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Summary

The present study analyses the effect of dihydrotestosterone (DHT) and mammalian insulin on the
nuclear maturation of Bufo arenarum oocytes under in vitro conditions. The response of fully grown
follicle oocytes to DHT, shown by germinal vesicle breakdown (GVBD), occurred in a manner dependent
on dose, time and sexual cycle period. The highest oocyte sensitivity to the hormone appeared during the
breeding period, a fact evinced by high GVBD percentages after short incubation periods and at a low
hormone concentrations. Insulin also proved effective in inducing nuclear maturation, although its
action was only visible at high concentrations and after a long incubation period. The combination of
insulin and steroid hormones (DHT or progesterone), both at subliminal doses, caused a noticeable
potentiating synergism, resulting in a rapid and important increase in GVBD. Another effect of insulin
was the acquisition by oocytes of steroid sensitivity during folliculogenesis.
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Introduction

In the reproductive cycle of Bufo arenarum females
three stages are clearly identifiable: a post-ovulatory or
gonadal recovery period lasting from December to
April, a quiescent or hibernation period from May to
July-August, and a reproductive period from Septem-
ber to November (Valdez Toledo & Pisand, 1980).

During the gonadal recovery and quiescent periods
follicle growth and differentiation (folliculogenesis)
occur. These two processes provide an appropriate
microenvironment for the growth and development of
the oocytes through the different stages of oogenesis as
well as for the later acquisition of their maturation
capacity. Throughout the intraovarian growth phase
Bufo arenarum oocytes, like those of other vertebrates,
remain arrested at the prophase of the first meiotic
division (Masui, 1985; Nagahama, 1994).

During the breeding period and the later stages of
follicle development the oocytes that exhibit a maxi-
mum degree of development (fully grown oocytes) are
meiotically competent, that is, gametes are capable of
reinitiating and completing the first meiotic division
(Liu & Patifio, 1993; Downs, 1997). This process,
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known as nuclear maturation, involves the migration
of the nucleus or germinal vesicle (GV) towards the
surface of the animal pole (Wasserman et al., 1986) and
the later nuclear envelope breakdown (Wasserman
et al, 1986; Ramos et al., 1998). At the same time, a series
of biochemical, functional and structural changes
(Waserman et al., 1988; Lessman & Kessel, 1992, Ramos
et al., 1999) take place at the cytoplasmic level (cyto-
plasmic maturation). The two processes culminate in
ovulation, thus providing a gamete competent for
fertilisation and normal development.

Meiotic resumption, known to be hormonally
regulated, involves a functional hypothalamus-
hypophysis—gonad axis. In Bufo arenarum, hypo-
thalamic neurones have been proved to secrete a
gonadotropin-releasing hormone (GnRH), similar to
that of mammals (Miranda et al., 1998), which regulates
secretion at the hypophysis level of two hormones: a
follicle-stimulating hormone (FSH) and a luteinising
hormone (LH) with biochemical and immunological
properties similar to those of the gonadotropins of
other tetrapods (Lichtef al., 1983). FSH and LH are both
involved in the regulation of ovarian steroid secretion
(Itoh & Ishii, 1990; Polzonetti-Magni et al., 1998).

During the reproductive period, immediately
before the onset of the maturation process, follicle cells
increase the synthesis and secretion of progesterone in
response to the action of gonadotropins (Maller &
Krebs, 1980). At the same time, an increase in the
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expression of steroid receptors at the level of the oocyte
plasma membrane can be observed (Maller & Krebs,
1980; Sadler & Maller, 1982; Liu & Patifio, 1993). By
means of its interaction with these specific binding
sites, progesterone induces nuclear maturation (Maller
& Krebs, 1980; Jalabert et al., 1991) by triggering a series
of events that comprise the decrease in cAMP levels
through the inhibition of the activity of adenylate
cyclase (Sadler & Maller, 1985), the diminution of the
cytostatic factor and the increase in the maturation-
promoting factor (MPF) (Bar-Ami et al., 1994).
Although progesterone is considered to be the main
inducer of nuclear maturation in amphibians (Jalabert
et al., 1991), this event can also be triggered by other
hormones (Tonetta & DiZerega, 1989).

As regards steroid hormones, the presence of circu-
lating testosterone and dihydrotestosterone (DHT),
with high levels that fluctuate like those of estradiol
during the reproductive cycle, has been demonstrated
in the females of some lower vertebrates (Licht et al.,
1983; Fernandez et al., 1984; Nagler & Idler, 1992). In
fish both testosterone and estradiol exhibit a positive
correlation with the gonadosomatic index (Nagler &
Idler, 1992), while in Rana esculenta this correlation
occurs only with androgens (Licht et al., 1983). Studies
carried out in our laboratory have shown that the level
of these androgens in Bufo arenarum serum is higher
than that of estradiol (Fernandez et al., 1984). The bio-
logical significance of the high levels of testosterone
and DHT found in the females of these species has not
been elucidated.

Among peptide compounds, insulin is one of the
hormones capable of regulating ovarian function by
affecting the differentiation and development of gran-
ulosa cells, reducing the number of atretic follicles, and
modulating steroidogenesis by increasing aromatase
activity (Matamoros et al., 1990). As regards the action
of insulin on oocytes, there exist contradictory reports
concerning its effect on nuclear maturation. Studies
carried out in oocytes from Xenopus (El-Etr et al., 1979)
and Rana pipiens (Lessman & Schuetz, 1981) have
proved that insulin can induce meiotic reinitiation by
acting on specific receptors at the membrane level.
However, in Xenopus denuded oocytes the data
obtained indicate that insulin by itself does not affect
nuclear maturation (Hirai et al., 1983; Le Goascogne et
al., 1985).

The present study aimed to analyse the role of DHT
and insulin in the control of nuclear maturation in Bufo
arenarum oocytes as well as the effect of the latter in
combination with DHT or progesterone.
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Materials and methods

Animals

Sexually mature Bufo arenarum female toads were
freshly collected in the neighbourhood of San Miguel
de Tucuman, Argentina, during two stages of the sex-
ual cycle: the quiescent period (May—August) and the
breeding period (September-November). Animals
were used immediately after capture or maintained for
brief periods in boxes with appropriate humidity at
room temperature until use.

Nuclear maturation induction

Fully grown follicle oocytes (1.5-1.7 mm in diameter)
with one layer of follicle cells were dissected from
ovarian tissue with watchmaker’s forceps under a
stereo dissecting microscope and placed in amphibian
Ringer’s solution. They were then pooled at random in
batches of about 150 oocytes, each in a Petri dish con-
taining 30 ml of Ringer’s solution supplemented with
penicillin G sodium (30 mg/1l) and streptomycin sul-
phate (50 mg/1) as incubation medium.

Nuclear maturation was induced by incubating
batches of follicles for up to 24 h in the presence of DHT
or progesterone (Sigma Chemical Co.), both dissolved
in ethanol at a ratio of 1 mg/ml, and insulin (porcine,
Sigma) containing 0.5% zinc dissolved in Ringer’s solu-
tion. Treatments were performed at 25+1°C. Control
follicles were incubated under the same conditions but
without the hormones.

Nuclear maturation response was scored at inter-
vals of 2 or 4 h during the treatment period and
expressed as the percentage of germinal vesicle break-
down (GVBD). Oocyte maturation was verified by dis-
secting follicles after fixation for 48 h in Ancel and Vin-
temberger.

Experimental data are expressed as the mean +SEM
of the number of duplicate incubations specified in
each legend. Statistical analysis of values was under-
taken by Student’s t-test, p < 0.05 being considered sta-
tistically significant.

Results

Effect of DHT

Previous results obtained in our laboratory suggested
that oocyte sensitivity to nuclear maturation in
response to DHT was dependent on the period of the
sexual cycle of Bufo arenarum females. This fact led us
to study the effect of DHT at two stages of the cycle: the
quiescent and the breeding period of the species.
When oocytes surrounded by one layer of follicle
cells, obtained from the ovaries of animals captured
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Figure 1 Dose and time course of germinal vesicle break-
down (GVBD) induced by dihydrotestosterone (DHT). Folli-
cles in batches of 150 were incubated at 25+ 1°C in 30 ml of
Ringer’s solution plus DHT at different concentrations.
About 15 oocytes were scored each time. Results are shown
as the average from experiments performed with different
females. (A) Follicles obtained from animals captured during
the quiescent period (n = 7). (B) Follicles obtained from ani-
mals captured during the breeding period (1 = 9).

during the quiescent period, were incubated in the
presence of increasing amounts of DHT (0.01-2 pg/ml),
the lowest dose (0.01 ng/ml) was seen to have no effect
on nuclear maturation (Fig. 14).

The action of the hormone became evident at low
percentages (15-30% GVBD) after treatment for 24 h
with a dose of 0.05 and 0.1 pg/ml respectively. A sig-
nificant response to the hormone (65% GVBD) was
obtained with a dose of 0.5 ng/ml after the same
incubation period, and maximum GVBD percentages
(98-100%) were attained only with the highest doses
assayed after treatment for 24 h (p < 0.01).
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On analysing the response of the follicles obtained
from females captured during the breeding period and
incubated in the same conditions we observed 60%
GVBD after treatment for 24 h with a dose of 0.1 ng/ml
(Fig. 1B). From a 0.5 pg/ml concentration onwards,
95-100% GVBD was attained after the same incubation
period (p < 0.01).

It is important to note that, in contrast to the results
obtained during the quiescent period, during the
reproductive period a remarkable response to the hor-
mone (about 85% GVBD) was observed with doses
ranging from 1 to 2 pg/ml between 8 and 10 h after
incubation.

Effect of insulin

To analyse the effect of insulin on meiotic reinitiation,
batches of follicles isolated from animals captured dur-
ing the breeding period were incubated in the presence
of the hormone at doses ranging between 10 and
80 pg/ml. Nuclear maturation was scored at different
times during a 24 h period.

The results shown in Table 1 demonstrate that
insulin is not very effective at inducing meiotic
resumption. Only with the highest doses assayed (60
and 80 ng/ml) and after treatment for 24 h could a sig-
nificant GVBD percentage be obtained (40-56%).

When batches of follicles were preincubated for
1 h with subliminal insulin concentrations (10 and
20 ug/ml) and later treated for 24 h with the minimum
dose of DHT used in our experiments (0.01 pg/ml), a
significant increase (potentiating synergism) could be
observed in the percentages of GVBD (p < 0.01) com-
pared with the values obtained through the action of
the steroid alone (Fig. 2A). A similar response occurred
in parallel experiments by incubating the follicles with
progesterone after pretreatment for 1 h with insulin,
both at subliminal concentrations (Fig. 2B).

It is important to note that this potentiation effect,
obtained by the combination of the peptide hormone
with each of the steroids assayed, became visible only
after treatment for 8 h and underwent a progressive
increase during the experimental period (Fig. 2A, B).

Table 1 Effect of insulin on nuclear maturation (scored as
the percentage of germinal vesicle breakdown)

Incubation Insulin (pg/ml)
ime(th) o 10 20 40 60 80
4 0 0 0 0 0 0
8 0 0 0 0 0 5
12 0 0 0 0 10 18
24 0 3 13 15 40 56

Values represent the median of data obtained by
experiments performed with different animals (1=6).
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Figure 2 Potentiating effect of insulin on dihydrotestosterone
(DHT)- or progesterone-induced GVBD.

Follicles were preincubated for 1 h with insulin before induc-
ing nuclear maturation by addition of DHT or progestrone to
the incubation medium. (A) Insulin plus DHT. (B) Insulin
plus progesterone. Data represent the mean + SEM of exper-
iments carried out with different animals (1 = 6).

When insulin combined with a higher dose of DHT
or progesterone (0.05 pg/ml), two noticeable events
could be observed (Fig. 3A, B): a faster response than
the one obtained in the above case, demonstrated by
the high GVBD percentages after treatment for only 4
h, and a weaker effect obtained with the combination
of peptide and steroid hormones with respect to those
observed with the steroids alone.

To determine the stage of gonadal development at
which the above effect of insulin appeared, batches
of follicles containing oocytes at different stages of
oogenesis (previtellogenic, early vitellogenic, late vitel-
logenic, auxocytosis and fully grown) (Valdez Toledo
& Pisand, 1980) were incubated with insulin for 1 h.
Later, progesterone was added to the medium at a
dose previously determined as highly effective
(1 pg/ml) for inducing nuclear maturation in fully
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Figure 3 Potentiating effect of insulin with higher doses of
dihydrotestosterone (DHT) or progesterone on germinal
vesicle breakdown (GVBD). Follicles were treated as indi-
cated in Fig. 2. (A) Insulin plus DHT. (B) Insulin plus proge-
strone. Data represent the mean + SEM of experiments per-
formed with different animals (1 = 6).

8 12 24

Time (hours)

grown follicle oocytes (de Romero et al., 1998). Control
lots were incubated with progesterone alone, all treat-
ments being carried out at 25+1 °C for 24 h after prog-
esterone addition.

The results showed that treatment either with prog-
esterone alone or with progesterone plus insulin did
not affect the germinal vesicle of the oocytes during the
first two stages under study (data not shown). During
the late vitellogenic stage (Table 2), although proges-
terone per se failed to induce GVBD, a potentiating
effect was obtained by associating it with insulin. This
effect became evident after incubation for 12 h, reach-
ing significant values at 24 h (p < 0.01). It must also be
noted that, even though progesterone by itself induced
nuclear maturation in oocytes in the auxocytosis stage,
the response rate was higher in the presence of insulin.
Similar results (not shown) were obtained with DHT.
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Table 2 Effect of the combination of insulin and progesterone on oocyte nuclear maturation (scored as the percentage
germinal vesicle breakdown) at different folliculogenic stages following incubation for 4, 8, 12 or 24 h

Progesterone (1 pg/ml) Insulin (20 pg/ml) + progesterone (1 pg/ml)

Oocyte stage 4h 8h 12h 24h 4h 8h 12h 24h
Late vitellogenic 0 0 0 0 0 0 40 80
Auxocytosis 0 75 100 100 57 100 100 100
Fully grown 28 97 100 100 85 100 100 100

Values represent the median of data obtained by experiments performed with different animals (1=6).

Discussion

Even though progesterone is considered to be the hor-
mone that physiologically triggers meiotic resumption
in amphibians (Jalabert et al., 1991), our observations
demonstrate that DHT, an androgen with extremely
high circulating levels in Bufo arenarum females (Fer-
nandez et al., 1984), is also capable of inducing nuclear
maturation, its action being dose- and time-dependent.

The present study demonstrates that oocyte sensi-
tivity to DHT varies according to the period of the sex-
ual cycle of Bufo arenarum females. Comparison of the
results obtained during the two periods under study,
the quiescent and the breeding period, shows that dur-
ing the latter oocytes become more sensitive to DHT
action, as demonstrated by the larger percentages of
GVBD obtained after shorter incubation times and at
lower concentrations of the steroid.

These variations in the sensitivity to the hormone
might be related to fluctuations in the circulating levels
of DHT during the sexual cycle of Bufo arenarum
females (unpublished results). In fact, the highest lev-
els of the androgen were detected towards the end of
the quiescent period and the start of the preovulatory
stage. It should be noted that in Scaphiopus couchii an
increase in DHT levels has been demonstrated during
the period immediately before mating (Harvey et al.,
1997), a stage in which nuclear maturation and then
ovulation would take place.

Another possible reason for the variation in oocyte
sensitivity could be that, during the reproductive
period, the fully grown oocyte might be physiologi-
cally affected by various hormones, the concerted
action of which would allow it to acquire the compe-
tence to respond not only to progesterone but also to
other inducers such as DHT.

In the case of certain mammalian (Totey at al., 1996)
and amphibian (El Etr ef al., 1979; Lessman & Marshall,
1984) species it has been demonstrated that ovarian
function is regulated not only by gonadotropins but
also by the concerted action of other peptide hormones
such as insulin. This hormone plays an important role
in the physiology of gonads, favouring the response of
the ovary to gonadotropins and stimulating steroido-
genesis (Srivastava & van der Kraak, 1994).
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Our results indicate that insulin per se is effective in
inducing nuclear maturation only at high concentra-
tions and after long incubation periods. This observa-
tion agrees with the findings for Xenopus oocytes, and
might be explained either because insulin activity in
these species is mediated by low-affinity receptors
(Maller & Koontz, 1981) or because these incubation
conditions are necessary for insulin to effectively
induce progesterone release by follicular cells. The lat-
ter possibility would also explain why denuded Xeno-
pus oocytes fail to respond to treatment with insulin
alone (Le Goascogne et al., 1985).

When we administered subliminal insulin doses
together with DHT or progesterone in our experimen-
tal system, high percentages of GVBD were obtained.
Similar results were described for denuded Xenopus
oocytes (Le Goascogne et al., 1987), a fact that suggests
that the synergistic effect of the two hormones is inde-
pendent of the presence of follicle cells.

Our data demonstrate that incubation for a short
period with low insulin doses produces a marked
potentiation effect in the presence of steroid hormones
(DHT or progesterone). The synergistic effect was
less obvious when the steroid concentrations were
increased, probably because larger doses are increas-
ingly effective in inducing GVBD by themselves.

The action of insulin in facilitating GVBD at low
concentrations of DHT or progesterone is of great
physiological interest.

It is important to note that the combination of DHT
or progesterone with insulin was also effective in
inducing GVBD in oocytes in the late vitellogenic
stage, a period during which the steroids have no effect
by themselves. These results suggest that, although
insulin potentiates the effect of progesterone from the
auxocytosis stage onwards, at a previous stage in
gonadal development the peptide hormone causes,
by mechanisms as yet unknown, the acquisition
by oocytes of the capacity to respond to DHT or
progesterone.

The results obtained in Bufo arenarum oocytes sug-
gest that insulin, as regards DHT and progesterone,
would cause potentiation synergism as well as the
capacity to induce oocyte sensitivity to the maturation-
inducing steroids.
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ERRATUM

Zygote, Volume 9, Issue 1, February 2001, pages 9-14
Min-Kang Wang, Da-Yuan Chen, Ji-Long Liu, Guang-Peng Li and Qing-Yuan Sun,
In vitro fertilisation of mouse oocytes reconstructed by transfer of metaphase II chromosomes

results in live births contained a spelling error within the third named author.

The authors and publisher wish to apologise to our readers for this mistake.
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