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ABSTRACT

 

—In order to elucidate a possible role of estrogen receptor in the gonadal sex differentiation
and the sex reversal with sex steroids, we examined for the formation of testis or ovary in transgenic
medaka fish overexpressing the medaka estrogen receptor under the constitutive medaka 

 

β

 

-actin pro-
moter. The transgenic fish underwent the genetically determined gonadal differentiation and showed the
same sex-reversal rates as those of wild-type non-transgenic fish after treatments with estrogen and andro-
gen. These results present invaluable data to reconsider the role of estrogen receptor in the gonadal sex
determination.
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INTRODUCTION

 

The fate of primordial gonad to testis or ovary is deter-
mined during the distinct stage of development. Although
the testis-determining gene, 

 

Sry

 

, and downstream genes for
sexual differentiation are discovered in mammals (Koopman

 

et al

 

., 2001), mechanisms for gonadal sex determination are
poorly understood in lower vertebrates except the recent
discovery of medaka fish male-determining gene, 

 

DMY

 

(Matsuda 

 

et al

 

., 2002). The environmental contamination of
estrogenic chemicals has been a serious concern in the
industrial nations. Estrogenic compounds such as a natural
estrogen (17

 

β

 

-estradiol, E2), a synthetic estrogen (17

 

α

 

-ethi-
nylestradiol) used as oral contraceptives, and xeno-estro-
gens (such as bisphenol A and 4-tert-pentylphenol) are
detected in sewage effluents and pollute aquatic environ-
ments and wild life (Aherne and Briggs, 1989; Naylor, 1992;
Colborn 

 

et al

 

., 1993; Lee and Peart, 1998; Belfroid 

 

et al

 

.,
1999; Korner 

 

et al

 

., 2000). These chemicals can cause
reproductive abnormalities in wild animals and, possibly, in
man (Colborn 

 

et al

 

., 1993). In the laboratory experiment,
estrogen affects the testicular development and ultimately
reverses it to ovary formation, if applied early enough during
the development of lower vertebrates such as bird (Scheib,
1983), reptile (Dorizzi 

 

et al

 

., 1991), amphibia (Hayes, 1998),

and fish (Yamamoto, 1969; Gimeno 

 

et al

 

., 1996; Kawahara
and Yamashita, 2000). In chickens (Scheib, 1983) and tur-
tles (Dorizzi 

 

et al

 

., 1991), estrogens are synthesized by mor-
phologically undifferentiated female gonads, but at reduced
levels in male gonads. It is generally believed from these cir-
cumstantial evidences that estrogen is a natural inducer of
ovary formation.

However, there are several pharmacological studies
using anti-estrogens (that bind to estrogen receptor [ER]
and compete with estrogens), which do not support the sex
steroid hypothesis. Treatment with anti-estrogens does not
disrupt ovarian development but disturb it only slightly show-
ing partial musculinization (some testicular appearance of
female gonads), whereas the treatment completely inhibits
the male to female gonadal sex reversal caused by exoge-
nous estrogens (Scheib, 1983; Dorizzi 

 

et al

 

., 1991; Kawa-
hara and Yamashita, 2000). Furthermore, it remains to be
seen whether exogenous estrogens can cause the sex
reversal at the equivalent concentrations found in undiffer-
entiated female embryos. Treatment with aromatase inhibi-
tors (that block the synthesis of estrogen from androgen, a
male sex steroid) causes females to develop testes (Elbre-
cht and Smith, 1992; Richard-Mercier 

 

et al

 

., 1995). How-
ever, this sex reversal may be interpreted as that the accu-
mulated androgen elicited the male gonadal differentiation
but not as widely believed that the absence of estrogen
caused the alternative gonadal development, because of the
well-identified positive role of androgen in the testicular
development (Yamamoto, 1969). In conclusion, exogenous
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estrogen induces ovarian development in genetic male pos-
sibly after binding ER, but, there is no convincing evidence
supporting a key role of estrogen/ER in the fate determina-
tion to ovary in genetic female although estrogen level is
higher in female primordial gonad than in male.

In contrast, histological and ultrastructural studies in
some fishes including medaka reveal that steroid hormone
biosynthesis and steroid-producing cells appear after the
completion of gonadal sex differentiation (Iwasaki, 1973;
Takahashi and Iwasaki, 1973; Kagawa and Takano, 1979;
Schreibman 

 

et al

 

., 1982; van den Hurk 

 

et al

 

., 1982; Kan-
amori 

 

et al

 

., 1985). Furthermore, pharmacological studies in
medaka support the absence of sex steroids during the sex
differentiation and provide sufficient evidence for an estro-
gen-independent mechanism for ovarian development
(Kawahara and Yamashita, 2000).

Numerous studies have been done using a lot of ani-
mals from fish to birds to clarify the possible role of estrogen
and ER in the female sex determination (Clinton, 1998;
Hayes, 1998; Jeyasuria and Place, 1998; Nakamura 

 

et al

 

.,
1998; Patino, 1997; Pieau 

 

et al

 

., 1998). However, at
present, the results obtained from these studies can not be
explained solely by the action of estrogen-activated ER. Our
working model is as follows: (1) in medaka fish, female sex
determination is governed by an unknown factor that is not
related to estrogenic actions but shares with ER the ability
to activate downstream genes for female sex development,
because ER is expressed in both sexes (but at very low lev-
els during the sex-determining period) (Kawahara 

 

et al

 

.,
2000), but inactive because of the lack of estrogen; (2) we
cannot exclude the possibility that ER is activated only in
female by the estrogen-independent mechanism as pro-
posed in other biological systems (Power 

 

et al

 

., 1991; Smith

 

et al

 

., 1993; Kato 

 

et al

 

., 1995; Bunone 

 

et al

 

., 1996; Das 

 

et
al

 

., 1997; Zwijsen 

 

et al

 

., 1998); and (3) in chickens and tur-
tles, there are at least two pathways for ovarian develop-
ment: one involves the estrogen-activated ER and another
is independent of estrogen.

To genetically elucidate the possible role of ER in the
sex determination of medaka fish, we constructed trans-
genic (Tg) medaka fish overexpressing medaka ER, and
examined for the sexual differentiation and the sex reversal
by the treatment with estrogen and androgen. The results
were such that overexpression of ER did not affect the sex-
ual development in both male and female or the sex-rever-
sal rates after the treatment with estrogen and androgen.
These negative results are, of course, not conclusive, but
suggestive of the estrogen/ER-independent female sex
determination.

 

MATERIALS AND METHODS

 

Fish and embryo culture

 

We used the d-rR strain of medaka fish, 

 

Oryzias latipes

 

. This
strain is very useful to uncover mechanisms for gonadal sex deter-
mination and sex reversal, because the genotype of sex can be

judged by body color with more than 99% reliability with orange-red
male (X

 

r

 

Y

 

R

 

) and white female (X

 

r

 

X

 

r

 

) (Yamamoto, 1969). The Tg fish
overexpressing the medaka ER in the entire region of the body was
established in this genetic background (Kawamura 

 

et al

 

., 2002).
Fish was maintained at 25–26

 

ο

 

C under artificial photo-period of
14L:10D, and fed by powdered Tetramin (Tetra). Eggs were col-
lected within 10 h postfertilization (hpf) (Kawamura and Yamashita,
2002), rinsed with tap water, and immersed in Yamamoto’s salt
solution (Yamamoto, 1969).

 

Sex reversal

 

Sex-reversal experiments were done as follows. Eggs (10 hpf)
from mating between hemizygous Tg and wild-type fish were incu-
bated under the same condition as above in Yamamoto’s solution
containing 17

 

β

 

-estradiol (E2). The hatching fry were then trans-
ferred to plastic aquaria and reared to adult by normal diet for 5
months. E2 was dissolved in dimethyl sulfoxide. The stock solution
was diluted over 1,000-fold with Yamamoto’s solution. In other
experiments, newly hatched fries in Yamamoto’s solution from mat-
ing between hemizygous Tg and wild-type fish were fed to adult
with diet containing E2 or methyltestosterone (MT). The genotype
of sex was inferred by body color with orange-red male (XY) and
white female (XX). Adult fish were dissected for sexing gonads
under a dissecting microscope. DNA was extracted from caudal fins
of individual fish and examined for the presence of the transgene
by PCR and Southern blot analysis as described (Kawamura 

 

et al

 

.,
2002).

 

RESULTS

 

The hemizygous Tg fish of “A”- and “C”- lines devel-
oped normal gonads as determined genetically (testis and
ovary for XY and XX, respectively) and mated with opposite
sex partners of wild-type, indicating that overexpression of
ER does not affect the sexual differentiation. This is as
expected because estrogen is not synthesized during the
sex determination period in medaka (Kawahara and
Yamashita, 2000), thus ER is considered to be inactive.

If exogenous estrogen induced the sex reversal from
the genetic male to female through binding to and activating
ER, the Tg fish of genetic male would develop ovary or
ovotestis after treatment with lower concentrations of estro-
gen than the lowest effective to wild-type. For this purpose,
two methods were applied as follows: (1) the 10-hpf
embryos were immersed in Yamamoto’s solution containing
0.2 or 2.0 

 

µ

 

g/l of E2, which is 50 or 5 times lower concen-
tration than the lowest effective (Iwamatsu, 1999), and fed
to adult with normal diet after hatching; and (2) the newly
hatched fry in the absence of E2 were fed to adult with diet
containing 5, 10, or 20 

 

µ

 

g of E2 per gram of diet. The E2
dosage of 20 

 

µ

 

g/g of diet is sufficient for complete sex-rever-
sal, and the dosages of 5 and 10 are less effective or result
in no sex-reversal depending on each experiment (Yama-
moto, 1969; Kawahara and Yamashita, 2000). In two meth-
ods, the sex-reversal rates from male to female were not
enhanced in the hemizygous Tg fish of “A”- and “C”-lines
(Table 1). These results indicate that overexpression of ER
does not affect the estrogen-induced sex reversal.

Sex reversal with steroid hormones has been consid-
ered as a consequence of competition between a geneti-
cally determined gonadal fate and an antagonizing activity
of sex steroids (Yamamoto, 1969). If ER were involved in
the female sex differentiation after activation by an E2-inde-
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pendent mechanism, overexpression of ER would increase
the amount of active ER, which enhances the activity of
female primordial gonad to differentiate into ovary and com-
petes with the female-to-male reversal activity of androgen,
and would result in the decrease in the rates of female-to-
male reversal after the oral administration of MT. Firstly, we
examined MT-induced sex reversal in the wild-type fish. The
sex-reversal rate increased progressively with increasing
dosages of MT with the lowest for complete sex reversal of
30 

 

µ

 

g of MT/g of diet (Table 1), as expected from the previ-
ous report (Yamamoto, 1969). The newly hatched fries from
mating between the “A”- or “C”-line Tg and wild-type fish
were fed to adult with diet containing 30 

 

µ

 

g of MT/g of diet.
Both Tg fish were also completely sex-reversed by the treat-
ment with MT (Table 1), indicating that overexpression of
ER does not affect the androgen-induced sex reversal.

 

DISCUSSION

 

It is as expected that the ER-overexpressing Tg fish
underwent normal gonadal sex differentiation, because
estrogen is not present during the sex-determining period in
medaka fish (Kawahara and Yamashita, 2000). However, it

was quite unexpected that the estrogen-induced sex rever-
sal rates from male to female was not enhanced by overpro-
duction of ER in the Tg fish, because the estrogen-induced
sex reversal in wild-type fish is prevented by the anti-estro-
gen, tamoxifen, thus considered to be dependent on ER
(Kawahara and Yamashita, 2000).

The sex-reversal experiments in the Tg fish suggest
two possibilities: one is that ER is not involved in the sex
reversal; and another is that expression levels of ER are not
rate-limiting in the sex reversal, for example, overproduced
ER induces similar expression levels of target gene(s) to
those in wild type. Recently, several studies report that
estrogen binds to and activates proteins such as androgen
receptor (Kousteni 

 

et al

 

., 2001), maxi-K channels (Valverde

 

et al

 

., 1999), and 

 

γ

 

-adrenergic receptor (Nadal 

 

et al

 

., 2000)
and that tamoxifen also binds to multiple targets (Williams 

 

et
al

 

., 1996; Kedjouar 

 

et al

 

., 1999), providing proofs against
specific actions of estrogen and anti-estrogen on ER. It is
unlikely that, in the Tg fish, ER is not produced at increased
levels in a target tissue for sex reversal (probably in a pri-
mordial gonad), because ER was in fact abundantly
expressed from the 

 

β

 

-actin promoter in the entire region of

 

Table 1.

 

Sex reversal of the Tg fish treated with estrogen and androgen.

Fish Treatment
Orange-red (XY) White (XX)

T OT O SR(%) T OT  O SR(%)

Wild E2 (

 

µ

 

g/l) 0.2 12 0 0 0 0 0 14 0

         2.0 26 0 0 0 0 0 26 0

A-line      0.2 19 0 0 0 0 0 23 0

2.0 17 0 0 0 0 0 10 0

C-line 0.2 12 0 0 0 0 0 11 0

Wild E2 (

 

µ

 

g/g diet) 0 100 0 0 0 0 0 100 0

5 47 1 0 2 0 0 32 0

10 7 23 9 82 0 0 19 0

20 0 0 106 100 0 0 105 0

A-line 0 50 0 0 0 0 0 50 0

5 8 0 0 0 0 0 4 0

10 10 0 0 0 0 0 7 0

20 0 0 8 100 0 0 13 0

C-line 0 50 0 0 0 0 0 50 0

5 6 0 3 33 0 0 5 0

10 1 0 4 80 0 0 12 0

20 0 0 7 100 0 0 13 0

Wild MT(

 

µ

 

g/g diet) 10 22 0 0 0 7 0 16 30

20 22 0 0 0 15 0 4 79

30 25 0 0 0 30 0 0 100

A-line 30 16 0 0 0 17 0 0 100

C-line 30 4 0 0 0 10 0 0 100

Eggs and fish (wild-type and “A”- and “C”-line Tg) were treated with E2 or MT at the indicated concentrations.
Adult fish were dissected, and their gonads were classified as ovary (O), ovotestis (OT), and testis (T). Sex rever-
sal (SR) rates were determined as percentage of XY fish carrying ovary or ovotestis in XY population and of XX
fish carrying testis in XX population.
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the Tg fish as well as 

 

β

 

-actin that is known to be abundantly
expressed in all tissues including gonads (Kawamura 

 

et al.

 

,
2002). We are not in favor of the possibility that the ER used
for construction of the Tg fish is different from one involved
in sex differentiation, because we could not detect any ER
homologs (other than the ER cloned previously) in RNA
samples from embryos and fries by RT-PCR with comple-
mentary primers (Kawahara 

 

et al

 

., 2000) and several com-
binations of degenerate primers (data not shown). These
results are not conclusive but consistent with the possibility
that ER is not involved in the estrogen-induced sex reversal.

We also examined the female-to-male sex reversal of
the Tg fish after oral administration of androgen. We antici-
pated that overexpression of ER would increase the amount
of active ER and compete with the female-to-male sex-
reversal activity of androgen. However, the overexpression
did not affect the rates of female-to-male sex reversal in two
Tg fish lines. These results do not support the possibility that
ER is involved in the ovarian development after activation by
the E2-independent mechanism.

The present study using the Tg fish does not provide
convincing results, but suggests that the role of ER in the
sex determination should be open to reconsideration. In this
context, it was recently reported in mice that ER is required
for the maintenance of adult ovary but not for the gonadal
sex determination before birth: mice lacking ERs 

 

α

 

 and 

 

β

 

exhibit normal reproductive tract development but adult ova-
ries transdifferentiate to structures resembling seminiferous
tubules of the testis (Couse 

 

et al

 

., 1999). There remains the
possibility that ER is not responsible for the female sex
determination in lower vertebrates as in mammals including
human and mouse.
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