment and biota on the sampling date were calcu-

lated with the correction of the decay. Detection limits of 134Cs,
137Cs and 110mAg in sediment and marine biota samples were all

within 1 Bq/kg [wet weight (wet wt)].

The activities of radionuclides in marine environment
The observed artificial gamma-emitting radionuclides in marine

biota include not only 134Cs and 137Cs but also 110mAg. Artificial radi-

onuclides such as 134Cs, 137Cs, 141Ce, 144Ce, 103Ru, 106Ru, and 110mAg

were reported in Mediterranean seagrass after the Chernobyl ac-

cident [2]. However, 141Ce, 144Ce, 103Ru, and 106Ru were not ob-

served in the FDNPS fallout. 110mAg, is a short half-life radionuclide

(249.8 d), and it was observed in the fallout, soil and sediments

around eastern Japan. Marine biota that were used as foodstuffs

before the accident were collected off Onahama (Fukushima, Pre-

fecture) in June and December 2011, and their radionuclide ac-

tivities are shown in Fig.1. The radioactivity of 134Cs + 137Cs in ma-

rine products ranged from 11 to 132 Bq/kg (wet wt) in June 2011

and from less than 1 to 135 Bq/kg (wet wt) in December 2011.
110mAg activity was not detected in fishes collected in December

2011, although this activity was observed in the viscera of squid,

crab, and fish collected in June 2011. It is considered that the ac-

tivity of 110mAg in fish and plankton gradually decreased with time

because the half-life of 110mAg is 249.8 days. However, no cesium

radioactivity was observed in squid and crab. It is well known that

mollusca and crustacea concentrate silver in their visceral parts.

The bottom-dwelling biota such as shellfish and benthos had high

activities of Cs and Ag one year after the accident. The average

cesium activity in seawater was 0.20 Bq/L in June 2011, which

gradually decreased to 0.03 Bq/L in December 2011 around the

sampling area. The Cs activity in seawater decreased ten-fold
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during 6 months, and consequently activity in the marine organ-

isms also dropped. On the other hand, the decrease of 110mAg ac-

tivity in mollusks could be observed to be almost that of the physi-

cal half-life time. Furthermore, the Cs activities in plankton and

seawater off Onahama in 2012 were from 40 to 130 Bq/kg (wet wt)

and from 3 to 91 Bq/L, respectively. It is thought the decrease of

activity of these radionuclides in marine organisms depends on

differences in the mechanisms of accumulation and metabolism.

The CR [concentration ratio = activity in biota (Bq/kg (wet wt))/

activity in seawater (Bq/kg or Bq/L)] is usually represented in

terms of the concentration in biota relative to that of seawater for

modeling purposes [3]. This value of cesium in marine organisms

was calculated with the activity of cesium in seawater (Table 1).

The estimated CR of cesium (CR-Cs) in marine organisms ranged

from 2.6E+1 in the muscle part of squid to 1.0E+4 in clam viscera.

Large differences in CR-Cs in different parts of marine organisms

were not observed. The estimated CR-Cs values in plankton were

5.8E+1 to 1.5E+3 in 2012. These values were higher than the re-

ported CRs of fish, crustaceans, mollusks, and macroalgae in

TRS-422, 1.0E+2, 5.0E+1, 6.0E+1, and 5.0E+1, respectively.

These resulting values ranged from 5.8E+1 to 7.8E+2, and they

were higher than the CR-Cs values (2.0E+1 to 4.0E+1), but also

similar to the Kd -Cs value in TRS-422 [3]. It was suggested that

the rapid change in radioactivity in seawater and the resuspen-

sion of particles from the sediments led to high CRs of Cs after the

FDNPS accident.

Fig.1 Radioactivity in each part of the marine organisms. Black bars, whole body; open bars, muscle (edible

parts); dark bars, viscera; light gray bars, bony parts, and ＊; lower than the detection limit. Samples

were collected in June (I) and December (II), 2011.
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Table 1 Concentration ratio of cesium (CR-Cs) in marine biota.

This study TRS-422
CR-Csn Estimated CR-Cs

Fish 7 3.2E+02 1.0E+02
Mollusks 3 3.1E+02 6.0E+01

Crustaceans 1 7.6E+01 5.0E+01

Macroalgae 1 1.3E+03 5.0E+01

Plankton 12 6.9E+01 4.0E+01
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Summary
The effects of ionizing radiations on somatic stem cells largely

remain unclear. Hair follicles are self-renewing structures that re-

constitute themselves throughout the hair cycle, which is com-

prised of the following phases: anagen (growth), catagen (regres-

sion) and telogen (resting), suggesting the presence of their own

stem cells. The whole bodies of C57BL/10JHir mice in the 1st telo-

gen phase were irradiated with γ-rays. Mice were examined for ef-

fects on hair follicles, including their number, morphology and pig-

mentation in the 2nd anagen phase. Decreased hair follicle density

and induction of curved hair follicles were observed in the dermal

skin of irradiated mice. In addition to these keratinocyte-derived

anomalies, melanocyte-derived anomalies including white hair

and hypopigmented hair bulbs were found. The decrease in hair

follicle density and the increase in the frequency of hypopig-

mented hair bulbs were dependent on the dose of γ-rays. These

results suggest that γ-rays damage stem cells and progenitors for

keratinocytes and melanocytes, thereby affecting the structure

and character of regenerated hair follicles. The density of hair folli-

cles and pigment production in hair bulbs are established as cri-

teria for the effects of γ-rays on the hair cycle.

Introduction
The current radiological protection system assumes complete

accumulation of the stochastic effect of the ionizing radiation. If

long-lived tissue stem cells are a target of the radiation carcino-

genesis, this model system appears to be rational, though epide-

miologic studies do not necessarily support this idea.

To verify this idea, hair follicles may be a good experimental

system, because they are self-renewing structures that reconsti-

tute themselves, which suggests the presence of their own stem

cells. The hair cycle consists of three phases: anagen (growth),

catagen (regression) and telogen (resting) (Fig.1A). In vivo and in

vitro studies have revealed that keratinocyte and melanocyte

stem cells are present in the bulge of the hair follicles in both mice

and humans. The bulge region provides the insertion point for the

arrector pili muscle and marks the lowermost permanent portion

of the hair follicle during the hair cycle. Regeneration of hair folli-

cle structure begins with keratinocyte and melanocyte progenies

derived from keratinocyte and melanocyte stem cells present in

the hair bulge. In mice, the 1st and 2nd hair cycles are synchro-

nized and proceed in waves all over the body.

Ionizing radiations, such as X-rays and γ-rays, affect mammal-

ian keratinocytes, melanoblasts, melanocytes and fibroblasts dur-

Fig.1 Histological sections of the dorsal skin of control and irradiated

mice at the 2nd anagen phase. (A) Diagram showing the hair cycle in

mice. Abbreviations: H, hair shaft; E, epidermis; D, dermis; SG, se-

baceous gland; HB, hair bulge; HF, hair follicle; HM, hair matrix; DP,

dermal papilla; Arrow, γ-irradiation; the region above the dotted line

indicates the permanent portion of hair follicles. (B) A section of

control skin contains 10 hair follicles of the 2nd hair cycle. The white

arrowhead indicates a typical hair of the 1st hair cycle. (C) Gamma-

irradiation (2.5 Gy) decreased the density of hair follicles in the skin.

Only 4 hair follicles of the 2nd hair cycle were observed in this sec-

tion. Scale bar, 100 μm. (D) Quantitative analysis of the effect of γ-

rays on hair follicle density in the 2nd anagen phase. Error bars indi-

cate the standard error. P values for comparisons of control mice (0

Gy) were calculated by two-tailed Student’s t-test for comparison of

groups of unequal size. This figure was modified from a figure in [1].
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ing all stages of development. In embryonic mice exposed to ion-

izing radiations, patches of pigment-less white hair (white spots)

can be found in the mid-ventrum of offspring. However, it is not

fully understood whether keratinocyte and melanocyte stem cells

in the bulge of postnatal skin are affected by this exposure. While

there are a few reports showing the changes of hair with regard to

the hair cycle after γ-irradiation, a reduction in the diameter of irra-

diated hair follicles has been demonstrated in humans and mice.

These circumstances prompted us to investigate in detail how

ionizing radiations affect the regeneration of hair follicles by evalu-

ating changes in the number and morphology of hairs and by ob-

serving changes in the frequency of abnormal hair follicles due to

defects in keratinocytes and melanocytes.

Results
1) Effects of γ-rays on hair follicle structure

Since newly formed hair follicles are derived solely from kerati-

nocyte and melanocyte stem cells, we hypothesized that damage

caused in keratinocyte and melanocyte stem cells in the 1st telo-

gen could be detected as a phenotype of descendant hair follicle

structures in the 2nd anagen (Fig.1A). Histological sections of

mouse dorsal skin showed mature hair follicles at the 2nd anagen

with some regressed hair follicles at the 1st anagen (Fig.1B). In

mice exposed to 2.5 Gy γ-rays, there was a decrease in the num-

ber of hair follicles per 0.1 mm2 skin section in the 2nd hair cycle

(Fig.1C). Gamma-rays at doses of 0.5 Gy and 1 Gy also caused a

significant decrease in the number of hair follicles per 0.1 mm2

skin (Table 1). Hair follicle density decreased as the dose in-

creased (Fig.1D). Interestingly, the decreasing rate appeared to

reach a plateau at a dose of 1 Gy. An additional malformation was

observed in the induction of curved hair follicles. One or two con-

strictions in the hair follicles were seen in the curved follicles, even

in mice exposed to 0.5 Gy γ-rays, whereas no abnormalities were

seen in control mice. The frequency of curved hair follicles in irra-

diated mice was significantly different to that in the control group

(Table 1). However, these differences did not appear to be dose-

dependent. These results suggest that γ-rays affected hair follicle

number and structure in the 2nd anagen phase when stem cells

and committed progenitors for keratinocytes were irradiated in the

1st telogen.

2) Effects of γ-rays on pigmentation of regenerated hair follicles

Next, we analyzed histological sections of the dorsal skin with

regard to anomalies derived from melanocyte stem cell, such as

the frequency of white hairs and hypopigmented hair bulbs (Table

1). Histological sections confirmed the presence of white hair

shafts in the growing hair follicles of mice exposed to 0.5 Gy γ-

rays, whereas no white hairs were found in control mice. However,

the frequency of white hairs was very low and the differences be-

tween control and irradiated mice were not significant (Table 1).

We also studied the degree of pigmentation of hair bulb melano-

cytes. Histological sections of control mice contained fully pig-

mented melanosomes in the hair bulb (Fig.2A). However, mice ex-

posed to 2.5 Gy γ-rays possessed hair bulb melanocytes with ex-

tremely reduced pigmentation (Fig.2B). The number of hair bulb

melanocytes did not appear to be reduced. Melanosomes in irra-

diated hair bulbs appeared mature but they were much fewer in

number and smaller in size in the exposed mice than they were in

the control mice (Figs.2C, D). In contrast to the frequency of white

hairs, the frequency of hypopigmented hair bulbs increased in a

dose-dependent manner and reached more than 18% (Fig.2E).

There was a significant increase in the frequency of hypopig-

mented hair bulbs, even in skin exposed to 0.5 Gy γ-rays (Table

1). These results suggest that γ-irradiation affects stem cells and

committed progenitors for melanocytes at the 1st telogen and, as a

result, inhibits the formation of melanosomes at the 2nd anagen.

Conclusion
The decrease in the density of hair follicles in the skin at the 2nd

anagen and the increase in the frequency of hypopigmented hair

bulbs are dependent on the dose of γ-rays. Furthermore, these ir-

radiations induced abnormal hair follicle curvature and white

hairs, suggesting that γ-irradiation in the 1st telogen strongly af-

fects regeneration of hair follicles, which are produced by the

progenies of keratinocyte and melanocyte stem cells, in the 2nd

anagen.

Table 1 Effects of γ-rays on hair development in mice

Fig.2 Effect of γ-rays on the development of progenies of melanocyte

stem cells. (A, B) Mice exposed to 2.5 Gy γ-rays possess hair bulb

melanocytes with extremely reduced pigmentation (B, arrow) in

contrast to the heavily pigmented hair bulbs of control mice. Scale

bar, 50μm. (C, D) Higher magnification views of hair bulbs of control

and irradiated mice. Mice exposed to 2.5 Gy γ-rays possess hair

bulb melanocytes with fewer and smaller melanosomes compared

with control melanocytes, though melanosomes were mature. Ar-

rows indicate hair bulb melanocytes. Scale bar, 20μm. (E) Quantita-

tive analysis of the effect of γ-rays on the frequency of hypopig-

mented hair bulbs. Error bars indicate the standard error. P values

for comparisons of control mice (0 Gy) were calculated by two-

tailed Student’s t-test for comparison of groups of unequal size. This

figure was modified from a figure in [1].
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