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Abstract 

The tumor suppressor protein p53 is considered a guardian of genome integrity, regulating the 

induction of apoptosis and cell cycle arrest in response to irradiation to block the transmission of 

teratogenic mutations to progeny cells. We examined the function of p53 in highly radiosensitive 

tissues, the developing brain and mature testis, using a small fish model, medaka (Oryzias latipes). 

Medaka offer advantages as a vertebrate model system, as the transparency and small size of the 
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embryos enables clear detection of apoptotic cells in the developing brain. In addition, the simple 

architecture of medaka testes enables more precise identification of the differentiating 

spermatogenic stages compared with mammals. We found that in irradiated p53-deficient 

embryonic brain, diminished induction of apoptosis facilitated tissue regeneration earlier 

compared to irradiated wild-type embryos, which remained structural abnormalities in the retina 

at hatching. Moreover, the prominent delay in apoptotic induction in irradiated p53-deficient 

testes could induce transient mis-differentiation during spermatogenesis, such as the formation of 

ovum-like cells (testis-ova). However, all testis-ova cells were eliminated via p53-independent 

apoptosis, and spermatogenesis was completely restored within 1 month after irradiation. 

Collectively, these data indicate that p53 is not indispensable for the restoration of irradiation-

induced damaged tissues. 

 

Keywords: p53, irradiation, medaka, developing brain, testis, apoptosis, regeneration, mis-

differentiation 

 

Introduction 

The medaka (Oryzias latipes) is being used as a vertebrate model system in various fields of 

biology [1-4]. Medaka have also been used as an experimental animal model over the past few 
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decades to evaluate the biological effects of irradiation [5-9]. As an excellent vertebrate model 

for studying the developing central nervous system (CNS), small fish models such as medaka 

offer advantages over mouse models. For example, the transparency and small size of medaka 

embryos facilitates the detection of apoptotic neurons at the whole-brain level [6, 7]. In addition, 

compared with zebrafish, another popular laboratory fish model, the use of medaka enables more-

precise observation of temporal changes in the apoptotic process after irradiation, as medaka 

morphogenesis is slower prior to hatching [10, 11]. Medaka embryos at 3 days post-fertilization 

(dpf) (developmental stage 28) correspond to early human embryos at approximately 8–15 weeks 

post-ovulation [12]. We demonstrated that this developmental stage (3 dpf) is the most-sensitive 

period during embryogenesis [13], as the highest number of apoptotic cells were identified in 

irradiated wild-type (wt) 3 dpf embryos, especially in the marginal area of the optic tectum (OT), 

which was visualized using an acridine orange (AO) assay [14-16].  

Germ cells are also sensitive to irradiation, presumably because they are responsible for 

transmitting genetic information to next generation. If mutations occur in male germ cells, they 

are transmitted to offspring and can induce malformations or diseases [17, 18]. It has been 

demonstrated that the rates of mutation resulting from irradiation in medaka germ cells are almost 

equal to those of mice by nonmammalian specific-locus test system which was established by 

Shima et al. [19, 20].  The mature testes of medaka consist of many cysts containing 
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differentiating spermatogenic cells (spermatogonia, spermatocytes, spermatids, and spermatozoa) 

and spermatogonial stem cells (SSCs), each enveloped by Sertoli cells, forming a niche. Since 

grem cells in a cyst differentiate synchronously and all cells in the cyst are at the same stage of 

spermatogenesis, it is possible to identify the different spermatogenic stages by histologic 

examination more easily and precisely than in mammals [21-23].  

The tumor suppressor protein p53, a DNA-binding transcription factor encoded by Trp53, 

plays a pivotal role as a regulator of survival and apoptosis in the developing, adult, and injured 

CNS [24, 25], as well as in injured gonad tissue, functioning to prevent hereditary transmission 

of DNA mutations affecting the reproductive system [26-29]. We examined the function of p53 

with respect to regeneration in highly radiosensitive tissues, the developing CNS and matured 

testes, following damage induced by irradiation, by employing p53 deficient medaka which was 

obtained using the TILLING (Targeting Induced Local Lesions in Genomes) method [30]. 

 

Irradiation-injured neurons undergo apoptosis primarily via a p53-dependent pathway and 

are removed by L-plastin–expressing activated microglia 

To elucidate the role of p53 in the elimination of neurons in the developing CNS that have 

been damaged by irradiation, we examined the temporal distribution of AO-stained apoptotic 

neurons in irradiated wt and p53-deficient embryos [31]. In wt 3 dpf embryonic brain irradiated 
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with 10 Gy of gamma rays, apoptotic cells (visualized using an AO assay) began to appear as 

scattered spots over the whole area of the OT at 3-5 h post-irradiation (arrows in Fig. 1A). These 

cells formed rosette-shaped clusters by 6 h post-irradiation, then they increased in number, 

enlarged, and localized in the marginal area of the OT at 10 h post-irradiation (Fig. 1B). The 

rosette-shaped apoptotic clusters remained obvious in the OT up to 30 h after irradiation (Fig. 1C), 

then disappeared completely by 42 h post-irradiation (Figs. 1D and 2). By contrast, in the 

irradiated brain of p53-deficient embryos, no AO-positive spots were observed at 3 h post-

irradiation (Fig. 1I), but AO-positive spots were identified at 8 h post-irradiation (Fig. 2). These 

apoptotic neurons formed fewer, smaller clusters in the marginal area of the OT by 12 h post-

irradiation (Fig. 1P) in comparison with irradiated wt embryos between 10 and 30 h post-

irradiation (Fig. 1B, C, and O). Almost all of the AO-positive clusters in the OT of irradiated p53-

deficient embryos disappeared within 24 h post-irradiation (Figs. 1K and 2), and AO-positive 

small fragments of the apoptotic neurons had disappeared completely by 42 h post-irradiation 

(Figs. 1L and 2). These irradiated embryos hatched and developed normally, with no evident 

malformations [7, 32], suggesting that the efficient elimination of apoptotic cells by phagocytosis 

is essential for tissue homeostasis in these multicellular organisms, consistent with previous 

reports [33-35]. 

Microglia are resident immune cells in the CNS of vertebrates that function to remove 
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apoptotic cells by phagocytosis following injury [36-39]. We found that the microglial marker L-

plastin (lymphocyte cytosolic protein 1) was upregulated during the initial phase of the 

phagocytotic process, leading to a change in microglial morphology to facilitate engulfment of 

apoptotic neurons and increase the motility of microglia to migrate to sites of injury [31, 40]. The 

distribution of L-plastin–expressing microglia as determined by whole-mount in situ 

hybridization analysis of irradiated wt embryos (Fig. 1E, F, and G) was almost identical to that of 

AO-stained apoptotic neurons (Fig. 1A, B, and C) during 5-24 h post-irradiation. At 42 h post-

irradiation, few L-plastin–expressing microglia were observed in irradiated wt embryonic brain, 

which was the same appearance as AO-stained apoptotic neurons (Fig. 1H). The signals of L-

plastin–expressing microglia in irradiated p53-deficient embryos were smaller and fewer in 

number (Fig. 1M and N) compared to those of irradiated wt embryonic brain (Fig. 1E, F, and G), 

similar to the distribution of AO-stained apoptotic neurons in wt and p53-deficient embryos. 

These results strongly suggest that even in the case of deficient p53 function, irradiation-damaged 

cells can be removed via a p53-independent apoptotic pathway. Moreover, the AO-stained 

apoptotic neurons would be located in a part of the phagosome of microglia, and the phagocytic 

activity of microglia might not be regulated via a p53-dependent pathway.  
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Fig. 1  Analysis of the distribution of AO-stained apoptotic neurons and activated microglia over 

time following irradiation of the brain in wt and p53-deficient embryos.  

Embryos of wt (A-H) and p53-deficient (I-N) embryos were irradiated with 10 Gy of gamma 

rays and then stained with AO at 3-5 h (A, I), 10-12 h (B, J), 24 h (C, K), and 42 h (D, L) post-

irradiation. AO-positive apoptotic neurons began to form rosette-shaped clusters at 5 h post-

irradiation (A). The number of clustered AO-positive neurons increased, and they were located in 

the marginal area of the OT 10 to 24 h post-irradiation (B and C) and then disappeared by 42 h 
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post-irradiation (D). Images of AO-positive clusters at higher magnification for detailed views 

(white arrows in squares in C and J) are shown in boxes (O and P), demonstrating that clustered 

AO-positive neurons in the brain of p53-deficient embryos were fewer and smaller in size 

compared with those of wt embryos. The distribution of L-plastin expression as determined by 

whole-mount in situ hybridization (WISH) was identical to that of AO-positive apoptotic neurons 

in irradiated wt embryonic brains during 5 - 42 h post-irradiation (E-H) and in irradiated p53-

deficient embryonic brains during 12 - 24 h post-irradiation (M, N). AO-stained and WISH-

processed brains in A-N show dorsal views. A schematic diagram illustrating the structure of the 

embryonic medaka brain at stage 30 (Q). CE, cerebellum; OT, optic tectum; TE, telencephalon.  

Scale bars = 50 m.  
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Fig. 2  Number of AO-positive rosette-shaped clusters in the OT of irradiated wt and p53-

deficient embryos 48 h post-irradiation. 

The number of AO-positive rosette-shaped clusters in the OT was determined at various times 

after gamma ray irradiation (10 Gy) of wt and p53-deficient embryos. Error bars show the SEM 

(n = 3). Differences between the means for wt (solid line) and p53-deficient embryos (broken 

line) were evaluated using Student’s unpaired t tests after F tests. *P < 0.05; **P < 0.01. 
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Tissue regeneration in irradiation-injured embryonic brain of wt and p53-deficient embryos 

In irradiated p53-deficient embryos, the clusters of AO-positive apoptotic neurons 

disappeared by 18 h post-irradiation, in contrast to the irradiated wt embryos, in which AO-

positive apoptotic neurons remained at 36 h post-irradiation (Fig. 2). Histologic analyses using 

electron microscopy (EM) at 24 h post-irradiation showed that the apoptotic clusters in irradiated 

p53-deficient embryonic brain (arrowheads in Fig. 3B, D, and F) were much smaller and fewer 

in number compared with irradiated wt brain (arrowheads in Fig. 3A, C, and E). At 48 h post-

irradiation in the irradiated wt embryos, condensed degenerating nuclei were observed inside 

round vacuoles in the retina (open arrowheads in Fig. 4D, E) and in the marginal area of the OT 

(arrowheads in Fig. 4D, F). Time course EM analyses of the appearance of degenerating apoptotic 

neurons in vacuoles confirmed that the vacuoles were a part of the phagosome of microglia 

involved in clearing apoptotic debris (Yasuda et al., 2015). At 48 h post-iradiation, few condensed 

nuclei were present in the retinal vacuoles of irradiated p53-deficient embryos (open arrowheads 

in Fig. 4G, H) and in the OT (arrowheads in Fig. 4G, I), presumably because the induction of 

apoptosis in fewer neurons (Figs. 2 and 3) would result in their being digested more quickly 

compared with irradiated wt embryos.  

These round vacuoles were not observed in un-irradiated wt embryos at stage 34 (2 d after 

irradiation; 5 dpf) (Fig. 4A-C). By the time of hatching (6 d after irradiation; 9 dpf), vacuoles with 
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degenerating nuclei had disappeared completely in the retina and the marginal area of the OT in 

both the wt and p53-deficient larvae (Fig. 4J-M); however, in irradiated wt larvae, the laminar 

arrangement of the retina was obviously disrupted (red bracket in Fig. 4K), and abnormal bridging 

structures among the layers of the retina were present (arrows in Fig. 4J, K). These abnormalities 

were not observed in irradiated p53-deficient larvae (Fig. 4L, M). The results of histologic 

analyses suggested that the irradiated wt embryos might have some defective visual capacity, 

although they hatched normally and developed with no apparent abnormalities in behavior upon 

reaching maturity [7, 32]. Our results indicating that the irradiation-injured tissues underwent 

self-renewal and findings of no structural abnormalities at the time of hatching in the absence of 

p53 suggest that p53-dependent apoptosis is not always desirable and that excessive apoptotic cell 

death could prevent the complete regeneration of injured tissue. Our findings suggests the 

possibility that the loss of p53 function could help minimize tissue damages by irradiation. Indeed, 

many reports have identified p53-associated neuronal loss can be one of a factor in chronic 

neurodegenerative conditions such as Alzheimer’s disease [41-43], Parkinson’s disease [44-47], 

Huntington’s disease [48], and amyotrophic lateral sclerosis [49-51]. Another previous study by 

Meletis et al. [52] reported that p53 might negatively regulate self-renewal by neuronal stem cells 

in the adult murine brain [52]. In contrast, it was reported that p53 might play a positive role in 

promoting tissue self-renewal in adult medaka brain [53]. Another previous report by Otozai et 
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al. demonstrated that the irradiated p53-deficient medaka exhibited markedly increased mutation 

frequencies by focusing on the microsatellite loci [54], which could increase the risk of 

carcinogenesis later in life. Future studies are thus needed to determine whether p53 plays a 

detrimental or beneficial role in later life in irradiated wt and p53-deficient medaka. 
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Fig. 3  Histologic features of clustered apoptotic neurons in wt and p53-deficient embryos as 

determined by electron microscopy (EM) at 24 h post-irradiation.  

Frontal semi-thin sections stained with toluidine blue were prepared and examined by light 

microscopy (LM) at 24 h post-irradiation. Clustered pyknotic neurons in irradiated wt embryonic 

brain (arrowheads in A) and irradiated p53-deficient embryonic brain (arrowhead in B) were 

identified in the marginal area of the OT. EM observations demonstrated that the clustered 
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apoptotic neurons in irradiated wt embryos were more numerous and larger in size (arrowheads 

in C and E) than those of irradiated p53-deficient embryos (arrowhead in D and F). Highly 

magnified views of the boxed areas in C and D correspond to E and F, respectively. Scale bars (A, 

B) = 50m; (C-F) = 5 m.  
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Fig. 4  Histologic analyses of irradiated embryonic brains of wt and p53-deficient embryos at 48 

h post-irradiation and in the hatching period. 
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Nissl-stained sections of a non-irradiated embryonic brain in developmental stage 34 showed no 

round vacuoles in the OT or developing retina (A). Higher magnifications of the eye and OT in 

the boxed areas in A are shown in B and C, respectively. At 48 h post-irradiation, wt embryos 

exhibited numerous round vacuoles in the OT and developing retina (D). Higher magnification of 

the eye and OT in the boxed areas in D shows obvious round vacuoles including condensed nuclei 

in the retina (open arrowheads in E) and in the marginal area of the OT (arrowheads in F) in the 

irradiated wt embryonic brain. In the irradiated p53-deficient embryonic brain at 48 h post-

irradiation (G), similar but much smaller and fewer vacuoles were identified in the retina (open 

arrowheads in H) and marginal area of the OT (arrowheads in I). In the hatching period, the round 

vacuoles had completely disappeared in the irradiated brains of wt (J) and p53-deficient embryos 

(L). A higher magnification of the boxed area in J (K) shows abnormal laminar arrangements in 

the retina (red brackets) and abnormal structures such as bridging layers of retinal neurons 

(arrows) in the irradiated hatching larvae. A higher magnification of the boxed area in L shows 

well-ordered laminar arrangements in the retina (red brackets in M). Scale bars = 50m. 
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Radiosensitivity is dramatically altered in the brain during the later period of 

embryogenesis 

Previous studies examining the effects of irradiation on medaka embryos demonstrated 

dramatic changes in viability depending on the stage at which embryos were irradiated [55, 56]. 

To assess the severity of biological effects following irradiation throughout the lifespan of medaka, 

we investigated the induction of apoptosis at 24 h post-irradiation in actively proliferating tissue, 

embryonic CNS at various developmental stages during late embryogenesis. We examined 

irradiation-induced apoptosis using light microscopy (arrows in Fig. 5B-D), an AO assay (arrows 

in Fig. 5F-H), and immunostaining with an anti-cleaved caspase 3 antibody (Fig. 5K-P) at 24 h 

post-irradiation of 3-, 4-, and 5-dpf embryos with 15 Gy of gamma rays. Light microscopic 

observations revealed numerous irradiation-induced opaque dead cells in the marginal area of the 

OT in 3 dpf embryonic brain (Fig. 5B), but the number of these cells was markedly lower in the 

irradiated 4 dpf embryonic brain (Fig. 5C). In contrast, no opaque dead cells were found in the 

irradiated 5 dpf embryonic brain (Fig. 5D). In the AO assay, the distribution of irradiation-induced 

apoptotic cells in the brain (Fig. 5F-H) was similar to that observed by light microscopy in 

irradiated 3 dpf (Fig. 5B), 4 dpf (Fig. 5C), and 5 dpf (Fig. 5D) embryos. Immunohistochemical 

analyses with an anti-cleaved caspase 3 antibody in irradiated 3 dpf embryos revealed extensive 

cleaved-caspase 3–positive apoptotic neurons in the brain and eyes (arrows in Fig. 5K and N and 
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arrowheads in Fig. 5K, respectively); however, those signals were markedly lower in the brain 

and eyes of irradiated 4-dpf embryos (arrows in Fig. 5L and O and arrowhead in Fig. 5L, 

respectively). No cleaved-caspase 3–positive signals were observed in irradiated 5-dpf embryonic 

brain (Fig. 5M, P), similar to the results of AO staining of apoptotic neurons (Fig. 5H). These data 

indicate that the pattern of apoptosis following irradiation changes dramatically during the later 

stages of embryogenesis in medaka. Our data indicate that embryos are most sensitive to 

irradiation at 3 dpf, consistent with the argument of Ishikawa et al. [12] that medaka embryos at 

3 dpf correspond to early human embryos at approximately 8 to 15 weeks post-ovulation, the 

period during which they are most sensitive to irradiation.  
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Fig. 5  The number of irradiation-induced apoptotic cells decreased markedly as embryogenesis 

proceeded.  

Embryos at 3, 4, and 5 dpf were irradiated with 15 Gy of gamma rays, and irradiation-induced 

apoptotic cells in the brain (square areas in A and E) were examined by light microscopy (B-D) 

and AO assay (E-H) at 24 h post-irradiation. Opaque dead cells were identified in the marginal 

area of the OT in irradiated 3 dpf (arrows in B) and 4 dpf (arrows in C) embryonic brains. In 

irradiated 5 dpf embryonic brains, no opaque dead cells were evident (D). The distribution of AO-
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stained apoptotic cells in the brain of irradiated 3 - 5 dpf embryos (arrows in F, G) was similar to 

that in the microscopic observations (arrows in B, C). Panels I and J show schematic illustrations 

of the embryonic head and sections of the embryonic brain. Frontal cryo-sections of the 

embryonic brain were prepared at the level of the solid line shown in I (K-P). 

Immunohistochemical sections stained with anti-cleaved caspase 3 antibody at 24 h post-

irradiation of 3 dpf (K), 4 dpf (L), and 5 dpf (M) embryos were prepared. Magnified images in 

square areas with dotted outlines in K, L, and M are shown in N, O, and P, respectively. In 

irradiated 3 dpf embryos, cleaved-caspase 3–positive apoptotic neurons were present in the brain 

(arrows in K, N) and eyes (arrowheads in K). Fewer apoptotic cells were found in the brain 

(arrows in L, O) and eyes (arrowhead in L) of irradiated 4-dpf embryos, and no signals were 

detected in irradiated 5-dpf embryos (M, P). Scale bars = 50 m. 
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Irradiation promotes mis-differentiation during spermatogenesis in p53-deficient medaka 

testes 

Previous studies by Kuwahara et al. suggested that irradiation-induced genomic lesions in 

germ cells are eliminated in one of two ways: either by DNA repair and apoptosis, or by a reset 

system of spermatogenesis. Surviving irradiated spermatogenic cells, except for SSCs, are 

prematurely removed from the testis by acceleration of spermatogenesis [57, 58]. To fully 

characterize the role of p53 in irradiation-disrupted spermatogenesis, we examined the histologic 

changes in irradiated testes of wt and p53-deficient medaka. In wt testis at 1 d post-irradiation 

with 5 Gy of gamma-rays, strongly HE-stained pyknotic cells (arrows in Fig. 6A) that were 

positive for anti-cleaved caspase 3 (arrows in Fig. 6B) were observed in the cysts of early 

differentiating spermatogonia. Almost all apoptotic cells disappeared within 7 d post-irradiation 

(Fig. 6C, D). At 7 d post-irradiation, the number of cysts of early differentiating spermatogonia 

and spermatocytes decreased markedly, and the majority of the area of the irradiated testis tissue 

was occupied by cysts with spermatids and sperm (Fig. 6C). In addition, the somatic cells that 

formed the boundaries of the cysts were hypertrophied, as shown in the red solid area in Figure 

6D, which were consistent with the findings reported by Kuwahara et al [57, 58]. This same 

histologic appearance was observed at 14 d post-irradiation (Fig. 6E); however, spermatogenesis 

was completely restored by 28 d post-irradiation (Fig. 6F, G).  
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In the testes of irradiated p53-deficient medaka, no pyknotic cells were observed up to 3 d post-

irradiation. At that time, we observed small ovum-like cells (testis-ova) in the cysts of SSCs 

(arrowheads in Fig. 6I). The number of testis-ova cells had increased markedly and they had 

become larger in size in the cysts of SSCs and early differentiating spermatogonia by 14 d post-

irradiation (arrowheads in Fig. 6J). However, almost all of the testis-ova disappeared in the 

irradiated p53-deficient testes by 28 d post-irradiation (Fig. 6K, L), demonstrating the 

restoration of spermatogenesis, similar to irradiated wt testes. Although the medaka have an 

XX/XY sex chromosome system [59-61], environmental factors such as high temperature [62, 

63], starvation [64] can induce female-to-male sex reversal in the recovering process of 

spermatogenesis. This suggests that medaka germ cells exhibit sexual bipotentiality. 

Furthermore, in testes of adult medaka, testis-ova cells can be produced following impairment 

by administration of sex steroids [65-69]. We found no apoptotic cells in irradiated p53-

deficient testes at 3 d post-irradiation, in contrast to irradiated wt testes, in which many pyknotic 

cells appeared at 1 d post-irradiation. Instead, at 3 d post-irradiation, trans-differentiation of 

SSCs into oocyte-like cells, known as testis-ova cells, was observed in irradiated p53-deficient 

testes. This finding strongly suggests that irradiation disrupts the normal differentiation of 

spermatogonia, inducing mis-differentiation of spermatogonia into ovum-like cells in the 

absence of p53 activity. In wt testes, mis-differentiated testis-ova would be removed via p53-
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dependent apoptosis, whereas in p53-deficient testes, mis-differentiated testis-ova might survive 

and grow, presumably because their removal was disrupted by the delay in the induction of 

apoptosis. Thereafter, p53-independent apoptosis might eliminate almost all abnormally 

generated testis-ova cells within 28 d after irradiation. Our results strongly suggest that 

spermatogenesis is completely restored by p53-independent apoptosis, even in the case of p53 

functional deficiency. 
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Fig. 6  Histologic changes in irradiated wt and p53-deficient testes over a period of 28 d (1 

month) following irradiation with 5 Gy of gamma-rays 

 Hematoxylin-eosin (HE)-stained sections of wt testes showed numerous pyknotic cells in the 
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cysts of early differentiating spermatogonia (arrows in A). Histologic analyses of sections 

immune-stained with anti-cleaved caspase 3 antibody indicated the presence of immune-positive 

apoptotic neurons in the cysts (arrows in B) where pyknotic cells (arrows in A) were present. 

Histologic analyses of HE-stained sections of wt testes at 7 d post-irradiation revealed the 

appearance of hypertrophied Sertoli cells (C). A schematic representation of the hypertrophied 

Sertoli cells (red) in (C) is shown in (D). Histologic analyses of HE-stained sections showed that 

the characteristic appearance of hypertrophied Sertoli cells continued through 14 d post-

irradiation (E). Histologic analyses of HE-stained sections of wt testes 28 d post-irradiation (G) 

and an enlarged view of the boxed area in (G) clearly demonstrate the restoration of 

spermatogenesis (F). No apparent histologic changes were noted in HE-stained sections in 

irradiated p53-deficient medaka at 1 d post-irradiation (H). At 7 d post-irradiation, many pyknotic 

cells were present (arrows in I), and numerous ovum-like cells (testis-ova) were present in the 

cysts of SSC and early differentiating spermatogonia (arrowheads in I). The number of testis-ova 

increased markedly, and they had increased in size in the cysts of SSC and early differentiating 

spermatogonia by 14 d post-irradiation (arrowheads in J). However, almost all testis-ova cells had 

disappeared by 28 d post-irradiation (L). A magnified image of the squared area in L clearly 

demonstrates the restoration of spermatogenesis (K). Scale bars = 50 µm. 
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Conclusion 

 We found that p53-independent apoptosis plays a role in the efficient elimination of 

irradiation-induced apoptotic neurons in the developing CNS of p53-deficient medaka and in 

the removal of abnormally differentiated testis-ova generated by irradiation of mature testes. 

Collectively, our data suggest that even if the function of p53 (which normally regulates the 

induction of apoptosis) is deficient, removal of irradiation-generated damaged cells and 

restoration of injured tissues occurs via a p53-independent apoptosis pathway. Our findings 

suggest that p53 is not indispensable for tissue restoration; however, it might be associated with 

increased risk of carcinogenesis later in life due to the probability of survival of neurons with 

severely damaged DNA in the CNS and increased frequency of mis-differentiation in gonadal 

tissue following irradiation. 
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Figure legends 

 

Fig. 1  Analysis of the distribution of AO-stained apoptotic neurons and activated microglia over 

time following irradiation of the brain in wt and p53-deficient embryos.  

Embryos of wt (A-H) and p53-deficient (I-N) embryos were irradiated with 10 Gy of gamma rays 

and then stained with AO at 3-5 h (A, I), 10-12 h (B, J), 24 h (C, K), and 42 h (D, L) post-

irradiation. AO-positive apoptotic neurons began to form rosette-shaped clusters at 5 h post-

irradiation (A). The number of clustered AO-positive neurons increased, and they were located in 

the marginal area of the OT 10 to 24 h post-irradiation (B and C) and then disappeared by 42 h 

post-irradiation (D). Images of AO-positive clusters at higher magnification for detailed views 

(white arrows in squares in C and J) are shown in boxes (O and P), demonstrating that clustered 

AO-positive neurons in the brain of p53-deficient embryos were fewer and smaller in size 

compared with those of wt embryos. The distribution of L-plastin expression as determined by 

whole-mount in situ hybridization (WISH) was identical to that of AO-positive apoptotic neurons 

in irradiated wt embryonic brains during 5 - 42 h post-irradiation (E-H) and in irradiated p53-

deficient embryonic brains during 12 - 24 h post-irradiation (M, N). AO-stained and WISH-

processed brains in A-N show dorsal views. A schematic diagram illustrating the structure of the 

embryonic medaka brain at stage 30 (Q). CE, cerebellum; OT, optic tectum; TE, telencephalon.  
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Scale bars = 50 m. 

 

Fig. 2  Number of AO-positive rosette-shaped clusters in the OT of irradiated wt and p53-

deficient embryos 48 h post-irradiation.  

The number of AO-positive rosette-shaped clusters in the OT was determined at various times 

after gamma ray irradiation (10 Gy) of wt and p53-deficient embryos. Error bars show the SEM 

(n = 3). Differences between the means for wt (solid line) and p53-deficient embryos (broken 

line) were evaluated using Student’s unpaired t tests after F tests. *P < 0.05; **P < 0.01. 

 

Fig. 3  Histologic features of clustered apoptotic neurons in wt and p53-deficient embryos as 

determined by electron microscopy (EM) at 24 h post-irradiation.  

Frontal semi-thin sections stained with toluidine blue were prepared and examined by light 

microscopy (LM) at 24 h post-irradiation. Clustered pyknotic neurons in irradiated wt embryonic 

brain (arrowheads in A) and irradiated p53-deficient embryonic brain (arrowhead in B) were 

identified in the marginal area of the OT. EM observations demonstrated that the clustered 

apoptotic neurons in irradiated wt embryos were more numerous and larger in size (arrowheads 

in C and E) than those of irradiated p53-deficient embryos (arrowhead in D and F). Highly 

magnified views of the boxed areas in C and D correspond to E and F, respectively. Scale bars (A, 
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B) = 50m; (C-F) = 5 m. 

 

Fig. 4  Histologic analyses of irradiated embryonic brains of wt and p53-deficient embryos at 48 

h post-irradiation and in the hatching period 

Nissl-stained sections of a non-irradiated embryonic brain in developmental stage 34 showed no 

round vacuoles in the OT or developing retina (A). Higher magnifications of the eye and OT in 

the boxed areas in A are shown in B and C, respectively. At 48 h post-irradiation, wt embryos 

exhibited numerous round vacuoles in the OT and developing retina (D). Higher magnification of 

the eye and OT in the boxed areas in D shows obvious round vacuoles including condensed nuclei 

in the retina (open arrowheads in E) and in the marginal area of the OT (arrowheads in F) in the 

irradiated wt embryonic brain. In the irradiated p53-deficient embryonic brain at 48 h post-

irradiation (G), similar but much smaller and fewer vacuoles were identified in the retina (open 

arrowheads in H) and marginal area of the OT (arrowheads in I). In the hatching period, the round 

vacuoles had completely disappeared in the irradiated brains of wt (J) and p53-deficient embryos 

(L). A higher magnification of the boxed area in J (K) shows abnormal laminar arrangements in 

the retina (red brackets) and abnormal structures such as bridging layers of retinal neurons 

(arrows) in the irradiated hatching larvae. A higher magnification of the boxed area in L shows 

well-ordered laminar arrangements in the retina (red brackets in M). Scale bars = 50m. 
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Fig. 5  The number of irradiation-induced apoptotic cells decreased markedly as embryogenesis 

proceeded.  

Embryos at 3, 4, and 5 dpf were irradiated with 15 Gy of gamma rays, and irradiation-induced 

apoptotic cells in the brain (square areas in A and E) were examined by light microscopy (B-D) 

and AO assay (E-H) at 24 h post-irradiation. Opaque dead cells were identified in the marginal 

area of the OT in irradiated 3 dpf (arrows in B) and 4 dpf (arrows in C) embryonic brains. In 

irradiated 5 dpf embryonic brains, no opaque dead cells were evident (D). The distribution of AO-

stained apoptotic cells in the brain of irradiated 3 - 5 dpf embryos (arrows in F, G) was similar to 

that in the microscopic observations (arrows in B, C). Panels I and J show schematic illustrations 

of the embryonic head and sections of the embryonic brain. Frontal cryo-sections of the 

embryonic brain were prepared at the level of the solid line shown in I (K-P). 

Immunohistochemical sections stained with anti-cleaved caspase 3 antibody at 24 h post-

irradiation of 3 dpf (K), 4 dpf (L), and 5 dpf (M) embryos were prepared. Magnified images in 

square areas with dotted outlines in K, L, and M are shown in N, O, and P, respectively. In 

irradiated 3 dpf embryos, cleaved-caspase 3–positive apoptotic neurons were present in the brain 

(arrows in K, N) and eyes (arrowheads in K). Fewer apoptotic cells were found in the brain 

(arrows in L, O) and eyes (arrowhead in L) of irradiated 4-dpf embryos, and no signals were 
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detected in irradiated 5-dpf embryos (M, P). Scale bars = 50 m. 

 

Fig. 6  Histologic changes in irradiated wt and p53-deficient testes over a period of 28 d (1 

month) following irradiation with 5 Gy of gamma-rays 

 Hematoxylin-eosin (HE)-stained sections of wt testes showed numerous pyknotic cells in the 

cysts of early differentiating spermatogonia (arrows in A). Histologic analyses of sections 

immune-stained with anti-cleaved caspase 3 antibody indicated the presence of immune-positive 

apoptotic neurons in the cysts (arrows in B) where pyknotic cells (arrows in A) were present. 

Histologic analyses of HE-stained sections of wt testes at 7 d post-irradiation revealed the 

appearance of hypertrophied Sertoli cells (C). A schematic representation of the hypertrophied 

Sertoli cells (red) in (C) is shown in (D). Histologic analyses of HE-stained sections showed that 

the characteristic appearance of hypertrophied Sertoli cells continued through 14 d post-

irradiation (E). Histologic analyses of HE-stained sections of wt testes 28 d post-irradiation (G) 

and an enlarged view of the boxed area in (G) clearly demonstrate the restoration of 

spermatogenesis (F). No apparent histologic changes were noted in HE-stained sections in 

irradiated p53-deficient medaka at 1 d post-irradiation (H). At 7 d post-irradiation, many pyknotic 

cells were present (arrows in I), and numerous ovum-like cells (testis-ova) were present in the 

cysts of SSC and early differentiating spermatogonia (arrowheads in I). The number of testis-ova 
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increased markedly, and they had increased in size in the cysts of SSC and early differentiating 

spermatogonia by 14 d post-irradiation (arrowheads in J). However, almost all testis-ova cells had 

disappeared by 28 d post-irradiation (L). A magnified image of the squared area in L clearly 

demonstrates the restoration of spermatogenesis (K). Scale bars = 50 µm. 
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