
Gamma-ray irradiation promotes premature meiosis of
spontaneously differentiating testis–ova in the testis of
p53-deficient medaka (Oryzias latipes)
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In this study, the roles of p53 in impaired spermatogenic male germ cells of p53-deficient medaka were investigated by analyzing
histological changes, and gene expressions of 42Sp50, Oct 4 and vitellogenin (VTG2) by RT-PCR or in situ hybridization in the
testes. We found that a small number of oocyte-like cells (testis–ova) differentiated spontaneously in the cysts of type A and
early type B spermatogonia in the p53-deficient testes, in contrast to the wild-type (wt) testes in which testis–ova were never
found. Furthermore, ionizing radiation (IR) irradiation increased the number of testis–ova in p53-deficient testes, increased
testis–ova size and proceeded up to the zygotene or pachytene stages of premature meiosis within 14 days after irradiation.
However, 28 days after irradiation, almost all the testis–ova were eliminated presumably by p53-independent apoptosis, and
spermatogenesis was restored completely. In the wt testis, IR never induced testis–ova differentiation. This is the first study to
demonstrate the pivotal role of the p53 gene in the elimination of spontaneous testis–ova in testes, and that p53 is not
indispensable for the restoration of spermatogenesis in the impaired testes in which cell cycle regulation is disturbed by IR
irradiation.
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Germ cells are responsible for transmitting genetic informa-
tion from generation to generation. If mutations occur in male
germ cells, they are transmitted to offspring and may induce
malformations or diseases.1,2 The tumor suppressor p53 is
considered a guardian of genome integrity, regulating the cell
cycle in proliferating cells to repair genomic lesions, and
removing severely injured cells by apoptosis in vivo.3 In this
study, to clarify the roles of p53 when spermatogenesis is
disrupted by ionizing radiation (IR) irradiation, we examined
the histological changes in the irradiated testes of wild-type
(wt) and p53-deficient mutant fish of medaka (Oryzias latipes)
obtained by the TILLING (targeting-induced local lesions in
genomes) method.4

The medaka is a unique vertebrate model for investigating
the effects of IR on germ cells, because of the simple
architecture of its testis, and the fact that the specific locus
method can be used with precise accuracy to evaluate
mutation rates in germ cells.5,6 Furthermore, it has been
demonstrated that mutation rates in medaka germ cells are
almost equal to those of mice.5,6 The mature testes of
medaka consist of many cysts containing differentiating
spermatogenic cells (spermatogonia, spermatocytes, sper-
matids and spermatozoa), and spermatogonial stem cells

(SSC), each wrapped by one Sertoli cell, forming a niche.7

The ovaries and testes are composed of structurally similar
units (fundamental units) that comprise a layer of supporting
cells surrounding the germ cells.8 As cells in a cyst
differentiate synchronously, and all of the cells in a cyst are
at the same stage of spermatogenesis, it is possible to identify
the different spermatogenic stages by histological examina-
tion more easily and precisely than in mammals.9 In previous
studies, it was reported that IR-induced genomic lesions in
germ cells are eliminated in one of the two ways: either by
DNA repair and apoptosis, or by the reset of spermatogen-
esis; surviving irradiated spermatogenic cells, except for the
SSC, are prematurely removed from the testis by acceleration
of spermatogenesis.10,11 There are reports that spontaneous
sex reversal occurs in the gonads of newts and chicken
embryos.12,13 The medaka has an XY sex determination
system, whereby the dominant gene DMY/dmrt1bY on the Y
chromosome determines male differentiation.14–16 To date,
the spontaneous differentiation of oocyte like cells (testis-ova)
has not been reported in the medaka. Various methods, such
as steroid sex hormone or hormone mimetic chemical
treatments,17 and IR treatment can enhance the artificial
induction of ova-like cells in medaka testes.18
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In this study, we demonstrated that testis–ova differentiate
spontaneously from spermatogonia in p53-deficient medaka,
and IR irradiation promotes their differentiation and develop-
ment. Nearly all of these testis–ova were eliminated and
spermatogenesis was almost completely restored within 28
days of irradiation. Based on these results, the p53-
dependent and p53-independent pathways in the mainte-
nance of genomic integrity in spermatogenesis are revealed.
This is the first report of the p53 gene having a pivotal role in
the elimination of spontaneously differentiating testis–ova in
testes, and in response to IR irradiation.

Results

Spontaneous testis–ova reside in control p53-deficient
medaka testes. All p53-deficient male medaka are as fertile
as wt male medaka and have a normal male-type external
appearance such as dorsal and anal fins (arrows and
arrowheads in Figures 1a and b). Both testes of wt and
p53-deficient medaka males are bilobate organs that consist
of a large number of cysts filled with synchronously

differentiating spermatogenic cells: type A and type B
spermatogonia, spermatocytes, spermatids and spermato-
zoa (sp) (Figures 1c and d). This indicates that a lack of p53
does not affect the general architecture of the testis.
However, we found that all testes of p53-deficient medaka
males contained a small number of characteristic cells in the
cysts filled with type A or early type B spermatogonia, which
were clearly distinguishable from the other spermatogenic
cells because of their strongly hematoxylin and eosin (H&E)-
stained nucleolus, and very faintly H&E-stained nucleus
(arrows in Figure 1f). The appearance of these cells suggests
that they are in the testis (a result confirmed by molecular
analyses. See the later paragraph), hence we designated
them as testis–ova. Testis–ova were found only in the testes
of p53-deficient medaka, and no testis–ova were present in
wt Hd-rR testes (Figures 1e and 3).

Morphological changes of testis–ova during 1 month
after c-ray (5 Gy) irradiation in p53-deficient medaka
testes. One day after 5 Gy g-ray irradiation, there were no
obvious histological changes in H&E-stained sections of p53-
deficient medaka testes (Figures 2a and b). Three days after
irradiation, pyknotic cells that had characteristic staining with
H&E appeared (open arrowheads in Figure 2c), and the number
of testis–ova started to increase in the cysts of type A or early
type B spermatogonia throughout the whole area (arrows in
Figure 2c). Seven days after irradiation, the number of testis–
ova increased in the cysts of type A or early type B
spermatogonia and spermatocytes (Figure 2d). Electron
microscopy revealed the increased number of testis–ova at
synchronous stage of development in each cysts (arrow-
heads in Figure 4b). Electron microscopy also confirmed that
these testis–ova were differentiating at various stages of
meiotic prophase. Almost all of the testis–ova had distinct
short and thick chromatin (arrows with c in Figures 4b and e)
and were at the leptotene stage, while the others had
chromosome structures with synaptonemal complexes
(arrows in Figure 4f) and were at the zygotene or pachytene
stages. Type A spermatogonia in the non-irradiated wt testes
can be distinguished from other spermatogenic cells
because of their characteristic germinal dense bodies that
were so called nuage in the cytoplasm (arrowhead with n in
Figure 4c) that are closely associated with large aggrega-
tions of mitochondria (arrows with m in Figure 4c). Although
the ultrastructure of the cytoplasm in testis–ova at meiotic
prophase stages (Figure 4d) was generally similar to that of
type A spermatogonia (Figure 4c), characteristic features of
the cytoplasm in testis–ova were the increased number, and
more electron-dense matrix of the mitochondria than those in
type A spermatogonia (arrows with m in Figures 4c and d).
Moreover, remarkably larger and strongly electron-dense
nucleolus (open arrowhead in Figure 4d) than that of non-
irradiated wt spermatogonia (open arrowhead in Figure 4c)
was detected as characteristic feature of testis–ova. These
ultrastructural differences between spermatogonia and
testis–ova are consistent with the histological differences of
germ cells of males and females during sexual
differentiation.19

Strongly H&E-stained pyknotic cells were observed up to 14
days after irradiation (open arrowheads in Figures 2g and h).

Figure 1 Testis–ova were differentiating spontaneously in the non-irradiated
p53(� /� ) testis. Representative images of the secondary sex characteristics of
p53(� /� ) medaka adults that are genetically male (b), showing typical male-type
external appearance of wt male medaka (a) such as rougher edges of dorsal fins
(arrows in a and b) and sharply long anal fins (arrowheads in a and b). H&E-stained
sections of non-irradiated testes of wt and p53(� /� ) fishes at 6 months old. (c) wt
testis. (d) p53(� /� ) testis. (e) Enlarged view of the boxed area in (c). (f) Enlarged
view of the boxed area in (d) showing a small number of characteristic cells
positioned in the cysts with type A or B spermatogonia, of which the nucleolus was
strongly H&E-stained and the nucleus was faintly stained (arrows in f). sgA, type A
spermatogonia; sgB, type B spermatogonia; sec, spermatocytes; st, spermatids; sp,
spermatozoa. Scale bars represent 50mm
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Testes of p53-deficient medaka males 7 days after 5 Gy g-ray
irradiation were immunostained with an antibody against
activated caspase-3, which is an early marker for apoptotic
cells. The H&E-stained pyknotic cells, including those of the
testis–ova, were immuno-positive (open arrowheads in Figure 2f),
indicating that they were apoptotic. Electron microscopic observa-
tions of testes 7 days after irradiation revealed that condensed
nuclei of apoptotic cells were positioned in the same cyst with
testis–ova (arrowheads in Figure 4e) and these apoptotic cells
were phagocytosed in enlarged Sertoli cells (arrowheads in
Supplementary Figure S1C–E). In the mass of spermiated
mature spermatozoa, apoptotic testis–ova were sometimes
observed (arrowhead in Supplementary Figure S1F). The
number of spermatocytes decreased (Supplementary Table
S1), which was consistent with g-ray-irradiated wt testes
reported in previous papers,10,11 suggesting that acceleration

of spermatogenesis also occurred in p53-deficient medaka
testes.

Fourteen days after 1 or 5 Gy g-ray irradiation, histological
observations showed that the sizes of H&E-stained testis–ova
had increased diameters (4150mm) especially in the cysts of
spermatocytes (open arrows in Figures 2g, h and 7e). In the
cysts of type A or early type B spermatogonia, testis–ova were
smaller (diameter o100 mm; arrows in Figures 2h and 7e)
than those in the cysts of spermatocytes (open arrows in
Figures 2g, h and 7e). Image analysis based on mathematical
morphology confirmed the increase of the largely developed
testis–ova (diameter 4150mm) 7–14 days after irradiation
(Figure 5). Moreover, the increased number of testis–ova
continued up to 14 days after irradiation (Figure 3).

Twenty-eight days (1 month) after irradiation, almost all
testis–ova disappeared from the testes (Figures 2i and j);
hence, the restoration of spermatogenesis was clearly evident
compared with non-irradiated testes (Figures 1d and f).

Morphological changes of wt Hd-rR spermatogenesis
during 1 month after 5 Gy c-ray irradiation. One day after
g-ray (5 Gy) irradiation, strongly H&E-stained pyknotic cells
and anti-activated caspase-3 immunostaining-positive cells
appeared in the cysts of early type B spermatogonia
(arrowheads in Figures 6a and c), indicating that the pyknotic
cells were apoptotic. Almost all the pyknotic cells disap-
peared within 7 days after irradiation (Figures 6d and e). The
numbers of type B spermatogonia and spermatocyte cysts
decreased, and the whole testis was filled with spermatids
and spermatozoa (Figures 6d and e); in addition, the Sertoli
cells making the boundaries of the cysts were remarkably
thicker (Figures 6e and f). Electron microscopic observations
revealed that in the enlarged Sertoli cells, many apoptotic

Figure 2 Histological changes of testis–ova in a p53(� /� ) testis after 5 Gy
g-ray irradiation. Histological changes of testis–ova in a p53(� /� ) testis during 28
days (1 month) after irradiation with 5 Gy of g-rays. The arrowheads in c, d, f, g and
h indicate the H&E-stained pyknotic cells, and arrows in c, d, g and h indicate the
testis–ova. (a) H&E-stained section 1 day after irradiation. (b) Enlarged view of the
boxed area in (a), showing that no apparent histological changes. (c) H&E-stained
section 3 days after irradiation. (d) H&E-stained section 7 days after irradiation.
H&E-stained pyknotic cells (arrowheads in d) that were positive in immunostaining
against anticleaved caspase3 (arrowheads in f) in contrast to no positive signals in
control p53(� /� ) medaka (e), showing that these pyknotic cells are apoptotic.
Testis–ova (arrows in d) increased extensively in the cysts of type A and early type B
spermatogonia. (e) Immunostaining against anticleaved caspase3 in control
p53(� /� ) medaka testis. (g) H&E-stained section 14 days after irradiation.
(h) Enlarged view of the boxed area in (g), showing that H&E-stained pyknotic
cells (arrowheads in d, f, g and h) were observed continuously, and the larger size
of testis–ova when compared with those 7 days after irradiation were observed
(open arrows in g and h). (i) H&E-stained section of testis 28 days after irradiation.
(j) Enlarged view of the boxed area in (i), showing that almost of all testis–ova had
disappeared from the testis. Scale bars represent 50 mm

Figure 3 Time course of the number of testis–ova in g-ray-irradiated p53(� /� )
testes. The number of testis–ova were counted on the histological section at the
center of testes in g-ray-irradiated testes of p53-deficient medaka at 1 day, 7 days, 14
days and 28 days after irradiation, and in a non-irradiated testis of both wt and p53-
deficient medaka testes (n¼ 3 for all time points). The error bars represent s.d.’s of
means
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cells were phagocytosed and digested (arrowhead in
Supplementary Figure S1A, B). The histological appearance
of the irradiated testes at 14 days after irradiation was the
same as those at 7 days after irradiation (Figures 6d–h), and
spermatogenesis was restored at 28 days (1 month) after
irradiation (Figures 6i and j). These histological changes of
spermatogenesis in the g-ray-irradiated testes are consistent
with those reported in previous papers in which no testis–
ovum was observed.10,11

Morphological changes of testis–ova in p53-deficient
medaka mutants during 1 month after 1 Gy c-ray
irradiation. One day after 1 Gy g-ray irradiation, there were
no apparent histological changes (Figure 7a), as after 5 Gy
irradiation (Figures 2a and b). Seven days after irradiation,
there were fewer testis–ova than in 5 Gy-irradiated testes
(arrows in Figure 7c), and strongly H&E-stained pyknotic
cells appeared near the testis–ova (arrowheads in
Figure 7c). Fourteen days after irradiation, the number of

testis–ova increased and their size was larger than those at
7 days after irradiation (Figures 5a, b and 7b–e). Twenty-
eight days after irradiation, testis–ova disappeared and
normal spermatogenesis was restored (Figure 7f). These
results indicated that the time courses of histological
changes in testes during 1 month after 1 and 5 Gy g-ray
irradiation are almost the same, but the number and the size
of testis–ova in the irradiated testes were dose-dependent.

Expressions of 42Sp50, Oct4 and vitellogenin genes
were examined in irradiated p53-deficient medaka testes
or liver. Gene expression of an ovary-specific marker,
42Sp50,20 was examined in non-irradiated and irradiated
testes of wt Hd-rR and p53-deficient medaka males 7 days
after 5 Gy g-ray irradiation. As clearly shown in Figure 8a,
42Sp50 transcripts were amplified in non-irradiated and
irradiated p53-deficient medaka testes, as well as in ovaries
of wt and p53-deficient medaka. By ISH on sections of
gonads of p53-deficient medaka at 7 days after the
irradiation, 42Sp50 was expressed in the testis–ova (arrows
in Figure 8c). By contrast, 42Sp50 was not expressed in
irradiated or non-irradiated wt testes (data were not shown).

As 42Sp50 gene could only express in previtellogenic
oocytes later than late pachytene in division I of meiosis,20 we
examined the gene expression of Oct4, which would express
in the primordial germ cells (PGCs) especially in ovary.21

Analysis using RT-PCR showed that Oct4 transcripts were
amplified in non-irradiated and irradiated p53-deficient
medaka testes 7 days after irradiation, as well as in
ovaries of wt and p53-deficient medaka (Figure 8d).

Figure 4 Electron microscopic observations of testis–ova in p53(� /� )
mutants 7 days after irradiation with g-rays (5 Gy). Morphological changes of testis–
ova after g-ray (5 Gy) irradiation. (a) Electron microscopic observation of wt
spermatogonia. (c) Enlarged view of the boxed area in (a) showing the germinal
dense body (nuage) in the cytoplasm (arrowhead with n in c), which is closely
associated with large aggregations of mitochondria (arrows with m in c). The
nucleolus of a spermatogonia is shown by an open arrowhead in c. (d) In the
cytoplasm of p53(� /� ) testis–ova, larger and more electron-dense nucleoli (e.g.,
open arrowhead in d) are present. It is noticeable that an extensive number of
mitochondria and more electron-dense nuage are present (arrow with m and
arrowhead with n in d) compared with those of wt spermatogonia (arrows with m and
arrowhead with n in c). (b) The testis–ova in the irradiated testis increased
synchronously (arrowheads in b) and they had a characteristic appearance of short
and thick chromatin (arrows with c in b and e). (e) Apoptotic condensed nuclei were
observed nearby testis–ova (arrowheads in e). (f) Some testis–ova have
synaptonemal complexes in the nucleus (arrows in f). Chromatin (c), mitochondria
(m), nuage (n). Scale bars represent 2 mm in c and d; 5mm in a, b, e and f

Figure 5 Histograms of type A spermatogonia and testis–ova in p53(� /� )
testes 7 days and 14 days after irradiation. Areas of type A spermatogonia and
testis–ova were segmented and extracted from the pictures of p53(� /� ) testes
after 7 days and 14 days after irradiation with g-rays (1 and 5 Gy) by image
processing procedures based on mathematical morphology. As type A
spermatogonia and testis–ova were not able to be identified definitely by their
size, we prepared the histograms for the cells including both type A spermatogonia
and testis–ova, calculated by the mathematical morphology-based image
processing method. (a) p53(� /� ) testes after 7 days with g-ray 1 Gy, (b)
p53(� /� ) testes after 14 days with g-ray 1 Gy, (c) p53(� /� ) testes after 7 days
with g-ray 5 Gy and (d) p53(� /� ) testes after 14 days with g-ray 5 Gy
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By contrast, Oct4 were not expressed in non-irradiated and
irradiated wt testes (Figure 8d).

Moreover, to confirm whether the testis–ova could develop
to vitellogenic oocytes (Stage VI) in irradiated p53-deficient
medaka testes, we examined the gene expression of
vitellogenin (VTG2), which is a commonly accepted biomarker
of estrogenic activity.22 VTG2 is specifically synthesized in the
liver of females, secreted into the blood stream and finally
taken up by the oocytes.22 Analysis using RT-PCR showed
that VTG2 transcripts in p53-deficient male medaka liver were
never expressed in non-irradiated and irradiated 7 days and
14 days after 5 Gy g-ray irradiation as well as in non-irradiated
and irradiated wt male medaka liver (Figure 8e). By contrast,
VTG2 were clearly expressed in wt and p53-deficient female
medaka liver (Figure 8e).

These three kinds of gene analyses, therefore, demon-
strated that oocyte-like cells found in non-irradiated and
irradiated p53-deficient medaka testes were pre-vitellogenic
oocytes, which never develop up to vitellogenic oocytes by IR
irradiation.

Discussion

In this study, we found a small number of testis–ova in the
testes of p53-deficient medaka, mainly in the cysts of type A or
early type B spermatogonia. In addition, the testis–ova

Figure 6 Histological changes of wt testes during 1 month after g-ray (5 Gy)
irradiation. (a) H&E-stained section of wt testis 1 day after irradiation. Many pyknotic
cells were observed in the cysts of early type B spermatogonia (arrowheads in a).
(c) Immunohistochemistry against anticleaved caspase3 showing the presence of
immuno-positive cells in the cysts of early type B spermatogonia (arrowheads in c),
where pyknotic cells (arrowheads in a) are positioned, in contrast to no positive
signal shown in control wt medaka testis (b). (d) Histological H&E-stained section of
wt testis 7 days after irradiation, and (e) enlarged view of the boxed area in (d),
showing the histological appearance of hypertrophied Sertoli cells. (f) A schematic
representation of hypertrophied Sertoli cells (pink) of (e). (g) Histological H&E-
stained section of wt testis 14 days after the irradiation, and (h) enlarged view of the
boxed area in (g), showing the hypertrophied Sertoli cells. (i) Histological H&E-
stained section of wt testis 28 days after irradiation and (j) enlarged view of the
boxed area in (i), showing histological appearance of the clear restoration of
spermatogenesis. Scale bars represent 50mm

Figure 7 Histological changes of testis–ova in p53(� /� ) testes during 1
month after g-ray (1 Gy) irradiation. (a) H&E-stained section of p53(� /� ) testis
1day after irradiation showing no apparent histological changes. (b) Histological
H&E-stained section of p53(� /� ) testis 7 days after irradiation and (c) enlarged
view of the boxed area in B, showing pyknotic cells (arrowheads in c) and increased
testis–ova (arrows in c). (d) Histological H&E-stained section of p53(� /� ) testis
14 days after irradiation and (e) enlarged view of the boxed area in (d), showing
pyknotic cells (arrowheads in e) and testis–ova (arrows in e) were present.
(f) Histological H&E-stained section of p53(� /� ) testis 28 days after irradiation
showing that spermatogenesis was restored almost completely, and that the
number of testis–ova had decreased. Scale bars represent 50 mm

Figure 8 Gene expressions in p53(� /� ) testes after g-ray (5 Gy) irradiation.
(a) Transcript of 42Sp50 were amplified both in non-irradiated and irradiated
p53(� /� ) testes with g-rays (5 Gy), as well as in p53(� /� ) and wt Hd-rR
ovaries, while not amplified in non-irradiated and irradiated wt testes. (b) Expression
of 42Sp50 in irradiated p53(� /� ) testes was investigated on histological sections
by ISH and as clearly shown in the enlarged view (c) of the boxed area in b, testis–
ova in the p53(� /� )-irradiated testes were positive (blue-stained cells; arrows in
c). (d) Transcript of Oct4 were amplified both in non-irradiated and irradiated
p53(� /� ) testes with g-rays (5 Gy), as well as in p53(� /� ) and wt Hd-rR
ovaries, while not amplified in non-irradiated and irradiated wt testes. (e) Transcripts
of vitellogenin were not amplified from male liver cDNA of wt and p53(� /� ),
without irradiation and with g-ray (5 Gy) irradiation at 7days and 14 days. However,
they were clearly amplified from female liver of both control wt and p53(� /� ).
Scale bars represent 50mm
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expressed the 42Sp50 and Oct4 genes, indicating that the
oocyte-like cells found in p53-deficient medaka testes are
derived from sexual trans-differentiation, which are never
found in wt testes. Gamma-ray irradiation induced prolifera-
tion of testis–ova in p53-deficient medaka testes within
7 days after irradiation. Electron microscopic observations
and RT-PCR analysis of vitellogenin demonstrated that the
testis–ova proceeded up to the zygotene or pachytene stages
of premature meiosis in the testis, and failed to mature
beyond the pachytene stage, at which stage recombination
between chromosomes occurs. Within 28 days after irradia-
tion, almost all testis–ova disappeared by p53-independent
apoptosis, and normal spermatogenesis was restored as in
wt testis.

Adult germ cells of medaka testis can be bipotential and
p53 is pivotal to suppress the differentiation of testis–
ova in testis. Medaka have an XX/XY sex determination
system like mammals,14–16 and DMY/dmrt1bY has been
identified as the dominant male-determining gene on the
Y chromosome,14,15 while many other teleosts such as
zebrafish have no obvious heteromorphic sex chromo-
somes.23,24 In zebrafish, all embryos at first have undiffer-
entiated ovary-like gonads regardless of their intrinsic sex,
and all oocyte-like germ cells disappear by apoptosis in the
gonad of male zebrafish.25,26 In this study, all p53-deficient
male medaka are as fertile as wt male medaka and have a
typical male-type external appearance such as dorsal and
anal fins (Figures 1a and b), suggesting that the physiological
functions of sex steroids such as estrogen or androgen in
p53-deficient medaka are normal. Light and electron micro-
scopic observations of the irradiated p53-deficient medaka
testes revealed that all testis–ova start to proliferate
synchronously in cysts filled with type A or early type B
spermatogonia. These observations suggest that testis–ova
are not produced as a result of disorder in the compartmen-
talization around the spermatogonia.

The diplotene stage is known to be the critical period for sex
determination in zebrafish. In fancl (Fanconi anemia com-
plementation group L) mutant zebrafish, abnormally
increased apoptosis in oocytes at earlier stages than the
diplotene stage induced female-to-male sex reversal. The
introduction of the p53 mutation into the fancl mutant reduced
germ cell apoptosis and rescued the fancl sex reversal
phenotype.27 This report showed that the progress of meiosis
to the diplotene stage is essential to feminize developing
gonads in zebrafish embryos. In combination with medaka
data, male germ cells with DNA damage may cause trans-
differentiation into female-type meiosis, if they were not
eliminated by apoptosis. In this study, electron microscopic
observations showed that testis–ova would not enter into the
diplotene stage in the irradiated p53-deficient medaka testes
(Figure 4f). In addition, analysis using RT-PCR of VTG2
showed that testis–ova never proceeded up to vitellogenic
oocytes in irradiated testes 7 days and 14 days after
irradiation (Figure 8e). These suggest that to maintain the
gonad as a testis, elimination of meiotic oocytes before they
enter into the diplotene stage is essential, hence, elimination
may also be necessary to suppress sex reversal from male
to female in medaka. This is in contrast to the testes

administrated hormonal treatment, which results in the
presence of testis–ova at the diplotene stage.17

Although the medaka has an XX/XY sex chromosome
system,14–16 environmental factors such as high temperature
or sex steroids can induce female-to-male sex reversal at the
embryonic stage.28,29 This suggests that medaka germ cells
in developing gonads are sexually bipotential. Furthermore, in
adult testis, testis–ova can be produced in the recovering
process of spermatogenesis, which was impaired by admin-
istration of sex steroids; moreover, high temperature
or starvation could promote the production of them.30,31

Administration of sex steroids is a prerequisite for the
induction of testis–ova in adult testes;17,18,30,31 however, we
have demonstrated that irradiation by g-rays alone could
induce the proliferation and development of testis–ova in the
absence of p53 activity. Furthermore, testis–ova observed in
the irradiated testes appeared much earlier, 3 days after
irradiation compared with 2 weeks after hormonal treat-
ment.17 Moreover, we examined the expression of Oct4
gene.22 Qin et al.32 reported that the expressions of oct4 gene
in human embryonic stem cells at mRNA and protein level
decreased after UV irradiation in contrast to p53si cells that
were not downregulated by UV irradiation, demonstrating that
the p53 gene bind to the promoter region of Oct4. In this
present study, the expressions of Oct4 gene by RT-PCR
demonstrated that control p53-deficient male medaka have
PGCs as well as those in ovary (Figure 8e). These results
strongly suggest that SSC keep sexual bipotentiality in the
adult testis and in developing gonads, and that p53 has a
critical role in the testis to suppress the bipotentiality of the
SSC to differentiate into ova. As no testis–ova were found in
the wt Hd-rR testes by histological analysis (Figures 1c and e)
and Oct4 gene expression by RT-PCR (Figure 8e), testis of wt
medaka could contain a small number of spontaneously
differentiated testis–ova that might be normally eliminated by
p53-dependent apoptosis.

Irradiation promotes premature meiosis and prolifera-
tion of testis–ova, and p53 regulates the cell cycle in
spermatogenesis. Gamma-ray irradiation induced prolif-
eration of testis–ova in p53-deficient medaka testes, and
they proceeded up to the zygotene or pachytene stages of
premature meiosis in the testis. A 5 Gy and 1 Gy g-ray
irradiation dose induced these sequential changes of testis–
ova (Figures 2 and 7), although a 1 Gy dose is much lower
than the lethal dose (LD50) for adult medaka. This result
indicates that morphological changes of testis–ova are highly
sensitive to IR irradiation. The number and the size of testis–
ova that were irradiated at 1 Gy were lower and smaller than
those irradiated at 5 Gy (Figure 5), indicating that morpholo-
gical changes of irradiated testis–ova are dose-dependent.

In general, irradiation either activates checkpoints that lead
to cell cycle arrest to make time to repair the genomic lesions
or induces apoptosis to eliminate the damaged cells.33

Moreover, Kuwahara et al. reported the ‘reset system’ to
efficiently remove damaged spermatogenic cells, except for
SSC, by accelerating spermatogenesis.10,11 We hypothe-
sized that accelerated spermatogenesis after irradiation
would result in an increase of testis–ova in the cysts of
p53-deficient medaka testes. On the other hand, it was
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reported that in rat meiotic cells, cell cycle arrest of G1 delay
would not occur, whereas the cell cycle arrest occurred in type B
spermatogonia in the mitotic S phase.34 This report
suggests another possibility that irradiated testis–ova could
not activate the checkpoint system in the meiotic phase, which
resulted the progression into the zygotene or pachytene of
meiosis.

This study showed that p53-independent apoptosis could
eliminate almost all of the abnormally increased meiotic
testis–ova, even if the function of p53 to activate apoptosis
induction was deficient. Electron microscopic observation
showed that the apoptotic cells were phagocytosed in
enlarged Sertoli cells in p53-deficient medaka testes
(Supplementary Figure S1C–E). Sertoli cells are supporting
somatic cells in the testis, enclosing the testicular germ cells;
however, little is known about the interplay between Sertoli
cells and germ cells. Our results demonstrated that Sertoli
cells have a pivotal role in the removal of apoptotic cells by
phagocytosis. This elimination system of immature meiotic
testis–ova could restore spermatogenesis within 28 days after
g-ray irradiation.

In the embryonic gonads of medaka, granulosa cells in the
ovary and Sertoli cells in the testis develop from the common
precursor of the sox9b-expressing supporting cells.35 In the
ovary, oocytes differentiated and proceeded to meiosis up to
the early diplotene stage in a unique compartment of the ovary
called the ‘germinal cradle’,36 which might be similar to the
cyst compartments in the testes where spermatogenic cells
are differentiating synchronously. In the germinal cradle of the
ovary, some of the meiotic maturing oocytes undergo
apoptosis in sox9b-expressing somatic cells,36 which was
similar to our demonstration that apoptotic cells were
phagocytosed in male Sertoli cells. These findings raised
the possibility that adult ovaries and testes are composed of
structurally similar units, which results in sexual bipotentiality
toward both pathways as well as developing gonads.

For normal development of ova, it is essential that a
reciprocal cross-talk between the germ cells and gonadal
somatic cells is required for feminizing the gonads.8 This
finding supports the possibility that irradiated testis–ova could
not develop beyond the pachytene stage because there were
no ovarian somatic cells to support differentiation and
development of testis–ova in the irradiated p53-deficient
medaka testes.

This study is the first report that the p53 gene has a pivotal
role in the elimination of the spontaneous testis–ova in testes.
However, p53 is not indispensable for the restoration of
spermatogenesis in impaired p53-deficient medaka testes in
which abnormally increased premature meiotic testis–ova
could not enter into the diplotene stage after irradiation. In the
p53-knockout mouse testes, large-sized SSC lying at the
basal membrane were also observed, and 10 days after a
5 Gy dose of X-rays, these large-sized spermatogonial cells
increased. No significant increase in the number of the large
spermatogonia was seen in the heterozygotes.37 These cells
may be produced by similar mechanisms as the medaka
testis–ova after irradiation, although sex determination in
mammals is less plastic or labile than fish. Therefore, the
medaka p53 mutant will be a good model for understanding
trans-differentiation of gametes in vertebrates.

Materials and Methods
Medaka. The p53-deficient fishes were originally generated by TILLING.4 In this
study, these fish were backcrossed four times with inbred Hd-rR fishes to establish
a p53-deficient strain with a Hd-rR genomic background. The fishes were kept at
room temperature (26–28 1C) under a 14-h light and 10-h dark cycle, fed on
powdered diet (Tetra-min, Tetra Werke Co., Mells, Germany) and brine shrimp
(Artemia franciscana) three times a day. This study was conducted according to
‘The University of Tokyo Animal Experiment Enforcement Rule’.

Irradiation. Sexually mature, 1-year-old male fish were subjected to whole-
body irradiation from 137Cs g-rays (Gammacell 3000Elan, MDS Nordion, Ottawa,
ON, Canada) with a dose rate of 10 Gy/min at room temperature in a water-
containing plastic tube without anesthesia at doses of 1 and 5 Gy.

Histology. For light microscopic observations, testes were isolated, fixed in
Davidson fixative solution overnight at 4 1C, washed in PBS (� ), dehydrated with
ethanol and embedded in plastic resin (Technovit 8100, Heraeus Kulzer, Wehrheim,
Germany). We prepared 8-mm-thick sections of the central part of the testes from wt
Hd-rR and p53-deficient medaka fish. Sections were stained with H&E. For
immunostaining using polyclonal anticleaved caspase 3 antibodies (9661S, Cell
Signalling Technology, Beverly, MA, USA) (1:200), isolated testes were fixed in 4%
paraformaldehyde in 0.1 M PB overnight at 4 1C. Cryostat sectioning and
immunostaining were performed as described previously,38 then developed in 0.05%
diaminobenzidine, counterstained with hematoxylin and photographed with an Olympus
BX50 (Tokyo, Japan) microscope equipped with a DP70 Olympus digital camera.

For electron microscopic observations, the testes was isolated and prepared as
described previously.39 Ultrathin sections were cut, stained with uranyl acetate and
lead citrate, and samples were examined with a Hitachi H-7500 electron microscope
(Tokyo, Japan) operated at 80 kV.

Quantification of the number and the size of testis–ova. We
counted the number of testis–ova on histological sections in non-irradiated wt Hd-
rR and p53-deficient medaka testes (n¼ 3), and g-ray-irradiated p53-deficient
medaka testes at 1 day, 7 days, 14 days and 28 days after irradiation (all time
points, n¼ 3), followed by dividing each total area of testes calculated by Image J
software (NIH, Bethesda, MD, USA). Moreover, we counted the number of
spermatocytes in p53-deficient medaka testes of non-irradiated and g-ray
irradiated at 7 days and 14 days after irradiation (all time points, n¼ 1).

In this paper, the mathematical morphology-based image processing method
was used for cell segmentation in the images of the histological sections.40

Mathematical morphology is suitable for handling shape-related processing. The
segmentation approach was processed as follows with four steps. First, the regions
of target cells (i.e. spermatogonia and testis–ova) were extracted by the top-hat filter
based on rotational morphological processing.41 The filter extracts these cell regions
with sizes corresponding to the size of the used structuring element, which is a small
image used for morphological operations. The size was empirically determined.
Second, the extracted regions were binarized by an automatic thresholding
technique. Third, small isolated pixel regions, which can be considered as
segmentation noise, were eliminated by the opening operation. Fourth, the
area of the cell regions was calculated. These processing were performed using R,
an open source language for statistical computing, data analysis and graphical
visualization.

RT-PCR and ISH. Total RNA was extracted from wt and p53-deficient
medaka adult dissected testes or liver. cDNAs were synthesized from 1 mg of total
RNA from medaka testis or liver using ReverTra Ace-a (Toyobo, Osaka, Japan)
and oligo(dT)20 primers.42 Equal amounts of first-strand cDNAs were then
amplified using primer pairs for the studied genes as follows: 42Sp50 forward
50-CAACGTGGTCGTCATCGGTC-30; 42Sp50 reverse 50-GGCTTCATACTCCCC
TTTGG-30;20 Oct4 forward 50-GGCGTAAACTCGTCTCAAGG-30; Oct 4 reverse
50-CCAAACCCAGATCGTCTGAT-30; VTG2 forward 50-CATGCTAAACGAGCT
GACCA-30; VTG2 reverse 50-TTGACCAAGATGCACTGAGC-30; Actin forward
50-CACTCTGAGCGCCGTCACACACAG-30; Actin reverse 50-TGACACCCTGGTG
CCTGGGGCGAC-30. The PCR reactions were performed using 40 cycles of 95 1C
for 30 s, 60 1C for 30 s and 72 1C for 1 min.

42Sp50 cDNA was cloned in pCR4-TOPO using DNA fragment of 42Sp50
transcript being amplified and probe synthesis was produced by digesting plasmids
with Not1 and transcribing with T3 polymerase for ISH. The isolated testes were cut
into 3–4 pieces, and subjected to whole-mount ISH.43 The specimens were
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embedded in Technovit 8100, sectioned and counterstained with 0.5% neutral red
(Muto Pure Chemicals, Tokyo, Japan).
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