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Determination of the sensitive stages for gonadal

sex-reversal in Xenopus laevis tadpoles
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ABSTRACT The response of developing gonads of the clawed toad Xenopus laevis tad-
poles to estradiol benzoate (EB) was studied between stages 44 and 67 using high resolu-
tion techniques. In presumptive genetic males the following results were obtained: 1) 100%
sex reversal was induced when EB was administered before translocation of primordial
germ cells (PGCs) from the gonadal epithelium into the medullary region (stages 44-50). 2)
Ambiguous gonads were formed when EB treatment was initiated at stages 51-54, when
PGCs were migrating into the medullary region. 3) Finally, normal testes differentiated
when EB treatment began after the primordial germ cells had completed their translocation
into the medulla (stages 55-56). These results suggest that EB might induce sex-reversal in
genetic males by disruption of early somatic-germ cell interactions in the medullary region
of the gonad. Consequently, later morphogenetic events might be deranged, preventing dif-
ferentiation of testis. We propose a hypothesis in which precocious production of estradiol
(E2) by genotypic females is the mechanism for primary sex differentiation.
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Introduction

The gonadal sex of gonochoristic species is established during
early embryonic development, but the mechanisms by which this
occurs are not completely understood. Lillie (1917) in his study of
the freemartin effectin cattle, suggested that steroid hormones are
involved in gonadal sex differentiation. Since then many studies
have attempted to understand the role of steroid hormones in
gonadogenesis (D’Ancona, 1951; Burns,1961; Reinboth, 1983).
Administration of exogenous steroid hormones to modify the sexual
differentiation of vertebrate gonads has been successful in several
amphibian species. However, the results obtained from experi-
ments with different orders and families have been irregular and
sometimes contradictory (Gallien, 1950; Padoa, 1950; Witschi et
al., 1958).

Witschi (1950, 1967) has interpreted the results of sex-reversal
induced by exogenous steroids in terms of his hypothesis of a
“corticomedullary antagonism” which involves two non-steroidal
inducers: “medullarin” and “corticin”. He postulated that exo-
genous steroids have an indirect teratogenic effect and that endo-
genous steroid hormones do not play a natural role in gonadal
differentiation. On the other hand, it was recently shown that
exogenous estradiol can induce ovarian differentiation in reptile
species in which temperature affects sex differentiation (Pieau,
1974; Gutzke and Bull, 1986; Bull et al., 1988; Dournon et al.,

1990). It was proposed that in these species endogenous steroid
hormones may play a natural role in gonadal sex differentiation
(Raynaud and Pieau, 1985; Crews et al., 1989).

The present study addresses these two hypotheses by investiga-
ting the effect of estradiol benzoate on gonadal morphogenesis in
the clawed toad, X. laevis, a species exhibiting complete and
functional sex-reversal of genetic males (Gallien, 1953).

Results

The genetic sex of X. laevis belongs to the system ZZ/ZW.
Gonadal sex differentiation is reached at stage 56. In genetic males
the cortex becomes athin epithelium devoid of primordial germ cells
(PGCs) and is separated from the medulla by connective tissue (Fig.
1A). In contrast, gonads of genetic females retain the PGCs among
the epithelial cells of the cortex, and the medullary cells form a flat
epithelium surrounding a central cavity (Fig. 1B). The results of EB-
treated tadpoles are given in Table 1. When treatment was initiated
at stages 44-50 (Groups 1-4) all survivors had ovaries after three
months, suggesting that all gonads of presumptive genetic males
were induced to undergo sex-reversal. Morphologically it was found

Abbreviations used in this paper: EB, estradiol benzoate; PGCs, primordial
germ cells; E2, estradiol.

*Address for reprints: Instituto de Investigaciones Biomeédicas, Apdo. Postal 70228 Ciudad Universitaria, 04510. México, D.F. Mexico. FAX: (525) 550-

0048
0214-6282/90/502.00

© UBC Press
Printed in Spain



282

1. Villalpando and H. Merchant-Larios

that no genital ridges were present between stages 44-48. At
stages 49-50, the genital ridges developed as two evaginations of
the coelomic epithelium where the first PGCs have arrived (Fig. 1C).
In samples from Groups 1-4 fixed after one month of EB treatment
no morphological abnormalities were observed as compared with
controls.

At stages 51-53 an undifferentiated gonad was established.
Some cells of the coelomic epithelium migrated towards the interior
of the genital ridge forming the gonadal medulla, and the PGCs
remained in the surface epithelium (Figs. 1D). Furthermore, in
presumptive genetic males, PGCs migrated from the cortex into the
medulla at stages 54-55. When treatment was initiated between
stages 51-54, around 50% of survivors had normal ovaries; how-
ever, the other 50% had abnormal gonads qualified as “ovotestes”
(Table 1, Groups 5-8). They were characterized for the presence of
PGCs in both the cortex and the medulla (Figs. 1E and F). Since in
control groups presumptive genetic males had all PGCs in the
medulla (Fig. 1A), it was assumed that the “ovotestes” correspond
to gonads of presumptive genetic males in which normal develop-
ment was disturbed.

Finally, when EB treatment began at stages 55-56, in which all
PGCs appeared in the medullary region of presumptive genetic
males, the ovaries-testes ratio was close to 1:1 (Table 1, Groups
9 and 10), as in control tadpoles. These results suggested that at
these stages, the steroid had not affected normal differentiation of
testes in presumptive genetic males. Control tadpoles in which only
ethanol was added had a survival rate of approximately 50% after
three months, quite similar to tadpoles under EB treatment (Table
1). The gonads of controls differentiated either as ovaries or as
testes in a 1:1 ratio and no ovotestes were found.

Discussion

Witschi (1950, 1967) and Chang and Witschi (1955) evaluated
the action of exogenous sex steroids on developing gonads of
different species of amphibians and interpreted the results in terms
of a “corticomedullary antagonism”. They postulated that these
hormones acted as teratogens, either destroying or inhibiting one
of the two gonadal territories: the medulla or the cortex. Therefore,
destruction of the medulla by EB in presumptive genetic males of
X. laevis induced sex reversion by allowing the cortex to form an
ovary. Since in the present study no evidence of cell death or of any
other structural alterations was found in medullary cells under EB
treatment, Witschi's notion of selective destruction of the medullary
cells is not supported.

However, our finding of complete male sex-reversal by EB before
or during the early establishment of the gonadal medulla (stages

44-50) may be explained according to Witschi's idea of an inhibition
of medullary differentiation as follows: when EB is added, before
translocation of epithelial and primordial germ cells (PGCs) into the
medullary region, the presence of this hormone might prevent the
differentiation of male PGCs and somatic medullary cells. There-
fore, migration of PGCs from the coelomic epithelium into the
medulla might also be prevented. At stages 51-54, when presump-
tive medullary cells have migrated into the central region of the
gonad and PGCs in turn are undergoing translocation, EB appears
to interrupt this process and different degrees of ovotestes are
formed. Finally, from stage 55 onwards, when PGCs have finished
their translocation into the medulla and this region becomes
completely segregated from the cortex, EB treatment is unable to
induce male sex-reversal.

Since in our present observations EB appears to inhibit translo-
cation of PGCs, no interaction of these cells with somatic medullary
cells can be responsible for preventing testes differentiation.
Inhibition by EB of somatic-germ cell interactions in the medullary
region of genetic males might be due to two different primary
effects: a) somatic medullary cells are inhibited from producing a
chemotactic substance responsible for translocation of PGCs. b)
Sex differentiation of PGCs is prevented, making them unable to
migrate into the medullary region.

For primary effect a) there is no evidence that medullary cells of
genetic males produce a chemotactic substance. However, in the
present and previous studies (Merchant-Larios and Villalpando,
1981) it has heen observed that medullary establishment in
undifferentiated gonads of X. laevis depends upon migration of
some epithelial cells from the coelomic epithelium. In presumptive
genetic males, there is further migration of PGCs from this region
into the medulla. Therefore, it is reasonable to postulate the
existence of such a chemotactic substance.

As regards primary effect b), it has been demonstrated that in X.
laevis the patterns of proliferation and differentiation of PGCs differ
in males and females (Kalt, 1973; ljiri and Egami, 1975) and that
they precede histological sex differentiation of the gonad (Zust and
Dixon, 1977). Thus, inhibition of these processes by EB might
prevent testis differentiation.

Although the present results help to understand the histological
conditions of gonads in which EB induces male sex-reversal in X.
laevis, the role of steroid hormones during normal sex differentia-
tion is not clear. The failure of testosterone to induce sex-reversal
in genotypic females of X. laevis (Witschi, 1950; Gallien, 1956,
1959) and the finding that this effect is induced by testicular grafts
(Mikamo and Witschi, 1963) have led Witschi to discount the role
of sex steroids in gonadal sex differentiation in normal developing
tadpoles. On the basis of our present results a hypothesis can be

Fig. 1. Semi-thin sections (1 1m) of X. laevis tadpole gonads at various developmental stages. (A) Male gonad from an untreated tadpole at stage
56. Primordial germ cells (pgc) are present in the medullary region (m). The cortex (c) is formed by a thin epithelium devoid of primordial germ cells. Bar=
28um. (B) Female gonad at stage 56 taken from a control tadpole. The medullary cells (m) have formed a wide cavity and the primordial germ cells (pgc)
are present only in the cortex (c). Bar= 28 um. |C) At stage 49 the first primordial germ cells (pgc) form an evagination of the coelomic epithelium at each
side of the hindgut mesentery (hm). Parts of the mesonephros {ms) and dorsal aorta (da) are shown. Bar= 13 um. (D) At stage 53 typical undifferentia-
ted gonads are established. Although in this section the medulla (m) appears only in one gonad, serial sections demonstrated medullary tissue in both
gonads. The dorsal aorta (da) containing numerous erythroblasts and part of the mesonephros (ms) are shown. Bar= 15 um. {E) and (F) These figures
show two different ambiguous gonads considered as “ovotestas” at stage 56. They correspond to tadpoles treated with EB at stages 52 and 54
respectively. Primardial germ cells (pgc) are abnormally distributed in both the cortex (c) and the medulla (m). (E) has a compact testis-like medullary region
and a primordial germ cell in the cortex (c) undergoing mitosis. (F} shows a gonad with cavitated ovarian-like medullary region. However several primor-
dial germ cells (pgc) are associated to the epithelial cells of the medulla. This abnormal position of primordial germ cells was never observed in gonads

of control tadpoles. E: Bar= 7 pm, F: Bar= 30 um.
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TABLE 1

EFFECTS OF ESTRADIOL BENZOATE ON GONADAL
DEVELOPMENT OF XENOPUS LAEVIS TADPOLES

Initiation of Treatment Gonadal Sex
at Stage 56-67
Group Developmental Gonadal Stage Ovaries Testes Ovotestes Survivors®
Stage
1 44 - 66 0 0 66
2 48 - 68 0 0 68
3 49 Genital ndge 55 0 0 55
4 50 Genital ridge 60 0 0 60
5 51 Early medulla 25 0 28 53
6 52 Early medulla 27 0 22 49
7 53 Early medulla 29 0 i} 60
8 54 Cortex and medulla 30 0 35 65
9 55 Cortex and medulla 28 24 0 52
10 56  Sex differentiation 23 26 0 49

Note. (*) Numbers of survivors are equivalent to percentage since each
treated group started with 100 tadpoles.

proposed: there is an asynchronous production of estradiol (E2) in
genotypic female and male tadpoles. The former begin to produce
E2 before stage 50, inhibiting the differentiation of the medullary
cells. Thus, PGCs remain in the cortex and an ovary is formed. In
contrast, genotypic males do not produce E2 before stage 50 and
male PGCs and medullary cells differentiate “constitutively” and a
testis is formed. Furthermore, in genotypic males medullary cells
produce a diffusible non-steroidal factor that inhibits the cortex and
is able to induce female sex reversion when grafted.

To support this hypothesis, precocious production of E2 in
genetic females has to be demonstrated. Lack of heteromorphic
sex chromosomes in X. laevis make this demonstration a difficult
task. Nevertheless, a comparison of steroidogenesis in all male
tadpoles (offspring of sex-reversed males and normal males) with
a normal tadpole population (1:1 sex ratio) may answer this
question. Failure to produce E2 before stage 50 by genotypic
females, or simultaneous production of E2 by genotypic male and
female tadpoles, would refute this hypothesis.

Complete sex-reversal of presumptive genetic males by EB
before stage 50 and the partial effect of this hormone at stages 51
to 54 provided some support for the “dual gonadal inducer”
hypothesis of Witschi. However, in our present hypothesis, E2
represents “corticin”, although the chemical nature of “medullarin”
still remains unknown.

Materials and Methods

Sexually mature male and female X. /aevis were stimulated with human
chorionic gonadotropintoinduce gamete liberation (New, 1966). Ten groups
of 100 tadpoles each were reared in plastic boxes with 7 | of tap water which
was changed three times a week. Treatment with estradiol benzoate (EB)
dissolved in ethanol at a final concentration of 100 ug/l of water was
initiated at different developmental stages (Normal Table of Nieuwkoop and
Faber, 1956): in group one, EB treatment was initiated at stage 44. In groups
2-10, EB treatment began at stages 48-56 respectively (Table 1). Two
control groups of 100 tadpoles each were kept under the same conditions
as the experimental groups, except that only ethanol was added (100 ul/I
of water). The photoperiod was kept at 12 h light and 12 h darkness. The

tadpoles were fed with food from Caroline Biological Supply (U.S.A) or
powdered alfalfa leaf.

After around three months of EB treatment (stages 56-67, depending
upon initiation of treatment) the surviving tadpoles were sacrificed and their
gonadal sex was histologically determined. To establish the state of the
gonads before and during EB treatment. 10 samples from each group were
fixed at the beginning and after one month. Gonads attached to mesone-
phros were fixed with Kalt and Tandler's (1971) solution omitting the
acrolein. They were postfixed in 1% 0s04 in 0.1 M cacodylate buffer,
dehydrated in acetone and embedded in Epon 812. Semi-thick sections of
{1 um) were stained with 0.5 % toluidine blue.

Acknowledgments
The authors thank J.G. Baltazar and D. Escalante for technical assist-
ance. We are also indebted to Dr. H. Drummond for improving the language.

References

BULL, J.J., GUTZKE, W.H.N, and CREWS, D. (1988). Sex reversal by estradiol in three
reptilian orders. Gen. Comp. Endocrinol. 38: 425-428.

BURNS., R.K. (1961). The role of hormones in the differentiation of sex. In Sex and
Internal Secretions (Ed. W. C. Young). Williams and Wilkins, Baitimore. pp. 76-158.

CHANG, C.Y. and WITSCHI, E. (1955). Breeding of sex reversed males of Xenopus
leavis Daudin. Proc. Soc. Exp. Biol. Med. 89: 150-152.

CREWS, D., WIBBELS. T. and GUTZKE, W.H.N. (1989). Action of sex steroid on
temperature-induced sex determination in the snapping turtle (Chelydra serpentina).
Gen. Comp. Endocrinol. 76: 159-166.

D'ANCONA, U. (1951). Détermination et différenciation du sexe chez les poissons, In
La Différenciation Sexuelle Chez les Vertebrés (Ed. C. Courrier). Masson & Cie,
Paris, pp. 92-112.

DOURNON, C., HOUILLON, C. and PIEAU, C. (1990). Temperature sex-reversal in
amphibians and reptiles. Int. J. Dev. Biol. 34: 81-92.

GALLIEN, L. (1950). Les hormones sexuelles dans la différenciation du sexe chez les
Amphibiens. Arch. Anat. Microsc. Morphol. Exper. 39: 337-360.

GALLIEN, L. (1953). Inversion totale du sexe chez Xenopus laevis Daudin ala suite d'un

traitement gynogéne par le benzoate d'oestradiol administré pendant la vie
larvaire. C. R, Séances Acad. Sci. (Paris) 237: 1565-1566.

GALLIEN, L. (1956). Inversion expérimentale du sexe chez un Anoure Inférieur Xenopus
leavis Daudin. Analyse des conséquences génétiques. Bull. Biol. Fr. Belg. 90:163
183.

GALLIEN, L. (1959). Analyse des effects des hormones stéroides dans la différencia-
tion sexuelle des Amphibiens. Arch. Anat. Microsc. Morphol. Exp. 48 bis: 83-100.

GUTZKE, W.H.N. and BULL, J.J. (1986). Steroid hormones reverse sex in turtles. Gen.
Comp. Endocrinol. 64: 368-372.

UIRI, K.I. and EGAMI, N. (1975). Mitotic activity of germ cells during normal develop-
ment of Xenopus laevis tadpoles. J. Embriol. Exp. Morphol. 34: 687-694.

KALT, R.M, (197 3). Ultrastructural observations on the germ line of Xenopus laevis. Z.
Zellforsch. mikrosk. Anat. 138: 41-62.

KALT, R.M. and TANDLER, E. (1971). A study of fixation of early amphibian embryos for
electron microscopy. J. Ultrastruct. Res. 41: 633-645.

LILLIE, R.F. (1917). The freemartin: a study of the action of hormones in the foetal life
of cattle. J. Exp. Zool. 23: 371-452.

MERCHANT-LARIOS. H. and VILLALPANDO, |. (1981). Ultrastructural events during early
gonadal development in Rana pipiens and Xenopus laevis. Anat. Rec. 199: 349-
360.

MIKAMO, K. and WITSCHI, E. (1963). Functional sex reversal in genetic females of
Xenopus laevis induced by implanted testis. Genetics 48: 1411-1421.

NEW, D.A.T. (1966). The Culture of Vertebrate Embryos. Academic Press Inc., London.
NIEUWKOOP, P.D. and FABER. J. (1956). Normal Table of Xenopus laevis (Daudin). A

Systematical and Chronological Survey of the Development from the Fertilized Egg
till the End of Metamorphosis. North Holland Publishing Co., Amsterdam.

PADOQA, E. (1950). Grenouilles et stérols. Arch. Anat. Microsc. Morphol. Exp. 39: 315
333.

PIEAU, C. (1974). Différenciation du sexe en function de la température chez les
embryons D'Emys orbicularis L. (Chélonien); effets des hormones sexuelles. Ann.
Embryol. Morphog. 7: 365-394.




RAYNALUD, A. and PIEAU, C. (1985). Embryonic development of the genital system. In
Biology of Reptilia, Vol.15 (Ed. C. Gans). John Wiley & Sons, New York, pp. 151-290.

REINBOTH, R. (1983). The particularities of gonad transformation in teleosteos.
Differentiation 23 (Supp.): S82-S86.

WITSCHI, E. (1950). Génétigue et physiologie du sexe. Arch. Anat. Microsc. Morphol.
Exper. 39; 215-240,

WITSCHI, E. (1967). Biochemistry of sex differentiation in vertebrate embryos. In The
Biochemistry of Animal Development Vol.ll (Ed. R. Weber). Academic Press, New
York London, pp. 193-225.

]
o0
h

Sensitive stages for sex-reversal in Xenopus laevis

WITSCHI, E., FOOTE, C.L. and CHANG, C.Y. (1958) Modification of sex differentiation
in atree frog (Pseudacris nigrita triseriata Wied), Proc. Soc. Exp. Biol. Med. 97: 196
197.

ZUST, B. and DIXON, K.E. (1977). Events in the germ cell lineage after entry of the
primordial germ cells into the genital ridges in normal and u.v.-irradiated Xenopus
laevis. J. Embryol. Exp. Morphol. 41: 33-46.

Aeccepted for publication: March 1990



