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Abstract

The Fukushima Daiichi Nuclear Power Plant (FNPP) accident, the largest nuclear incident since 

the 1986 Chernobyl disaster, occurred when the plant was hit by a tsunami triggered by the Great 

East Japan Earthquake on March 11, 2011. The subsequent uncontrolled release of radioactive 

substances resulted in massive evacuations in a 20-km zone. To better understand the biological 

consequences of the FNPP accident, we have been measuring DNA damage levels in cattle in the 

evacuation zone. DNA damage was evaluated by assessing the levels of DNA double-strand breaks 

in peripheral blood lymphocytes by immunocyto-fluorescence-based quantification of γ-H2AX 

foci. A greater than two-fold increase in the fraction of damaged lymphocytes was observed in all 

animal cohorts within the evacuation zone, and the levels of DNA damage decreased slightly over 

the 700-day sample collection period. While the extent of damage appeared to be independent of 

the distance from the accident site and the estimated radiation dose from radiocesium, we 

observed age-dependent accumulation of DNA damage. Thus, this study, which was the first to 

evaluate the biological impact of the FNPP accident utilizing the γ-H2AX assays, indicated the 

causal relation between high levels of DNA damage in animals living in the evacuation zone and 

the FNPP accident.
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Introduction

The Fukushima Daiichi Nuclear Power Plant (FNPP) accident was one of the worst nuclear 

disasters in human history (1) and resulted in widespread radiation contamination by various 

radionuclides such as tellurium-132 (132Te), iodine-131 (131I), iodine-132 (132I), cesium-134 

(134Cs), cesium-136 (136Cs) and cesium-137 (137Cs), over large habitable areas (2–4). The 

release of these radionuclides caused the Japanese government to set a 20-km-radius 

evacuation zone from the accident site on April 22, 2011 and evacuees left behind a large 

number of livestock, such as cattle, pigs, and chickens (1). The Japanese government 

ordered the governor of Fukushima prefecture to euthanize abandoned livestock within the 

zone on May 12, 2011. Since April 2012, rearrangements of restricted areas, including the 

evacuation zone, have been performed. Thus, the original 20-km-radius evacuation zone will 

be referred to as the ex-evacuation zone.

Several studies have documented the impact of the FNPP accident in the evacuation zone by 

measuring the accumulation of radionuclides in soil samples (2–4), animals (5), the marine 

biota (6–8), freshwater fishes (9), plants (10–12) and microorganisms (13). The specific 

activity of radiocesium in abandoned cattle is dependent on the type of organ examined (5). 

This evidence of radionuclide accumulation in the organs of animals living in the evacuation 

zone is a major concern and may have harmful biological effects. For example, one key 

consequence of ionizing radiation is the induction of DNA damage (14, 15). Among the 

various DNA lesions induced by radiation, DNA double-strand breaks (DSBs) are the most 

dangerous lesions, leading to massive loss of genetic information and cancer (16). 

Radiation-induced DNA DSBs can be recognized using a sensitive quantitative assay based 

on the detection of phosphorylated H2AX (γ-H2AX) foci at the DNA break site, which can 

be visualized by both immunocytochemistry and immunohistochemistry (17, 18). Because 

of its sensitivity (the γ-H2AX assay can detect responses to 1.2 mGy irradiation) (19), 

detection of γ-H2AX foci has been widely used for radiation biodosimetry in both basic and 

clinical studies (20–22). Although various tissues have been used for γ-H2AX foci-based 

radiation biodosimetry, the analysis of lymphocytes is the most preferred technique to 

examine radiation-induced γ-H2AX formation in vivo (23).

Thus, in this study, we aimed to assess the biological impact of the FNPP accident by 

measuring γ-H2AX foci in lymphocytes from cattle grazing in the ex-evacuation zone.

Materials and Methods

Ethics

This study is a part of the national projects associated with the Great East Japan Earthquake 

and supported by the Japanese government through the Ministry of Education, Culture, 

Sports, Science and Technology, Japan, as described previously (5, 24, 25). Cattle in the ex-

evacuation zone were sacrificed by veterinarians according to the Regulation for Animal 

Experiments and Related Activates, Tohoku University (regulation number: 122) (5, 24, 25). 

This study was approved by the Institutional Animal Care and Use Committee of the Tohoku 

University Environmental and Safety Committee.
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Biosampling

A total of 70 cattle, with at least 10 cows from each area of the ex-evacuation zone, were 

analyzed. Peripheral blood was collected from the jugular vein and was stored on ice for less 

than 48 h until analysis. Blood samples (n =8) from control cows not affected by the FNPP 

accident were obtained from Rakuno Gakuen University, Ebetsu City, Hokkaido and a 

commercial farm near Tokyo, which were located more than 600 km north and 240 km 

southwest from FNPP, respectively (Fig. 1A). There were no significant differences in γ-

H2AX levels between control cows from Hokkaido and Tokyo (data not shown). Detailed 

information on sample collection and ethical treatment of animals was described previously 

(5, 24, 25).

Ex-Vivo Radiation Exposure

Peripheral blood samples from control cattle were irradiated with 70 kV X-ray of radiation 

using a soft X-ray generator (OM-B205; OHMiC, Japan) at Ibaraki University.

Lymphocyte Isolation and Immunocytochemistry

Blood samples were diluted with the same volume of phosphate-buffered saline (PBS) and 

layered into LeucoSep tubes (Greiner Bio-One, Frickenhausen, Germany), which contained 

one-half volume of Ficoll-Paque (GE Healthcare, Piscataway, NJ). For γ-H2AX 

immunocytochemistry, isolated lymphocytes were fixed in 2% paraformal-dehyde for 20 

min at room temperature and spotted on slides using a cytospin centrifuge (Thermo Fisher 

Scientific, Waltham, MA). For CD3 immunocytochemistry, isolated lymphocytes were fixed 

in methanol for 30 min at 4°C before cytospin preparation. Anti-γ-H2AX mouse 

monoclonal antibodies (ab18311, currently discontinued) were purchased from Abcam 

(Cambridge, UK). Anti-CD3 rabbit polyclonal antibodies (NB100-2000) were from Novus 

(Littleton, CO). All Alexa488- or Alexa555-conjugated secondary antibodies were from Life 

Technologies (Carlsbad, CA). γ-H2AX detection was performed as previously described 

(20, 21). Fluorescence was detected using a Nikon Eclipse E600 microscope (Tokyo, Japan). 

γ-H2AX foci were counted by eye in a blinded fashion in 1,000 randomly chosen cells.

Statistical Analysis

Differences in the number of γ-H2AX foci between the control cohort and ex-evacuation 

cohorts were analyzed by Student's t test. Fisher's exact test was applied to analyze 

significant differences in γ-H2AX responses between T- and B-lymphocytes.

Results and Discussion

Bovine blood samples were collected between November 8, 2011 (242 days after the 

accident) and February 21, 2013 (713 days after the accident) in four areas within the ex-

evacuation zone (Fig. 1A). The distance from FNPP to each area was approximately 20 km 

(Area 1), 15 km (Area 2), 10 km (Area 3) and 8 km (Area 4; Fig. 1A). Compared with the 

control cohort, the cattle grazing in the evacuation zone exhibited a higher fraction of 

lymphocytes with γ-H2AX foci (Fig. 1B). The mean numbers of foci per cell (fpc) in cattle 

from all four areas were significantly higher than that of the control cohort (Fig. 1C). Further 

analysis showed that most γ-H2AX-positive lymphocytes contained 1–3 γ-H2AX fpc, with 
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a few containing 4–8 fpc. The four ex-evacuation zone cohorts contained greater fractions of 

damaged lymphocytes (Fig. 1D). These data clearly demonstrated that DNA DSB levels 

were increased in cattle living in the ex-evacuation zone. Interestingly, DNA damage levels 

were independent of the distance from FNPP in this study. The similar levels of DNA 

damage may indicate that exposure levels in the area were similar, despite the distance from 

the FNPP. Indeed, several reports have demonstrated the variations in dose levels around 

FNPP, with the northwest areas of the accident showing the highest levels of contamination 

while the southwest areas in which the cattle were grazing showing relatively lower and 

more homogeneous dose levels (26).

To estimate the doses received by the cattle within the ex-evacuation zone based on their 

DNA damage levels, we generated a γ-H2AX radiation calibration curve by irradiating 

control blood samples ex vivo (Fig. 2A). The curve followed the function y = 12.85x + 0.20, 

where y = foci yield per lymphocyte and x = dose in Grays. The foci-based dose estimates 

for Areas 1–4 were 19.05, 22.69, 22.10 and 17.69 mGy, respectively. Previous studies have 

demonstrated that γ-H2AX analysis enables an accurate assessment of radiation dose when 

the exposure was acute and within 48 h postirradiation (20, 27). However, in the case of the 

FNPP accident, the cattle had been chronically irradiated. Therefore, it is challenging to 

estimate the initial radiation dose merely by γ-H2AX levels. As shown in Fig. 2B, γ-H2AX 

levels were not correlated with the estimated external- and internal-exposure doses from 

radiocesium, revealing there was no accumulation of DNA damage in cattle lymphocytes in 

a radiation dose-dependent manner. Similar results were obtained from the relationship 

between γ-H2AX levels and the estimated external- or internal-exposure dose rate (μGy/

day; Fig. 2C). The estimated exposure dose from radiocesium (134Cs and 137Cs) was 

described elsewhere (25). Interestingly, a slight decrease in DNA damage levels in cattle 

lymphocytes could be observed during the 700-day sample collection period (Fig. 2D). 

These time-dependent decreases in DNA damage may be partly attributable to decreased 

dose levels around FNPP over the last 2 years (28).

While statistically significant increases in the fraction of damaged lymphocytes were 

detected, the majority of lymphocytes did not contain γ-H2AX foci (Fig. 1B and D). To 

analyze whether γ-H2AX expression after irradiation was dependent on the lymphocyte 

subpopulation, T cells were identified using anti-CD3 antibodies. Both the fraction of γ-

H2AX-positive lymphocytes and the number of γ-H2AX fpc were not different between 

CD3-positive and -negative lymphocytes (Fig. 3A), suggesting that both T- and B-

lymphocyte populations showed similar γ-H2AX responses to the radiation fallout. These 

data are consistent with another previous observation in humans that the differences in the 

expression of γ-H2AX between lymphocyte subsets are minimal (29). However, there is 

considerable evidence of the altered DNA damage responses in hematopoietic stem and 

progenitor cells (30). Thus, analysis of γ-H2AX responses to the FNPP accident in these 

specific cell types would be interesting.

Previous studies have found that the concentration of radioactive cesium in infant organs is 

higher than that in maternal organs (5), suggesting the age-dependent deposition of 

radioactive cesium in organs. Therefore, we next analyzed whether the age of the cattle was 

related to DNA damage levels in lymphocytes. Age could be determined in 39 out of 70 
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cattle, and 19 were infant calves. We divided these 58 cattle into three groups according age 

at the date of blood sampling, as follows: infant group (n = 19), young adult group (1–5 

years old, n = 27) and adult group (over 5 years old, n = 12). Interestingly, as shown in Fig 4, 

γ-H2AX levels were slightly increased in lymphocytes of adult cattle, although there were 

no significant differences.

DNA damage is known to accumulate during both cellular senescence and organismal aging 

(31, 32). Additionally, strong evidence has shown that DNA damage repair capacity, 

particularly that of DNA DSB repair, is decreased during aging (33). Garm et al. showed that 

DNA DSB repair capacity and γ-H2AX response decreases in lymphocytes from older 

individuals after irradiation. These data suggest that irreparable DNA DSBs (as measured by 

γ-H2AX foci) in bovine lymphocytes may be related to DNA damage repair capacity rather 

than the dose of radiation.

In conclusion, we used γ-H2AX assays and showed that DNA DSBs were significantly 

increased in cattle living in the FNPP evacuation zone; our results suggest that this assay 

could be used to assess biological impact of low-dose and chronic radiation exposure. 

However, estimation of the exposed radiation dose using only γ-H2AX assays does not 

provide reliable results. Because nearly 90% of ionizing radiation-induced DNA DSBs are 

repaired within 24 h postirradiation (34), γ-H2AX foci detected in lymphocytes from cattle 

may not reflect the total DNA damage. DNA DSB levels were slightly correlated with cattle 

age, suggesting that DNA damage repair capacity affected the level of spontaneous DNA 

DSBs under conditions of chronic radiation exposure. While many markers (chromosomal 

aberrations, mutations and thyroid dysfunction, among others) should be considered when 

assessing the biological effects of the FNPP accident, our results are the first to show the 

extent of DNA DSB accumulation in animals living in the ex-evacuation area and show the 

causal link between DNA damage induction and the FNPP accident. We believe that these 

data provide valuable information regarding the effects of the Fukushima nuclear accident 

on human health.
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Fig. 1. 
γ-H2AX foci per lymphocyte from cattle living in the control and ex-evacuation zones (A) 

Location of cattle sampled in this study. The red spot indicates Fukushima Daiichi Nuclear 

Power Plant. Control cows were obtained from Hokkaido and Tokyo. (B) Representative 

images of γ-H2AX immunostaining. Green, γ-H2AX, red; DNA stained by propidium 

iodide. (C) The mean number of γ-H2AX foci per cell from cohorts in each area (control, n 

= 8; Area 1, n= 12; Area 2, n= 15; Area 3, n= 25; and Area 4, n= 18). Error bars signify 

standard deviations. γ-H2AX foci were counted in at least 1,000 cells taken from each 

animal. Asterisks denote the statistical significance of the difference between cohorts from 

the control and ex-evacuation zones (***P < 0.001 by t-tests). (D) Distribution of foci in the 

ex-evacuation zone cohort (red bars, Area 1; green bars, Area 2; blue bars, Area 3; orange 

bars, Area 4) compared in different damage categories with the control cohorts (gray bars). 

γ-H2AX foci were counted in at least 1,000 cells from each animal. Error bars denote 

standard deviations (control, n = 8; Area 1, n = 12; Area 2, n = 15; Area 3, n = 25; and Area 

4, n = 18). Asterisks denote significant differences between the ex-evacuation cohort and 

controls (*P < 0.05, **P < 0.01, and ***P < 0.001, Student's t test).

Nakamura et al. Page 8

Radiat Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Correlation analysis of γ-H2AX levels in lymphocytes from cattle with the radiation 

calibration curve, estimated exposure dose, estimated radiation dose rate, and time period 

after the accident. (A) Estimation of radiation doses equivalent to γ-H2AX levels in 

lymphocytes of cattle from the ex-evacuation zone. Induction of γ-H2AX foci in control 

bovine blood samples irradiated ex vivo. Blood samples were X-ray irradiated following 

incubation at 37°C for 30 min, then processed for γ-H2AX assay. Error bars denote standard 

deviations in individual animals (n = 3). (B) Relationship between the numbers of γ-H2AX 

foci per cell in each animal and estimated radiation exposure dose from 134Cs and 137Cs 

(right: internal-exposure dose, left: external-exposure dose). The radiation doses were 

inferred from a previous study (25). (C) Relationship between the numbers of γ-H2AX foci 

per cell in each animal and estimated radiation dose rate from 134Cs and 137Cs (right: 

internal-radiation dose rate, left: external-radiation dose rate). The radiation dose rates were 

inferred from a previous study (25). (D) Temporal patterns of foci per cell (fpc) values in 

lymphocytes. Each mark indicates the numbers of γ-H2AX foci per cell in each animal. The 

sampling site is indicated by color (red, Area 1; green, Area 2; blue, Area 3; orange, Area 4).
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Fig. 3. 
Frequencies of γ-H2AX-positive T and B lymphocytes (A) Population of γ-H2AX-positive 

cells in CD3-positive T lymphocytes (black bars) and CD3-negative B lymphocytes (white 

bars) in cattle from the ex-evacuation zone. (B) The mean numbers of γ-H2AX foci per cell 

in positive T lymphocytes (black bars) and positive B lymphocytes (white bars) in cattle 

from the Fukushima evacuation zone. Error bars denote standard deviations in individual 

animals (n = 2). For statistical analysis, Fisher's exact test was carried out.
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Fig. 4. 
Effects of age on DNA damage levels in lymphocytes in cattle from the ex-evacuation zone 

The mean number of γ-H2AX foci per cell from each age group (infant group: under 1 year 

old, n =; 19; young adult group: 1–5 years old, n = 27; adult group: over 5 years old, n = 12). 

Error bars denote standard deviations.
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