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Abnormal sex - duct development in female moles:
the role of anti - Mullerian hormone and testosterone
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ABSTRACT We have performedamorphological, hormonal and molecular study of the development
of the sex ducts in the mole Talpa occidentalis. Females develop bilateral ovotestes with a functional
ovarian portion and disgenic testicular tissue. The Mullerian ducts develop normally in females and
their regression is very fast in males, suggesting a powerful action of the anti - Mullerian hormone
in the mole. RT - PCR demonstrated that the gene governing this hormone begins to be expressed
in males coinciding with testis differentiation, and expression continues until shortly after birth.
Immunohistochemical studies showed that expression occurs in the Sertoli cells of testes. No
expression was detected in females. Wolffian duct development was normal in males and
degenerate in prenatal females, but developmental recovery after birth gave rise to the formation
of rudimentary epididymides. This event coincides in time with increasing serum testosterone
levels and Leydig cell differentiation in the female gonad, thus suggesting that testosterone
produced by the ovotestes is responsible for masculinisation of female moles. During postnatal
development, serum testosterone concentrations decreased in males butincreased in females, thus
approaching the levels that adult males and females have during the non - breeding season.
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Introduction

Most components of the mammalian reproductive tract derive
from the sex ducts formed during prenatal development. These are
the Millerian and the Wolffian ducts, precursors of the female and
male accessory sexual organs, respectively, and located in the
mesonephros. The development of these ducts depends on the
type of gonads present in the embryo. In a female embryo, the lack
of testis testosterone leads to the involution of the Wolffian ducts
and the subsequent development of female structures (oviducts,
uterus and upper vagina) from the Millerian ducts. As this may
occur also in castrated individuals, the process is clearly not ovary
- dependent (see Jost, 1947; Austin and Edwards, 1981). Rather,
it occurs as the result of a default programme of development. By
contrast, male development requires the presence of two testicular
hormones. The anti - Mullerian hormone (AMH), also known as the
Miillerian inhibiting substance (MIS), is produced by Sertoli cells as
soon as they begin to differentiate and induces the Miillerian duct
regression (Tran and Josso, 1982). The testosterone produced by
Leydig cells triggers the Wolffian duct development, which results
in the differentiation of the male tract and accessory organs such

as the vas deferens, seminal vesicles and epididymides (see
review by Hagq and Donahoe, 1998). AMH is a member of the
transforming growth factor — B family, for which two different
receptors have been described. These are called type | and type
Il AMH receptors and express in AMH target organs (reviewed in
Josso et al,, 2001).

Several natural and experimental observations have lead to the
suggestion that AMH may be involved in testis differentiation.
Freemartins are XX cattle embryos masculinised probably by the
passage of AMH from male twins through placental anastomosis
(Jost el a., 1975). Similar effects result from the administration of
exogenous AMH to female gonads /7 vitro (Vigier et al., 1987;
Charpentier and Magre, 1990), or the chronic expression of the
AMH gene in XX transgenic mice (Behringer er a/, 1990). In all
these cases, ovaries undergo a process by which follicle cells
«transdifferentiate» into Sertoli cells and form testis cord - like
structures. However, rather than being a direct consequence of
AMH, transdifferentiation is more probably the result of the oocyte

Abbreviations used in this paper: AMH, anti - Mullerian hormone.

*Address correspondence to: Dr. Rafael Jiménez. Departamento de Genética, Facultad de Ciencias, Universidad de Granada. Fuentenueva s/n, 18071 Granada,

Spain. Fax: +34-958-244-073. e-mail: rjimenez@ugr.es

0214-6282/2003/$25.00
© UBC Press

Printed in Spain
www.ijdb.ehu.es



452 F. Zurita et al.

Fig. 1 (top four panels). Formation of the Wolffian and
Millerian ducts in the mesonephros of Talpa
occidentalis males and females. The Wolffian ducts
appear in early s4 embryos (A), whereas the Miillerian
duct is still absent in the early s5a stage (B). It appears in
late s5a (C) in the cranial portion of the mesonephros and
ins5c, atthe level of the urogenital sinus (D). M, Mdillerian
duct; W, Wolffian duct; MN, mesonephros. Scale bars
represent 10 um in all figures.

depletion caused by this hormone (McLaren, 1990).
AMH appears to be cytotoxic for meiotic cells, and
oocytes are needed for correct ovarian development.
Thisis consistent with the fact that AMH expression
in testes ceases at puberty, coinciding with the
onset of male meiosis. Also, AMH is produced in
adult ovaries, probably by follicle cells, although its
function here remains unknown (Vigier etal/., 1984;
Bezard et a/, 1987).

Moles of genus 7a/jpa show an exceptional sex
differentiation system, as all females of the four
species studied up to now ( 7ajpa occidentalis, T.
eurgpaea, T. romana and 7. stankovic) have
ovotestesinstead of normal ovaries (Jiménez efal/.,
1993; Sanchez ez al., 1996). Female moles are thus
fertile true hermaphrodites, as the ovarian portion
of their ovotestes is functional due to the presence
of mature oocytes during the breeding season. The
ovarian portionis generally smaller than the testicular
portion, which contains no germ cells. The two
gonadal portions grow and regress each year in an
alternating fashion. The ovarian portion may be
larger than the testicular one during the breeding
season, and the opposite situation invariably occurs
during the resting period (Matthews, 1935; Deanesly,
1966; our personal observations). An alternating
hormonal cycle accompanies this process. The
testicular region of ovotestes in adult female moles
actively produces testosterone during the resting
period, but production is much lower during the
breeding season (Jiménez ez a/, 1993; Whitworth
et al, 1999). The body of female moles shows

Fig. 2 (bottom eight panels). Sex differentiation and
male development of the sex ducts in T. occidentalis.
(A,B) Thefirst signs of Miillerian duct regression are seen
in s5c male embryos (A), in the form of a whorl of
mesenchymal cells (arrows) around the duct, as seen at
higher magnification in (B). This is not present in the
mesonephros of s5c female littermates (C). (D) In s6
male embryos the Miillerian ducts have almost
disappeared. (E) Developing Miillerian ducts may be
seen in s6 females (arrow). (F,G) Differentiating
epididymary tube (arrows) (F) and vas deferens (arrows)
(G) in s8 male foetuses. (H) Formation of the rete testis
(arrow) in anewborn male. M, Mlillerian duct; W, Wolffian
duct; MN, mesonephros. Scale bars represent 10 um in
AandC-H,and 2 umin B.




Fig. 3. Female development of the sex ducts in T.
occidentalis. (A) Millerian duct in the caudal region of a
newborn female, showing large diameterand clearinternal
lumen. Note the complete absence of any remains of the
Wolffian duct. (B) The cranial region of the mesonephros
in the same female as in (A); the Miillerian duct is large,
but not so much as in the caudal portion, whereas the
Wolffian duct appears thin and without an internal lumen.
(C) Morphologically recognisable oviductinan s11 female
mole. (D - E) Degeneration process of the Wolffian ducts
in female moles, as observedin s8 (D) and s11 (E) stages.
Note the diameter reduction and the lack of lumen. (F - H)
Developmental recovery of the Wolffian ducts in female
moles: the diameter of the duct clearly increases in the
s12 stage (F), the lumen opens again with epithelial cells
projecting cilia in s13 (G) and a rudimentary epididymis is
finally recognisable in s15b juvenile females, adjacent to
the gonad (H). M, Miillerian duct; W, Wolffian duct; G,
gonad; OV, oviduct. Scale bars represent 10 ymin A - E
and H, 2umin Fand 1 uym in G.

additional signs of masculinisation other than
gonads. Theseinclude alarge, penile clitoris where
the urethra opens at the tip, an intact perineal
region without any vaginal opening during the non
- breeding season (the vaginal orifice opens and
closes every year) and rudimentary epididymides
adjacentto the ovotestes (Matthews, 1935, Jiménez
et al, 1993; Whitworth ez a/, 1999). Overall, these
facts suggest that these organs were exposed to
the action of testosterone during development,
although it is not clear whether the hormone also
originates in the gonads of developing moles or
comes from the ovotestes of the mother.

Since development of the reproductive tract
directly depends on gonadalfunction, itis informative
to investigate how Miullerian and Wolffian ducts
develop in animals, such as female moles, with an
exceptional gonadal system. The present study
describes the process of sex - duct developmentin
both male and female moles, and its relationship
with the production of two essential gonadal
hormones: AMH and testosterone. A study of the sequence of a
portion of the AMH gene from moles is also reported.

Results

Sex - duct development in moles

Wolffian ducts, already observable along the mesonephros in the
earliest embryos we analysed (14 days post coitum, gpc, early s4
stage, CRL=6mm; Fig. 1A), were consistently observable afterwards
(Fig. 1 B - D). Mullerian ducts appeared during late s5a stage of
development (17 dpc; Fig. 1 B,C), and grew in a cranial - to - caudal
progression. No sex differences were observable in sex ducts one
day later (s5b stage; Fig. 1D).

Sex differences in sex ducts of moles are first observed in s5c
embryos (19 dpc), when males showed the first signs of Mdllerian -
duct regression. Several concentric layers of mesenchymal cells
were seen oriented parallel to the basement membrane of the
Millerian duct, thus forming a whorl around it (Fig. 2 A,B). By this
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time, this was found only in the mesonephric region adjacent to the
gonad. No such phenomenon occurred in female embryos of the
same stage (Fig. 2C). Mullerian - duct regression proceeded rapidly
afterwards, as by s6 (19 - 21 dpc) the anterior portion of these ducts
had almost disappeared (Fig. 2D), whereas they persisted in the
urogenital sinus. Females of the same stage showed developing,
size - increasing Mullerian ducts (Fig. 2E). No remains of the
Mullerian ducts existed in s7 male embryos (21 - 23 dpc). Meanwhile,
the Wolffian ducts grew rapidly and by s8 (24 - 28 dpc) were
differentiating into morphologically recognisable epididymides (Fig.
2F) and vas deferens (Fig. 2G). A rete testis was already formed in
the testes of newborn males, adjacent to the epididymis. (Fig. 2H).

In females, Millerian and Wolffian ducts followed a
developmental pathway which differed only partially from that of
males. Mullerian ducts grew gradually throughout the entire pre -
and postnatal development, so that by s9 they were very thick and
had a clear lumen in the caudal portion of the duct (Fig. 3A), from
which the utero - vaginal canal was being formed, but were less



454 F. Zurita et al.

A

5s abb &5 o &8 &l a1d a1 @12 &3 @4 s

Fig. 4. The AMH gene of T. occidentalis. (A) Nucleotide sequence of a
290 base - pair fragment of the mole AMH gene. (B) Time course of
expression of the AMH gene in developing male and female mole
gonads; no expression was detected in females of any developmental
stage, whereas expression was evident in males from s5b (testis
differentiation) until s10 (shortly after birth) stages. Amplification of the
B - actin gene served as control of the RNA quality of the analysed
samples. + and - represent the positive (genomic DNA) and negative (no
sample) control RT - PCR samples which were reacted simultaneously
with those of the analysed samples. (C,D) Immunohistochemical analysis
using an AMH - specific antibody (red fluorescence) demonstrate that the
AMH protein concentrates in the cytoplasm of Sertoli cells (arrows) in
testes of either stage, including s5c¢ (C) and s9 (D) male moles. Scale bars
represent 10 um in C and D.

developed in the cranial portion (Fig. 3B), from which the oviduct
derives. Oviducts and uterus were clearly recognisable in s11
females (Fig. 3C). In the Wolffian ducts, degeneration was evident
in s8 females (just before birth) with clear diameter reduction (Fig.
3D). In newborn females (s9 stage), the caudal portion of the
Wolffian ducts had completely disappeared, with only a thick
Mullerian duct present in this region (Fig. 3A), whereas the cranial
segmentstill persisted, adjacentto aless developed Miillerian duct
(Fig. 3B). However, the Wolffian - duct diameter began slowly to
increase again several days after birth, so that developmental
recovery became evident between the s11 and s12 stages (10- 20

1EMBL accession number: AJ550376

dpp; Fig. 3 E,F). These ducts apear surrounded by a whorl of
mesenchymal cells, and the process continues in s13, when the
Wolffian ducts of female moles recovered the internal lumen.
These regenerated Wolffian ducts began in this stage to show
epididymary features such as the re - opened lumen becoming
ciliated (Fig. 3G). As a result of this process, a rudimentary
epididymis is formed adjacent to the testicular portion of the female
ovotestes, which may be seen in fully grown female moles at the
s15b stage (Fig. 3H). This epididymis continues to grow throughout
the juvenile and adult life of female moles, so that it is larger and
more complex in older adult females (not shown; see Sanchez et
al, 1996).

The mole AMH gene

Figure 4A shows the sequence of a 290 bp fragment of the AMH
gene from 7a/pa occidentalist. Compared with other mammalian
species (Table 1), this sequence showed high homology and
similarity percentages with primates (Aomo) and arcthiodactyls
(Susand Bos), buthomology was low when compared with rodents
(Rattus and Mus).

The time course of expression of the AMAH gene in developing
moles is shown in Fig. 4B. In males, expression was first detected
in s5b embryos, coinciding with the onset of testis differentiation,
and it continued until shortly after birth (s9 stage). In s10 males (5
dpp), either little or no amplification was detected in different RT -
PCR reactions, suggesting that AMA expression slowly declines
after birth but never persistsins11 moles. No AV expression was
detected throughout gonad development in female moles.
Immunostaining with an anti - AMH antibody (Fig. 4 C,D) showed
that the AMH protein concentrates in the cytoplasm of Sertoli cells
of the developing testis of moles.

Serum testosterone

Table 2 and Fig. 5 show the time course of serum - testosterone
concentrations during postnatal development of male and female
moles. Males showed a peak of serum testosterone in s10, but the
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Fig.5. Variationsin serum - testosterone concentrations during postnatal
development of male and female moles.



TABLE 1

PERCENTAGES OF IDENTITY AND SIMILARITY BETWEEN THE
MOLE T. OCCIDENTALIS AND FIVE MAMMALIAN SPECIES FOR A 290 BP
FRAGMENT OF THE AMH GENE

DNA Protein
Identity Similarity Identity Similarity
Homo 75.9 75.9 66.0 76.3
Rattus 48.0 48.0 53.4 62.5
Mus 475 47.5 54.3 64.9
Sus 72.6 62.5 65.7 70.7
Bos 72.4 72.4 60.0 66.3
TABLE 2

SERUM - TESTOSTERONE CONCENTRATIONS IN MALE AND FEMALE
MOLES THROUGHOUT POSTNATAL DEVELOPMENT

Developmental stage (dpp)? Serum testosterone concentrations (ng/ml)®

Males Females
s9 O - 5) 2.681 1) <0.020 1)
s10 (5 -10) 3.539+1.047 (3) 0.025+0.007 (2)
s11  (10-15) 1115 (1) 0.06 1)
s13  (15-20) 0.663+0.135 (3) 0.110+0.020 (3)
sl4  (20-25) 1.110 1) 0.288 1)
sl5a (25 -30) 1.062 1) 0.572 1)
sl5b (30- ) 0.414+0.253 (3) 0.814 1)

adays post partum (dpp) corresponding to each developmental stage (in parenthesis).
"mean + standard deviation and sample size (in parenthesis) are given.

concentration declined afterwards. Contrarily, in females serum
testosterone was practically undetectable during the s9 and s10
stages, and began to increase from s11 on. As a consequence, by
the s15b stage, the serum - testosterone concentration was higher
in females than in males.

Discussion

Diverseinformation concerning sex - ductdevelopmentis currently
available for some vertebrates, including reptiles (Austin, 1989),
birds (Forsberg and Olivecrona, 1963) and mammals. In the latter
group, two marsupial species (Burns, 1945; Whitworth ef a/, 1997)
and several eutherian orders, including primates (Taguchi er a/,
1984; Wartenberg, 1985), rodents (Dyche, 1979; Eusterschulte e
al, 1992, among others), and carnivores (Meyers - Wallen et a/,
1991), have been investigated. However, no species of the order
Insectivora has been analysed to date, so that the present paper
reports the first study on sex - duct development in a species of this
taxonomical group.

In the mole, Miillerian ducts are formed according to a pattern
that resembles that described for other mammals (see Byscov and
Hoyer, 1994), including marsupials (Renfree eza/, 1996), growing
in a cranial - to - caudal progression. It is well known that Mullerian
- duct development may proceed in the absence of ovaries (Jost,
1947), and this is the case in female moles, as Mullerian ducts grow
and differentiate for about one month before any ovarian tissue is
morphologically defined in female moles (unpublished). Thisimplies
that sex differences accumulating during this period are probably
due to the action of the AMH produced by the male testes.

Mullerian - duct regression in moles is very fast, as the first
signs of degeneration may be observed at the s5c stage, this
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being only one day after the onset of AM/AH expression in s5b male
embryos. Inthe mole, regression proceeds in acranial - to - caudal
direction, although this feature varies between vertebrate species
(see Whitworth er a/, 1997). Contrarily, the initiation of the
Mullerian - duct regression with the formation of a whorl of
mesenchymal cells around the duct cells, seems to be a highly
conserved process, as it has been observed in several vertebrate
taxa, including reptiles (see Austin, 1989), primates (Wartenberg,
1985), marsupials (Whitworth et a/, 1997), and insectivores
(present study). The timing of Mllerian - duct regression in moles
is consistent with the expression pattern of the mole AA/H gene.
In moles, this hormone appears to exert a powerful sway over
Miillerian ducts as the first effects appear rapidly and regression
is complete only 5 days later (s7 embryos). However, AMAHgene
continues to be expressed for about one week more in this
species, until shortly after birth. This situation is similar to that
described for the mouse or human, but contrasts with that of other
mammals, such as the rat (see Josso efa/,, 1977) or the tammar
wallaby (a marsupial; Whitworth et a/, 1997), where Mullerian -
duct regression continues in the absence of the hormone.

In male mice, AMH is abundantly produced by Sertoli cells from
the onset of testis differentiation until puberty (Musterberg and
Lovell - Badge, 1991), when production ceases as a direct
consequence of the increased testosterone levels at this time (Al
- Attar et a/,, 1997). Consistently, we have shown that the mole
AMHexpression ceases in newborn males, which show high levels
of serum testosterone.

Although AMHis expressed at low levels in the granulosa cells
of adult female ovaries, where its possible function remains
speculative (Vigier et al., 1984; Takahashi et a/, 1986; Bezard ef
al, 1987; Musterberg and Lovell - Badge, 1991), expression is
never concomitant with ovarian development, a fact which is
consistent with the hypothesis that AMH is cytotoxic for germ cells
entering meiosis (McLaren, 1990). This would also explain why
AMH expression in Sertoli cells ceases in males at puberty.
Granulosa cells synthesise AMH from birth in the human female
(Lee er al, 1996) and from a few days after birth in the mouse
(Musterberg and Lovell - Badge, 1991), but we detected no AMH
production throughout the whole postnatal development of the
female mole. These differences may be understood if we consider
thatin moles ovarian developmentis considerably delayed, starting
several days after birth (s10 pups), when a part of the primordial
germ cells of the female gonad begin to enter meiosis (our
unpublished data).

According to the expression profile reported here for the AVMH
gene of moles, it may be concluded that this hormone is not
involved in the formation of a portion of testicular - like tissue in the
gonads of female moles, and is therefore not responsible for the
anomalies in sex determination found in these mammals (Jiménez
et al, 1993; Séanchez et al,, 1996). AMH expression is usually
associated with Sertoli cells and hence to testicular - tissue
differentiation, so that the absence of expression in female moles
would suggest that neither of these events takes place in these
animals. Consequently, no ovotestis would differentiate and no sex
reversal would occur in female moles. This hypothesis, which has
been supported by other authors (see Beolchini ef a/, 2000), is
nevertheless contradicted by morphological, embryological, hor-
monal and molecular data related to the development of mole
gonads. However, this is clearly not the subject of the present
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paper, although data on this question will be published elsewhere,
and other aspects of this research, including the precise
characterization of Sertoli and Leydig cells in male and female
moles, are currently under way, so that an exhaustive discussion
on these subject is not possible for the moment.

Our results indicate that the development of the Miillerian ducts
in female moles is normal compared with other mammals. In fact
itgivesrise to afunctional female reproductive tract, including utero
- vaginal canal, uterus and oviducts (Jiménez et a/, 1988, 1993).
Thisis consistent with the hormonal environmentin which Mullerian
ducts develop, as neither AMH nor testosterone are present during
most of that time. However, this is not the case for Wolffian ducts
infemale moles. Our results demonstrate that degenerated remains
ofthese Wolffian ducts show clear signs of developmental recovery
several days after birth, thus resulting in the formation of small,
underdeveloped epididymides adjacent to female gonads. It is
noteworthy that this fact coincides in time with two other significant
events: 1) the appearance of morphologically recognizable Leydig
- like cells inthe medular region of the female gonad (unpublished),
and 2) the presence for the first time of circulating testosterone in
female moles (this paper). These data strongly suggest that these
Leydig - like cells are in fact functional, testosterone - producing
Leydig cells, and that this testosterone is responsible for the late
development of the epididymis in female moles. It is also probably
responsible for the enlarged clitoris and the closed utero - vaginal
canal shown by juvenile and non - breeding adult female moles
(Mathews, 1935; Jiménez ef a/., 1993; Whitworth et a/, 1999).
Contrary to the absence of AMH expression, the presence of
functional Leydig cells strongly suggest that development of the
medular region in embryonic female gonads results in a portion of
disgenictesticulartissue, and thatthese gonads are in fact ovotestes.

The testosterone produced by female gonads seems not to
perturb ovarian tissue differentiation, which takes place postnatally
as the serum - testosterone concentration increases. According to
our data, the situation in moles differs from that of other mammals
with clearly masculinised females, the hyaena Crocuta crocuta,
where the presence of enlarged clitoris may not be associated with
the production of testosterone by the fetal gonads but with that of
the maternal placenta (Licht ez a/, 1998).

The serum - testosterone levels described here for juvenile
moles (s15b stage, see Table 1), are lower than those reported by
Jiménez et a/. (1993) for, apparently, the same type of animals.
This discrepancy is very probably due to the fact that the two
samples of individuals classified as juvenile moles, were different
in age (juvenile moles range from one - month - old individuals just
after weaning, which occurs between January and March, to moles
about 8 - 9 months old before puberty, which takes place during
September - October, in Southern Spain for 7. occidenialis). In the
present study, we have analysed very young juvenile individuals
captured shortly after weaning (not more than two months old in all
cases), whereas in our 1993 paper we studied much older juvenile
moles, with larger ovotestes in the case of females, or near puberty
in the case of males. We have shown here that serum testosterone
levels varied with age in postnatal developing moles, so that
differences in age may explain contrasts in hormone levels. These
differences might also arise at random, due to low sample sizes. In
fact, testosterone levels depend on gonadal size (see Jiménez ef
al, 1993; Whitworth er a/, 1999) and the latter is highly variable
among juvenile individuals (Sanchez ef a/, 1996).

We have shown that serum - testosterone concentrations of
postnatal developing moles change over time in both male and
female pups. Itis notable that hormone concentrations increase in
females and decrease in males, a fact that should be interpreted in
the light of the reproductive timing of these animals. Moles repro-
duce seasonally, with a breeding period (from November to April
for 7. occidentalisin Southern Spain; see Jiménez et a/,, 1990) and
a resting period that alternate every year. Moles born and grown
during a given breeding season (weaning occurs about one month
after birth) do not enter puberty until the following breeding season,
so that it may be considered that after weaning they begin their first
resting period (unpublished data). Taking into account that serum
- testosterone concentrations during the non - breeding period are
high in females and low in males, in comparison to those found
during the breeding period (Jiménez ef a/,, 1993; Whitworth ez al,
1999), the tends for testosterone levels to rise in females and fall
in males during postnatal development are consistent with the final
situation.

In conclusion, the expression pattern of the AMH gene is
normal, evidencing that this hormone is not involved in mole sex
reversal, whereas gonadal testosterone seems to be responsible
for masculinisation of the female body, without perturbing ovarian
tissue differentiation. Thus, the present study on sex - duct
development in the mole species 7. occidentalis has revealed
some exceptional features that may be associated with the unique
gonadal differentiation system described for these animals.

Materials and Methods

Material analysed

In this study, we used a series of 95 embryos, foetuses and pups of the
mole species 7ajpa occidentalis, collected in Granada (southern Spain)
since 1990. Developmental staging of the individuals studied was based on
CRL (Crown - Rump Length) and body mass values and on the morphology
of major external structures. We established eight prenatal (sl - s8) and
seven postnatal (s9 - s15) stages in the development of 7. occidentalis.
Only those stages in which gonads are present (s4 - s15) were analysed
here. A new postnatal stage was defined for every five days post partum
(dpp). Stage s5 was in turn divided into three substages (s5a,b,c) for more
accurate staging of this critical period of sex development in moles. Also,
s15 was divided into two substages, in order to differentiate full - grown
nestling moles (s15a) from emancipated juvenile moles (s15b).

Sexing of mole embryos

As sex cannot be determined in early embryonic stages (s4 - s6) on the
basis of morphological features, we used our quick method for preparation
of amniotic cells, where the sex chromatin body can be visualized. (Jiménez
et al., 2000).

Histology

Several embryos and foetuses were fixed /7 fofo by immersion in a mix
of 70% ethanol, 40% formaldehyde and glacial acetic acid, in proportions
90:5:5, respectively. The embryos were dehydrated in ethanol series,
embedded in paraffin (Paraplast), serially sectioned (7 - 10 um thick) and
stained with haematoxylin - eosin, according to standard procedures.
Embedding in epoxy resin was also used for light - microscope analysis in
other cases. The entire reproductive tract was dissected out and fixed in
Karnowski fixative (2.5% glutaraldeyde, 1% formaldeyde in 0.1M cacodylate
buffer) for 45 - 60 min. Then the pieces were dehydrated and embedded
following standard procedures, including post - fixation in OsO4. Semi - thin
sections (0.8 um thick) were cut with a «Reichert Ultracut» ultramicrotome
and stained with toluidine blue.



Serum testosterone

The concentrations of serum testosterone were measured by
radioimmunoassay (RIA) with reagents provided by Sorin Biomedica
Diagnostic (Vercelli, Italy), following standard procedures. Duplicate
measurements were made for all animals in the same RIA. The coefficient
of variation was 7%. When the serum testosterone values were near the
method sensitivity, they were further confirmed by performing an additional
electrochemiluminescence immunoassay. The sensitivity was 0.069 nmol/
|. Serum samples were obtained from just - killed foetuses and pups.

Molecular cloning and sequencing

A fragment of the AMH gene from 7ajpa occidentalis was amplified by
PCR, using the following primers: sense 5' - CGG GGT ACC GAA GTG
GCC TCATCT TCC GAG AA - 3'and antisense 5' - CGC GAG CTC CTT
CCT CCAGGT GTA GGA CC - 3'. The resulting 332 bp PCR product was
ligated to a pKS vector and used to transform competent DH5a cells. Five
positive clones were finally sequenced (Genaxis, Nimes, France).

Gene - expression analysis

The time course of expression of the AMAH gene was studied by
performing RT - PCR reactions. For this, MRNA samples were purified from
single gonads dissected out from mole embryos, foetuses and pups
covering all representative stages of development. Gonads were
homogenized in up to 200 pl of lysis buffer, and 50 pl of the homogenates
were exposed to a biotin - labelled oligo - dT capture probe and placed into
200 pl streptavidin - coated tubes («mRNA Capture» kit, Roche). After three
washes with the provided buffer, one - step RT - PCR reactions were
performed in the same tubes by using the «Titan one - tube» kit (Roche).
The following primers were used: sense 5'- GCC TCATCT TCC GAG AAG
ACT TG - 3, antisense 5' - CTT CCT CCA GGT GTA GGA CC - 3. The
quality of the mRNA samples was assessed by performing parallel RT -
PCR reactions for the 3 - actin gene with the primers: 5' - TGG ATG ATG
ATATTGCTGC-3'and5'-ATC TTC TCCATATCATCC CA-3'. These
primers lead to the amplification of a 573 bp DNA fragment from genomic
DNA, or a 253 bp fragment from cDNA, thus enabling detection of genomic
DNA contamination of the samples.

In situ immunofluorescence

The reproductive tract of several AMH - expressing individuals was
dissected out and fixed overnight in phosphate - buffered 4%
paraformaldehyde at pH 7.2. These pieces were dehydrated, embedded in
paraffin wax and sectioned as described above. After being dewaxed,
rehydrated and washed in PBT (phosphate buffered saline with 0.1%
Tween 20), preparations were immersed in 0.01M sodium citrate and
treated in a microwave oven (800 watts) for about 5 min. This sodium citrate
solution with the preparations was left to cool at room temperature before
being washed in PBT. Blocking reaction was performed in PBT with 10%
bovine - serum albumin (BSA). Preparations were exposed to a 1:400
dilution of the AMH - antibody (Santa Cruz Biotechnology, sc 6856),
preparedin PBT with 1% BSA, and incubated overnight at4°C. Preparations
were washed again and exposed to a 1:400 dilution of an anti - rabbit
secondary antibody, conjugated with Alexa fluor 594 (Molecular Probes).
After a final washing, preparations were mounted in DAPI - Vectashields
mounting medium, and observed in a fluorescence microscope.

Acknowledgements

The authors would like fo thank Juan de Dios Barajas, Miguel Garcia -
Toscano and David Carmona for help in capturing and managing moles,
and Junta de Andalucia for capture permits. Many thanks to Dr. Robin
Lovell - Badge for the invitation to F. Zurita for visiting his laboratory, and
Dr. S. Guioli for help in performing immunohistochemical technigues.
During this work, F. Zurita was the recijpient of a postdoctoral fellowshijp
from the Spanish Ministry of Culture and Education. F. Barrionuevo worked
under a predoctoral fellowship from the Spanish Ministry of Science and
Technology, and is currently supported by a postdoctoral fellowship from

Sex - Duct Development in Moles 457

the University of Granada. This work was underwritten by the Sparnish
Ministry of Science and Technology, through grants No. PB9I6 - 1420 and
BOS2002- 00657, and by Junta de Andalucia, research group No. CVI109.

References

AL-ATTAR, L., NOEL, K., DUTERTRE, M., BELVILLE, C., FOREST, M.G.,
BURGOYNE, P.S., JOSSO, N. and REY, R. (1997). Hormonal and cellular
regulation of Sertoli cell anti-Millerian hormone production in the postnatal
mouse. J. C/in. /nvest. 100: 1335-1343.

AUSTIN, C.R. (1989). Mullerian duct regression in the American alligator (Alligator
mississippiensis): its morphology and testicular induction. J. Exp. Zoo/. 251: 329-
338.

AUSTIN, C.R. and EDWARDS, R.G. (1981). Mechanisms of sex differentiation in
animals and man. London, Academic Press Inc.

BEHRINGER, R.R., CATE, R.L., FROELICK, G.J., PALMITER, R.D. and BRINSTER,
R.L. (1990). Abnormal sexual development in transgenic mice chronically
expressing Miillerian inhibiting substance. Nature 345: 167-170.

BEOLCHINI, F., REBECCHI, L., CAPANNA, E., BERTOLANI, R. (2000). Female
gonad of moles, genus Talpa (Insectivora, mammalia): ovary or ovotestis? J Exp
Zool. 286:745-54.

BEZARD, J., VIGIER, B., TRAN, D., MAULEON, P. and JOSSO, N. (1987).
Immunohistochemical study of anti-Mullerian hormone in sheep ovarian follicles
during fetal and postnatal development. J. Reprod. Fert. 80: 509-516.

BURNS, R.K. (1945). Bisexual differentiation of the sex ducts in opossums as a result
of treatment with androgen. J. Exp. Zoo/. 100: 119-140.

BYSCOV, A.G. and HOYER, P.E. (1994). Embryology of mammalian gonads and
ducts. In: Knobil, E. and Neil, J.D. (Eds) The physiology of reproduction, 2nd edn.
Raven Press, New York, pp 487-540.

CHARPENTIER, G., and MAGRE, S. (1990). Masculinization effect of testes on
developing rta ovaries in organ culture. Development110: 839-849.

DEANESLY, R. (1966). Observations on reproduction of the mole 7ajpa europaea. In
Comparative biology of reproduction in mammals (ed. .W. Rowlands). Academic
Press, London. pp 387-402.

DYCHE, W.J. (1979). A comparative study of the differentiation and involution of the
Mdllerian duct and Wolffian duct in the male and female mouse. J. Morphol. 162:
175-210.

EUSTERSCHULTE, B., REISERT, I. and PILGRIM, C. (1992). Absence of sex
differencesin size of the genital ducts of the rat prior to embryonic day 15.5-16.
7issue Cel/24: 483-489.

FORSBERG, J. and OLIVECRONA, H. (1963). Degeneration processes during
development of the Millerian ducts in alligator and female chicken embryos. Z.
Anat. Entwicklungsgesch 124: 83-96.

HAQQ, H.and DONAHOE, P K. (1998). Regulation of sexual dimorphism in mammals.
Physiol. Rev. 78: 1-33.

JIMENEZ, R., BARRIONUEVO, F. J. and BURGOS, M. (2000). A procedure for
preparing amniotic cells for sexing embryos. 7rend's in Genetics on line. Technical
7ips on fine (http//research.bmn.com/tto/) T02062.

JIMENEZ, R., BURGOS, M., CABALLERO, L. and DIAZ DE LA GUARDIA, R. (1988).
Sex reversal in a wild population of 7ajpa occidentalis (Insectivora, Mammalia).
Genet. Res. Camb. 52: 135-140.

JIMENEZ, R., BURGOS, M., SANCHEZ, A. and DIAZ DE LA GUARDIA, R. (1990).
Thereproductive cycle of 7ajpa occidentalisinthe southeastern Iberian Peninsula.
Acta Theriol. 35:165-169.

JIMENEZ, R., BURGOS, M., SANCHEZ, A., SINCLAIR, A.H., ALARCON, F.J.,
MARIN, J.J., ORTEGA, E. and DIAZ DE LA GUARDIA, R. (1993). Fertile females
of the mole 7ajpa occidentalis are phenotypic intersexes with ovotestes.
Development118: 1303-1311.

JOSSO, N., DI CLEMENTE, N. and GOUEDARD, L. (2001). Anti-Mullerian hormone
and its receptors. Mol. Cell. Endocrinol. 179; 25-32.

JOSSO, N., PICARD, J.Y. and TRAN, D. (1977). The anti-Mdllerian hormone. Recent
Prog. Horm. Res. 33: 117-160.

JOST, A. (1947). Recherches sur la differenciation sexuelle de I'embryon de lapin.
Archs. Anat. Microsc. Morph. Exp. 36: 271-315.



458 F. Zurita et al.

JOST, A., PERCHELLET, J.P., PREPIN, J. and VIGIER, B. (1975). The prenatal
Development of bovine freemartins. In Sympossuim on Intersexuality (ed. R.
Reinborn). Berlin, Springer-Verlag. pp. 392-406.

LEE, M., DONAHOE, P.K., HASEGAWA, T., SILVERMAN, B., CRIST, G.B., BEST,
S.,HASEGAWA, Y., NOTO, R.A., SCHOENFELD, D. and MACLAUGHLIN, D.T.
(1996). Mullerian inhibiting substance in humans: normal levels from infancy to
adulthood. J. Clinic. Endocrinol. Metab. 81: 571- 576.

LICHT, P. HAYES, T., TSAI, P., CUNHA, G., KIM, H., GOLBUS, M., HAYWARD, S.,
MARTIN, M.C., JAFFE, R.B. and GLICKMAN, S.E. (1998). Androgens and
masculinization of genitalia in the spotted hyaena (Crocuta crocuta). 1. Urogenital
morphology and placental androgen production during fetal life. J. Reprod. Ferti.
113: 105-116.

MATHEWS, L.H. (1935). The oestrus cycle and intersexuality in the female mole
(7alpa europaea, Linn). Proc. Zool. Soc. Lond. 2: 347-383.

MCLAREN, A. (1990). Of MIS and the mouse. Naiure 345: 111.

MEYERS-WALLEN, V.N., MANGANARO, T.F., KURODA, T., CONCANON, P.W.,
MACLAUGHLIN, D.T.and DONAHOE, P.K. (1991). The critical period for Mullerian
duct regression in the dog embryo. B/ol. Reprod. 45: 626-633.

MUNSTERBERG, A. and LOVELL-BADGE, R. (1991) Expression of the mouse anti-
Mdllerian hormone gene suggest a role in both male and female sexual
differentiation. Development113: 613-624.

RENFREE, M.B., 0, W.S., SHORT, R.V. and SHAW, G. (1996). Sexual differentiation
of the urogenital system of the fetal and neonatal tammar wallaby, Macropus
eugenii. Anat. Embryol. 194: 111-134.

SANCHEZ, A., BULLEJOS, M., BURGOS, M., HERA, C., STAMATOPOULOS, C.,
DIAZ DE LA GUARDIA, R. and JIMENEZ, R. (1996). Females of four species of
genus 7a/pa (Insectivora, Mammalia) are true hermaphrodites with ovotestes.
Mol. Reprod. Dev. 44: 289-294.

TAGUCHI, O., CUNHA, G.R., LAWRENCE, W.D. and ROBBOY, S.J. (1984). Timing
and irreversibility of Millerian duct inhibition in the embryonic reproductive tract of
the human male. Dev. Biol. 106: 394-398.

TAKAHASHI, S., HAYASHI, M., MANGANARO, T.F. and DONAHOE, P.K. (1986).
The ontogeny of Millerian inhibiting substance in granulosa cells of the bovine
ovarian follicle. Biol. Reprod. 35: 447-453.

TRAN, D. and JOSSO, N. (1982). Localization of the anti-Mullerian hormone in the
rough endoplasmic reticulum of the developing bovine Sertoli cell using
immunohistochemistry with a monoclonal antibody. £ndocrinology 111: 1562-
1567.

VIGIER, B., PICARD, J.Y., TRAN, D., LEGEAI, L.and JOSSO, N. (1984). Productions
of anti-Mullerian hormone: another homology between Sertoli and granulosaccells.
Endocrinology 114: 1315-1320.

VIGIER, B., WATRIN, F., MAGRE, S., TRAN, D. and JOSSO, N. (1987). Purified
bivine AMH produces a characteristic freemartin effect in fetal rat prospective
ovaries exposed to it /7 vitro. Development100: 43-55.

WARTENBERG, H. (1985). Morphological studies on the rol of the periductal stroma
in the regression of the human male Mullerian duct. Anat. Embryol. 171: 311- 323.

WHITWORTH, D.J., SHAW, G. and RENFREE, M.B. (1997). Mullerian duct regression
in a marsupial, the tammar wallaby. Anat. Embryol. 196: 39-46.

WHITWORTH, D.J., LICHT, P., RACEY, P.A. and GLICKMAN, S.E. (1999). Testis-
like steroidogenesis in the ovotestis of the European mole, 7ajpa europaea. Biol.
Reprod 60: 413-418.

Received: June 2003
Reviewed by Referees: July 2003
Modified by Authors and Accepted for Publication: August 2003



