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We describe a novel method for rapid and quantitative evaluation of the degree of radiation-induced 

apoptosis in the developing brain of medaka (Oryzias latipes). Embryos at stage 28 were irradiated with 
1, 2, 3.5, and 5 Gy x-ray. Living embryos were stained with a vital dye, acridine orange (AO), for 1–2 h, 
and whole-mount brains were examined under an epifluorescence microscope. From 7 to 10 h after irradi-
ation with 5 Gy x-ray, we found two morphologically different types of AO-stained structures, namely, 
small single nuclei and rosette-shaped nuclear clusters. Electron microscopy revealed that these two dis-
tinct types of structures were single apoptotic cells with condensed nuclei and aggregates of apoptotic 
cells, respectively. From 10 to 30 h after irradiation, a similar AO-staining pattern was observed. The 
numbers of AO-stained rosette-shaped nuclear clusters and AO-stained single nuclei increased in a dose-
dependent manner in the optic tectum. We used the number of AO-stained rosette-shaped nuclear clusters/
optic tectum as an index of the degree of radiation-induced brain cell death at 20–24 h after irradiation. 
The results showed that the number of rosette-shaped nuclear clusters/optic tectum in irradiated embryos 
exposed to 2 Gy or higher doses was highly significant compared to the number in nonirradiated control 
embryos, whereas no difference was detected at 1 Gy. Thus, the threshold dose for brain cell death in 
medaka embryos was taken as being between 1–2 Gy, which may not be so extraordinarily large compared 
to those for rodents and humans. The results show that medaka embryos are useful for quantitative evalu-
ation of developmental neurocytotoxic effects of radiation.

INTRODUCTION

It is important to examine the hazardous effects of 
chemical substances and ionizing radiations on our central 
nervous system (CNS) for protection of public health. The 
developing CNS is particularly sensitive to ionizing radia-
tion because of its structural complexity, its long develop-
mental period, the vulnerability of undifferentiated neural 
cells, the need for neurons to migrate to functional positions, 
and the inability to replace lost neurons.1,2)

For humans, data from the fetuses of atomic bomb survi-

vors in Hiroshima and Nagasaki provide the primary basis 
for risk estimation of radiation damage to a developing 
CNS.3) However, these data are limited and incomplete, 
making studies on other species essential. Mammalian 
embryos develop in the mothers’ uteri; hence, their develop-
mental process is hard to be examined directly. In contrast, 
fish embryos, such as those of zebrafish (Danio rerio) and 
medaka (Oryzias latipes), develop outside the mothers’ 
bodies, and their chorions are transparent. Consequently, all 
gross abnormalities in these living embryos, including those 
in their CNS, can be detected throughout the entire period 
of their development under a conventional stereomicro-
scope.4–6) Moreover, the CNS of medaka embryos can be 
examined easily in whole-mount preparations, because it is 
much smaller than that of mammalian embryos.7) Further-
more, gene expression and histogenetic patterns during brain 
morphogenesis in medaka are essentially similar to those 
reported in mammals,8–11) suggesting that medaka and mam-
mals share many common mechanisms underlying brain 
formation.
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In a previous study, late medaka embryos (stages 28–30) 
were irradiated with 10 Gy x-ray, a lower dose than LD50.6) 

Transient radiation-induced apoptosis in the CNS was 
observed in all living irradiated embryos under a stereomi-
croscope, and the dead cells were distributed mainly in the 
marginal proliferating regions of the optic tectum in the 
dorsal part of the midbrain.

To assess whether this finding could provide a method for 
quantitative evaluation of radiation-induced effects, we 
studied the effects of radiation-induced apoptosis in the 
optic tectum at lower doses in late medaka embryos and 
tried to define the threshold above which discernible damage 
occurred. Also we developed a new method of staining using 
AO to visualize and count dead cells in whole-mount spec-
imens. This AO-staining method proved to be rapid and 
convenient compared to histological examination by termi-
nal deoxynucleotidyl trasferanse-mediated dUTP-biotin nick 
end labeling (TUNEL)6) which requires the laborious 
preparation of histological sections and effort in counting 
TUNEL-positive cells in many sections. By using this 
method, we were able to evaluate quantitatively the neuro-
cytotoxic effects of radiation on developing medaka brains.

MATERIALS AND METHODS

The protocol of this study was approved by the Commit-
tee of Experimental Animals of the National Institute of 
Radiological Sciences, Chiba, Japan.

Medaka strain
An inbred strain, HO4C,12–14) was used. The fish of this 

strain were kept at room temperature (26–29°C) and under 
a controlled photoperiod (14 h light/10 h dark cycles). The 
fish were fed on powdered fish food (Tetra-min, Tetra Werke 
Co., Mells, Germany) once a day. Under these conditions, 
the fish laid clusters of eggs daily.

Medaka embryos
Egg clusters were rubbed between two small pieces of 

paper towel to remove filaments on chorions, and singly 
isolated eggs were placed in a petri dish containing 7 ml of 
distilled water supplemented with 10–5% methylene blue. 
The eggs were incubated at 26–29°C to develop. Living 
medaka embryos were observed several times a day under a 
stereomicroscope (Leica Mz125, Nussloch, Germany) at 
50–100x. The developmental stages of embryos were deter-
mined in accordance with the method described by Iwamatsu
(2004).15)

X-ray irradiation
X-ray irradiation was performed using a 200-kVp X-ray 

machine (PANTAK-HF320, Shimadzu, Kyoto, Japan) at 200 
kV and 20 mA with 0.5 mm Cu and 0.5 mm Al filters. The 
target-to-object distance was 50.0 cm, and the average dose 

rate in air was 1.3 Gy min–1.
Medaka embryos at stage 28 (30-somite stage, 64 h after 

fertilization) were irradiated with single acute doses of 1, 2, 
3.5, and 5 Gy x-ray, all of which are lower than the LD50 
for the embryos.6) This developmental stage corresponds 
approximately to the early fetal stages in human develop-
ment.10)

Fig. 1. Overall scheme of AO staining method used in this study. 
Medaka living embryos were stained with AO before fixation. The 
brain of the fixed embryo was mounted on a glass slide and 
observed under a fluorescence microscope. The boxed areas in the 
brains are shown in Fig. 2. CE = cerebellum; OT = optic tectum.
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Staining with AO and counting number of AO-stained 
structures

The vital dye of AO (acridinium chloride hemi-[zinc chlo-
ride], Sigma), a DNA intercalating dye, stains selectively the 
nuclei of apoptotic cells and does not label significantly 
those of necrotic cells.16) Living whole embryos were 
stained with AO as follows (Fig. 1): Embryos with their 
chorions were placed in 17 μg/ml AO in Iwamatsu’s medium 
(110 mM NaCl, 5 mM KCl, 0.9 mM CaCl2, 0.8 mM MgSO4, 
and 1.2 mM NaHCO3),17) and the chorions were partly cut 
using a scalpel to enhance AO penetration into the embryos. 
After 1–2 h of incubation, the embryos with their chorions 

were rinsed with Dulbecco’s PBS(–) (Nissui Pharmaceutical 
Co., Ltd.) for 10 min and fixed in 4% paraformaldehyde in 
0.1 M phosphate buffer (pH 7.4). After 30 min of fixation, 
embryos were isolated from their chorions, and the heads of 
the embryos were cut off using a scalpel in PBS(–). Each 
head was placed in a drop of PBS(–) on a glass slide, on 
which a pair of spacers (0.3 mm in thickness) had been 
glued on both sides, so that the dorsal aspect of the brain 
could be observed, and covered with a cover glass. The brain 
was observed under a fluorescence microscope (Nikon, 
Eclipse E600, Tokyo, Japan) with a green filter at 200x.18)

Images were taken using a Fujichrome SensiaIII 100 

Fig. 2. Whole-mount AO staining of embryonic brains. The optic tectum (OT) of a nonirradiated normal embryo at stage 30 (A, B), and 
those of irradiated embryos stained 3 h (C, D) and 10 h (E, F) after 5 Gy x-ray irradiation. Fluorescence microscopy images (A, C, E) and 
their bright field counterpart images (B, D, F, respectively). Dorsal views, rostral to top. Thin arrows indicate small single nuclei and thick 
arrows indicate rosette-shaped clusters. CE = cerebellum. Scale bar = 20 μm.
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daylight film.
Two types of AO-stained structures were found in the 

brain: small single nuclei and rosette-shaped clusters of 
apoptotic cells (see Results). For the quantitative evaluation 
of the neurocytotoxic effects of radiation, we counted the 
number of rosette-shaped clusters/optic tectum.

Sections for light microscopy and electron microscopy
Embryos were separated from their chorions in a mixture 

of 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.4) within 5 min, and fixed by immer-
sion in this mixture of fixatives for 24 h at 0–4°C. After 
washing with the same buffer for 2 h, the embryos were 

postfixed with 2% osmium tetroxide in the same buffer for 
2 h at room temperature. After dehydration in graded concen-
trations of ethanol, they were incubated with propylene 
oxide and embedded in Epok812 epoxy resin. Serial sections 
(1 μm) were cut and stained with toluidine blue for light 
microscopy. Ultrathin sections were also cut and stained 
with lead citrate for observation under an electron micro-
scope. The sections were observed under a Hitachi H-7500 
electron microscope operated at 80 kV.

Photomicrographs
Photomicrographs were scanned using a scanner and a 

slide mount folder (Dimage Scan Multi II, Minolta Co., Ltd., 

Fig. 3. Histological features of optic tectum of nonirradiated control embryos (A, C) and those of irradiated embryos 24 h after irradiation 
with 5 Gy x-ray (B, D–G). (A, B) Frontal semithin sections (1 μm) at the level of the midmesencephalon (toluidine blue staining) are 
observed by light microscopy. Dorsal to top. Thin arrows indicate small single nuclei and thick arrows indicate rosette-shaped clusters. 
Scale bar = 50 μm. (C–G) Electron micrographs of optic tectum of nonirradiated normal embryo (C) and irradiated embryos (D–G). A sin-
gle apoptotic cell with condensed nucleus (thin arrow in D) and its magnified image (E). An aggregation of apoptotic cells (thick arrows in 
F) and the magnified image of another aggregation of apoptotic cells (G). n = nucleus; m = mitochondria; OT = optic tectum; TG = mesen-
cephalic tegmentum; V = ventricle. C, D: Scale bar = 3 μm. E, G: Scale bar = 2 μm. F: Scale bar = 6 μm.
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Tokyo). Adobe Photoshop, Macintosh version 7.0 (Adobe 
Systems Incorporated, Mountain View, CA) was used to 
prepare the figures and enhance contrast.

Statistical analysis
Differences in the numbers of rosette-shaped clusters/

optic tectum at the different x-ray doses used were analyzed 
using analysis of variance (ANOVA) followed by Bonferroni 
post-hoc test for multiple comparisons. A p value less than 
0.05 was considered to be statistically significant, while a 
value less than 0.01 was considered to be highly statistically 
significant.

RESULTS

Brain cell death detected by AO staining in non-
irradiated embryos at stage 30

Normal nonirradiated embryos (n = 5) at stage 30 (24 h 
after stage 28) were stained with AO, and the optic tectum 
was examined under a fluorescence microscope (Fig. 2A). 
We observed only 4–10 AO-positive single nuclei appeared 
to be associated with the programmed cell death during 
normal development. They were distributed diffusely in the 
optic tectum (Fig. 2A, thin arrows). This was almost consist-
ent with previous results obtained by TUNEL.19)

Time-lapse changes in AO staining pattern after irradi-
ation

Embryos (n = 30) at stage 28 were irradiated with 5 Gy 
x-ray. The irradiated embryos were stained with AO 3, 7, 10, 
20, 30, and 34 h after irradiation (Figs. 2C, E). Three hours 
after irradiation, many small single nuclei less than 5 μm in 
diameter started to appear predominantly in the marginal 
tectal regions (Fig. 2C, thin arrows). It is reported that the 
marginal tectal regions are the proliferating zones of the 
optic tectum.20) From 7 to 10 h after irradiation, 100–300 
small single nuclei were observed in the entire region of the 
optic tectum (Fig. 2E, thin arrows). In addition to these single
nuclei, 25–60 rosette-shaped clusters having diameters in the 
range of 15–30 μm and composed of 4–12 nuclei each, were 
observed in the marginal regions of the tectum (Fig. 2E, 
thick arrows). From 10 to 30 h after irradiation, a similar 
staining pattern was observed (Fig. 2E): about 60 rosette-
shaped nuclear clusters and a few hundreds of small single 
nuclei were present in the optic tectum. Thirty-four hours 
after irradiation, the numbers of rosette-shaped nuclear clus-
ters and small single nuclei started to decrease (data not 
shown).

Thus, we found two morphologically distinct AO-stained 
structures in the optic tectum 7 h after irradiation, namely, 
small single nuclei and rosette-shaped clusters. 

Histological observations
To examine the histological features of the two morpho-

logically distinct AO-stained structures, we prepared histo-
logical sections of the optic tectum 24 h after irradiation 
with 5 Gy x-ray (Fig. 3). Light microscopy showed that there 
were two morphologically different types of condensed 
nuclei, namely, single condensed nuclei (Fig. 3B, thin 
arrows) and aggregates of those nuclei (Fig. 3B, thick 
arrows), similar to the results of AO staining. Electron 
microscopy revealed in more details these two distinct types 
of structures ( Fig. 3D&F, thin arrows showing single apo-
ptotic cells with condensed nuclei and thick arrows showing 
aggregates of apoptotic cells, respectively). The nuclei of the 
singly distributed apoptotic cells were less than 5 μm in 
diameter, indicating that the AO-stained single nuclei are the 
nuclei of single apoptotic cells (Figs. 3D, E). Apoptotic cell 
aggregates, which were composed of about 10 apoptotic 
cells, were generally round or ovoid and more than 15 μm 
in diameter, indicating that the AO-stained rosette-shaped 
clusters are the groups of nuclei of aggregated apoptotic 
cells (Figs. 3F, G).

Degree of brain cell death in embryos irradiated at 
various X-ray doses

Embryos (n = 45) at stage 28 were irradiated with x-ray 
at various doses, and the irradiated embryos were stained 
with AO 20–24 h after irradiation. We found that the number 
of AO-stained rosette-shaped clusters/optic tectum as well as 
that of AO-stained single nuclei/optic tectum increased with 
increasing x-ray dose (Fig. 4 and data not shown). To eval-
uate the degree of radiation-induced effects quantitatively, 

Fig. 4. Effects of x-rays on the number of rosette-shaped nuclear 
clusters in optic tectum of medaka embryos. The error bars show 
the standard deviations of the means. **p < 0.01 vs control (0 Gy).
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we counted only the number of AO-stained rosette-shaped 
nuclear clusters/optic tectum for the following reasons. First, 
AO-stained rosette-shaped nuclear clusters were not 
observed in the nonirradiated embryos (Fig. 2), indicating 
that they are radiation-specific structures. Second, AO-
stained small single nuclei were too numerous to count 
precisely and their images sometimes overlapped. Third, the 
number of AO-stained rosette-shaped nuclear clusters was 
small and the clusters can be easily detected because of their 
characteristic morphology and their positions in the optic 
tectum (Fig. 2E). Fourth, the number of AO-stained rosette-
shaped nuclear clusters was almost unchanged from 10 to 30 
h after irradiation (see above).

Because the thickness of the optic tectum of medaka 
embryos at stage 30 is only less than 80 μm (Figs. 3A, B), 
we were able to count all of the rosette-shaped clusters by 
changing the focus during fluorescence microscopy. Figure 
4 shows the dose dependence of the number of AO-stained 
rosette-shaped nuclear clusters/optic tectum. The numbers of 
clusters/optic tectum in embryos exposed to 2 Gy (1.5 ± 2.3, 
n = 10), 3.5 Gy (12 ± 9.8, n = 12), and 5 Gy (59 ± 13, n = 
10) x-ray, were highly significant compared to control 
embryos (0 ± 0, n = 20) (Fig. 4). The number of clusters/
optic tectum in the embryos irradiated with 1 Gy (0.15 ±
0.55, n = 13) x-ray was not significantly different from that 
in nonirradiated control embryos. Thus, it was suggested 
that the threshold dose for the developmental neurocyotoxic 
effects of radiation was taken as between 1–2 Gy x-ray. 

DISCUSSION

In this study, living irradiated embryos were stained with 
AO and whole-mount brains were examined under an 
epifluorescence microscope. We found two morphologically 
distinct AO-stained structures in the optic tectum 7 h after 
irradiation with 5 Gy x-ray, namely, small single nuclei and 
rosette-shaped clusters (Fig. 2E). Electron microscopy 
revealed that these two distinct structures are single apoptotic
cells with condensed nuclei and aggregates of apoptotic 
cells, respectively (Fig. 3 D–G). The numbers of the single 
apoptotic cells and aggregates of apoptotic cells started to 
decrease 34 h after irradiation (data not shown).

Radiation-induced apoptosis has been classified into 
several types on the basis of mechanisms related to the cell 
cycle.21–23) Shinomiya proposed two types of radiation-
induced cell death: “premitotic apoptosis” and “postmitotic 
apoptosis”.22) The former is a rapid (within 4–6 h) apoptosis 
that occurs before cell division and results in single dead 
cells. In contrast, the latter is a delayed apoptosis that occurs 
after several cycles of cell division and results in clonal clus-
ters of dead cells. Each rosette-shaped nuclear cluster in the 
present study is likely the clonal cluster of dead cells caused 
by postmitotic apoptosis, because it is first observable 7 h 
after irradiation and appears to be the descendant cells of a 

single cell that was damaged by radiation. This possibility 
is supported by our observation that one-cell medaka embry-
os did not die immediately after irradiation with 5 Gy x-ray, 
but cell division proceeded for more than 10 h before embry-
onic death (data not shown). Similar clonal clusters of dead 
cells have also been reported in irradiated yeast cells.24,25) 

Radiation-induced apoptosis also exhibits a series of distinct 
morphological changes such as nuclear condensation, frag-
mentation and engulfment by macrophages.26,27) The 
decrease of AO-stained structures 34 h after irradiation in 
this study seems to be due to loss of apoptotic cells by 
phagocytosis.

The continual formation of apoptotic cells and their 
continual elimination by macrophage degradation after irra-
diation are very dynamic processes. Consequently, an image 
of apoptotic cells at a time point after irradiation provides 
only a static snapshot of the entire radiation-induced cyto-
logic changes. For this reason, the counting of apoptotic 
cells at a fixed time after irradiation may lead to a significant 
underestimation of the total number of apoptotic cells. Never-
theless, counting the number of apoptotic cells at a time 
point after irradiation is a useful method for the quantitative 
estimation of the neurocytotoxic effects of radiation, 
because radiation-induced apoptosis is one of the important 
events that can be used for evaluating the biological effects 
of radiation.28,29) Many investigators employ the apoptotic 
index by counting the numbers of apoptotic cells and normal 
cells at a fixed time after irradiation in certain areas of 
sections of irradiated organs to estimate radiation-induced 
cytological effects.30,31)

In the present study, we employed the number of AO-
stained rosette-shaped nuclear clusters/optic tectum 20–24 h 
after irradiation as an index of the neurocytotoxic effects of 
radiation, for the reasons described in the Results section, 
and found that the number increased in a dose-dependent 
manner (Fig. 4). This method enabled us to estimate the 
lowest irradiation dose that can cause cytotoxic effects on 
developing medaka brains and the highest dose that causes 
no cytotoxic effects, as 2 Gy and 1 Gy, respectively. The 
threshold dose for developmental neurocyototoxic effects on 
medaka embryos was therefore taken as between 1–2 Gy 
(Fig. 4).

Many previous studies of acute cell death in the prenatal 
brain of rodents showed that the threshold range for radiation-
induced neurocytototoxic effects is 0.05–0.25 Gy during the 
most sensitive developmental period,32) namely, the begin-
ning of corticogenesis (embryonic day 13 in the mouse 
corresponding to embryonic day 15 in the rat). In humans, 
during the most sensitive period of development (approxi-
mately 8–15 weeks postovulation), a dose-response relation-
ship including a threshold with a lower boundary range of 
0.15–0.25 Gy or 0.06–0.31 Gy is more likely than a linear 
nonthreshold relationship.33–35) The period of 8–15 weeks 
postovulation in humans, when neural cells proliferate rap-
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idly and neurons migrate to their final functional sites in the 
cerebral cortex,36) and the corticogenesis periods in rodents 
correspond approximately to developmental stages 28–30 in 
medaka embryos.10) Moreover, gene expression and histoge-
netic patterns during brain morphogenesis in medaka are 
essentially similar to those reported in mammals,8–11)

suggesting that many mechanisms underlying brain develop-
ment are common in all vertebrates.37) The radiosensitivity 
of medaka embryos markedly changes during their develop-
ment, and that of late-stage embryos is much lower than that 
of mammalian embryos.6,38–43) Although extrapolations in 
systems that are different in terms of radiosensitivity, 
genome size,44) and radiation quality (x-rays, γ-rays, and 
neutrons)45) must be carried out with care, our finding that 
the threshold dose for developmental neurocytotoxic effects 
was taken between 1–2 Gy, may not be so extraordinarily 
different from those reported in mammals.

Although radiation-induced brain cell death can be visu-
alized by TUNEL in irradiated embryos,6) TUNEL requires 
the laborious preparation of histological sections and efforts 
in counting TUNEL-positive cells in many sections. In con-
trast to TUNEL, this whole-mount method of staining using 
AO provides a more rapid and easy method to evaluate quan-
titatively the neurocytotoxic effects of radiation as shown in 
the present study (Figs. 2 and 4). In this study, however, the 
standard deviations of the counting numbers were large, 
probably because of the developmental differences in indi-
vidual embryos and the errors in counting rosette-shaped 
clusters. In future studies, we should improve this method to 
obtain better reproducibility. For example, use of a confocal 
fluorescent microscope may be more suitable to detect pre-
cisely and easily all the rosette-shaped clusters at different 
depths in the irradiated embryos.

Recent studies using TUNEL show that exposure of endo-
crine disrupting compounds at nonlethal level results in 
apoptosis in medaka brains.46) We consider that our AO-
staining method would be applicable to examining not only 
radiation-induced brain cell death, but also to screening the 
developmental neurocytotoxic effects of various hazardous 
factors such as chemical pollutants that may potentially 
cause brain cell death. 
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