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Summary

The present study aimed to determine the relationship among changes in the number of preantral follicles
and concentrations of follicle-stimulating hormone (FSH), luteinizing hormone (LH), progesterone (P4),
androstenedione (A) and estradiol-17β (E2) in the fetal heart, umbilical cord and maternal blood.
Primordial follicles had already appeared in a 20 cm fetus and primary follicles were observed in a
50 cm fetus. In a 70 cm fetus, the number of primordial and primary follicles increased rapidly and
secondary follicles were present. The concentrations of LH and FSH did not change between 20 cm and
160 cm in fetal length. When the fetal length became > 70 cm, serum levels in the fetus, umbilical cord
and mothers, and E2 levels in umbilical cord increased synchronously (p < 0.05). These results showed
increases in the number of preantral follicles in the Antarctic minke whale fetal ovary along with fetal
growth during the early gestation period. These findings suggest that the change in preantral follicles was
associated with changes in the concentration of steroids in early gestation periods. The changes in steroid
concentrations in the fetal and umbilical cord blood and the increased number of preantral follicles were
coincident at around 70 cm in fetal length, whereas the growth and differentiation of primordial and
primary follicles appeared to be independent of FSH and LH.
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Introduction

The Antarctic minke whale (Balaenoptera bonaerensis)
is the smallest member of the family Balaenopteridae.
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Minke whales tend to migrate directly from low-
latitude, Indian or South Pacific breeding areas during
the autumn and winter months to the Antarctic feeding
areas during the spring and summer months. The Ant-
arctic minke whales are probably a short-day seasonal
breeder without reproductive activity from early
December to March in the Antarctic Ocean. Gestation
and lactating periods are 10–11 months and 4–
6 months, respectively. Fetal whales reach a body length
of 2.6–3.0 m at birth. Body length at sexual maturity in
both females and males is considered to be 6.5–8.5 m.
Minke whales at low latitudes have a unique charac-
teristic in that most of the adult female Antarctic minke
whales have undergone oogenesis during gestation
and lactation (Lockyer, 1984; Suzuki et al., 2001).

Thousands of small follicles are contained in
mammalian ovaries (Erickson, 1966; Tanaka et al.,
2001). These are called preantral follicles, and have
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the immature shape and function of oocytes and
follicles (Hyttel et al., 1999). Erickson (1966) reported
that follicles are already present in the bovine fetus
during the early stages of gestation. Rüsse (1983)
reported that primordial, primary and secondary
follicles appeared at day 90, day 140 and day 210 of
gestation, respectively, in the bovine fetus. Follicular
development is initiated and continues through the
remaining fetal stage. Although there are numerous
reports concerning bovine preantral follicles, almost
nothing is known about them in whales. Although
reports dealing with whale ovaries are numerous,
there have been few histological studies (Marsh &
Kasuya, 1984; Lockyer, 1987; Honma, 1994). Marsh
& Kasuya (1984) provided a detailed account of
ovarian changes with respect to age and reproductive
activity in the short-finned pilot whale (Globicephala
macrorhynchus). However, they did not discuss the
histological characteristics of the fetal whale ovary.
Information on the breeding physiology of whales is
limited to date (Fukui et al., 1997; Asada et al., 2000).
In particular, information on the regulation of fetal
ovarian development is required to understand whale
reproductive physiology. The possibility of utilizing
small oocytes in primordial follicles for production
of mature oocytes by in vitro growth culture system
has been raised in mouse (Eppig, 1996; O’Brien et al.,
2003), cow (Gutierrez et al., 2000; Miyano, 2003) and
human (Roy & Treacy, 1993; Abir et al., 1997). A large
number of preantral follicles in fetal ovaries could be
a potential source of oocytes for in vitro fertilization or
other reproductive technologies in whales, as well as
other mammalian species.

Follicle-stimulating hormone (FSH) induces follicu-
lar development in the ovaries of adult mammals
(Bao & Garverick, 1998). FSH stimulates the activity
of aromatase, which converts androgens to estrogen
in follicular cells (Bao et al., 1997). Aromatase activity
has been found in fetal bovine ovaries at the early
stage of pregnancy (Dominguez et al., 1988; Juarez-
Orpeza et al., 1993). FSH stimulates the activity of
aromatase and accelerates the production of estrogen.
The proliferation of granulosa cells in the follicles is
enhanced by an autocrine action of estrogen, which
is stimulated by FSH. Estradiol production in fetal
ovaries has also been shown in cattle (Shemesh
et al., 1978; Shemesh, 1980). However, in the fetal
whale there have been no reports on the relationship
between the appearance of preantral follicles and
serum concentrations of hormones in the fetal heart,
umbilical cord and maternal blood.

In this study, the pattern of preantral follicle
development in the fetal ovary of the Antarctic minke
whale and changes in hormone concentrations in the
fetus, umbilical cord and maternal blood were investig-
ated. The concentrations of sex hormones (luteinizing

Figure 1 Uterus and ovary of an Antarctic minke whale fetus.
Scale bar represents 1 cm.

hormone (LH), follicle-stimulating hormone (FSH),
progesterone (P4), androstenedione (A) and estradiol-
17β(E2))) relating to ovarian follicle growth were
measured.

Materials and methods

The present study was approved by the Animal
Experimental Committee of Obihiro University of Agri-
culture and Veterinary Medicine, in accordance with
the Guiding Principles for the Care and Use of Research
Animals.

Animals

Antarctic minke whale ovaries were collected in the
2000/2001 and 2001/2002 Japanese Whale Research
Program with Special Permit in the Antarctic (JARPA),
organized by the Institute of Cetacean Research in
Tokyo, Japan. The whales using for the present study
were killed by explosive grenaded harpoons, which
has been recognized by the Scientific Committee of
the International Whaling Committee (IWC) as the
most humane method to kill whales, and has been
accepted by Schedule III (Capture) in the International
Convention for the Regulations of Whaling (IWC
Document 49-4, Report of the Scientific Committee,
1977). A large-caliber rifle was used when necessary
as the secondary method. Special attention was given
to all the sampled whales to reduce their time to death.

The fetuses (length 20–160 cm) and their mothers
(n = 48) and umbilical cords (n = 27) were used
after measurement of fetal length and weight. A
representative reproductive tract (uterus and ovary)
of a fetal minke whale is shown in Fig. 1. Fetal age
was estimated from the fetal length according to the
methods described by Huggett & Widdas (1951) and
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Frazer & Huggett (1974):

W = 0.059L2.676

where W is fetal weight and L is fetal length. And

T0 = W1/3/0.243 + 74

where T0 is estimated age.

Ovaries

The fetal ovaries were aseptically removed from the
abdominal cavity, and separated from the surroun-
ding connective tissue. The ovaries (n = 12) were
immediately fixed in 10% formaldehyde (2000/2001)
and Bouin’s (2001/2002) fixative for 24 h and
transferred to 70% alcohol. The fixed samples were
processed routinely, embedded in paraffin and cut
into serial sections of 7 µm in thickness and mounted
on gelatin-coated slides (MUTO-GLASS, Japan). The
slides were stained with haematoxylin and eosin, and
examined under a microscope at ×200 (Nikon, Japan).

Classification of follicles

The diameter of preantral follicles (n = 10) was
measured with an ocular micrometer in a section
containing the nucleus of the oocyte. The follicles were
classified according to previously established methods
(Hulsof et al., 1994; Carambula et al., 1999; Tanaka
et al., 2001) as follows: (1) primordial follicles: oocytes
surrounded by germ epithelial cells (pre-granulosa
cells); (2) primary follicles: oocytes surrounded by
one layer of cuboidal or columnar granulosa cells;
(3) secondary follicles: oocytes surrounded by more
than one layer of cuboidal granulosa cells without
differentiated theca cells.

Serum samples

The various hormone concentrations in the extracted
fetal heart, umbilical cord and peripheral maternal
body blood were measured by the double-antibody
enzyme immunoassay (EIA) method. Blood was
obtained using a 21 gauge needle connected to a plastic
syringe, transferred to a 5 ml spit-tube, and centrifuged
at 2000 g for 20 min at 4 ◦C. The supernatant was frozen
and stored at − 30 ◦C until use. In the umbilical cord
blood, distinction was not made between a vein and an
artery.

Hormone measurements

The serum concentrations of the hormones in each
sample of fetal heart blood, umbilical cord blood
and peripheral maternal blood were determined in
duplicate by EIA using 96-well ELISA plates (Corning

Glass Works, Corning, NY). The serum levels of LH
and FSH were also determined by EIA. The EIA for
LH determination was based on the streptavidin–biotin
technique as previously described by Mutayoba et al.
(1990) The standard curve for LH ranged from
0.2 to 200 ng/ml and the ED50 of the assay was
10.5 ng/ml. The intra- and inter-assay CVs were
8.5% and 13.5%, respectively. FSH was measured by
a modification of the method previously reported
by Watanabe et al. (1997). The standard curve ranged
from 0.02 to 40 ng/ml and the ED50 of the assay was
1.1 ng/ml. The intra- and inter-assay CVs were 13.8%
and 16.7%, respectively.

Serum concentrations of steroids (E2, A and P4)
were determined after diethylether extraction. The
EIA for E2 was carried out as described previously
(Wijayagunawardane et al., 1998). The standard curve
ranged from 2 to 2000 pg/ml, and the ED50 of the assay
was 105 pg/ml. The intra- and inter-assay CVs were
6.5% and 7.3%, respectively. The EIA for A has been
described previously (Acosta et al., 1998). The standard
curve ranged from 2 to 1000 pg/ml, and the ED50 of the
assay was 130 pg/ml. The intra- and inter-assay CVs
were 6.8% and 8.1%, respectively. The EIA for P4 was
also performed as previously described (Miyamoto
et al., 1992). The standard curve ranged from 20 to
20 000 pg/ml, and the ED50 of the assay was 850 pg/ml.
The intra- and inter-assay CVs were 4.8% and 6.6%,
respectively. The recovery rates of A, E2 and P4 were
81%, 75% and 92%, respectively.

Statistical analysis

All values are presented as the mean ± SEM. The
quantitative data obtained from EIA (A, E2, P4, LH and
FSH) were compared among the different groups using
ANOVA followed by Student’s t-test and Scheffe’s test.
A value of p < 0.05 was considered significant.

Results

Fetal length, weight and age

Figure 2 shows the fetal length and weight of the
Antarctic minke whale fetuses. Figure 3 shows the fetal
age estimated from fetal length by the equation given
above. These whale fetuses were estimated from day
101 to day 222 of gestation. The fetal length and weight
values increased with the fetal age.

Primordial and primary follicles

The number of preantral follicles in the fetal whale
ovary is shown in Fig. 4. All the ovaries were
examined using whale fetuses more than 23.6 cm in
length. Preantral follicle diameters were divided into
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Figure 2 Fetal body length and body weight.
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Figure 3 Estimated fetal age (gestation periods) from fetal
body length.

three size classes (primordial follicles, 36.7 ± 0.4 µm;
primary follicles, 58.8 ± 0.7 µm; secondary follicles,
76.8 ± 1.0 µm). Primordial follicles were observed only
in the cortex layer of the ovary and were scattered
(Fig. 5a). Primary follicles and secondary follicles
were observed in the deep cortex layer (Fig. 5b, c).
Primordial follicles appeared (primordial follicles, 30),
and primary follicles were present in a 48.9 cm fetus
(primordial follicles, 11 070; primary follicles, 490).
Changes in the number of primordial follicles were
observed in ovaries of different stage fetuses (fetal
length 20–120 cm). In a 68.2 cm fetus, the number
of preantral follicles increased rapidly (primordial
follicles, 35 840; primary follicles, 1530). Secondary
follicles were present in the 75.5 cm fetus (pri-
mordial follicles, 39 560; primary follicles, 3240;
secondary follicles, 160). These preantral follicles
increased with fetal age. Early antral follicles were not
observed in the fetal ovaries examined in this study.
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Figure 4 Number of preantral follicles in the whale
fetal ovaries (n = 12). (a) Primordial (squares), (b) primary
(triangles) and secondary (crosses) follicles.

Some multinuclear follicles were also observed in the
fetal whale ovaries (Fig. 5d).

Hormone concentrations

Figure 6 shows the change in the serum concentration
of LH, FSH, P4, A and E2 in the fetal heart, umbilical
cord and maternal blood. Fetal length ranged from
20 cm to 160 cm and was divided into two groups
(20–60 cm, 70–160 cm), because there appeared to be
a change in hormone levels relating to the number of
primordial follicles at about 70 cm, as shown in Fig. 4a.

The mean concentrations of LH and FSH did not
change between 20 cm and 160 cm in fetal length.
LH and FSH concentrations were maintained at high
levels in the maternal blood (p < 0.05). The mean P4
concentrations in the fetal and umbilical cord blood in
the fetuses between 20 cm and 60 cm in length were
301.6 ± 57.9 pg/ml and 682.6 ± 153.7 pg/ml, respect-
ively. The P4 levels increased in fetuses between 70 cm
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Figure 5 Representative primordial (a), primary (b), secondary (c) and multinuclear (d) follicles in the whale fetal ovaries. Scale
bars represent: (a) 20 µm, (b, c, d) 40 µm.

and 160 cm in fetal length (1102.7 ± 159.47 pg/ml,
1769.9 ± 276.5 pg/ml, respectively) (p < 0.05). The
maternal P4 concentrations did not change during this
period. In fetuses between 20 cm and 60 cm in length,
the maternal P4 level was higher than that in fetal
blood (p < 0.05). The fetal, umbilical cord and maternal
A concentrations in fetuses between 20 cm and 60 cm
in length were significantly higher than those in
the group of 70 cm and 160 cm fetuses (p < 0.05).
In fetuses between 70 cm and 160 cm in length,
the fetal level of A (36.2 ± 3.1 pg/ml) was higher
than that in the maternal blood (23.6 ± 1.4 pg/ml)
(p < 0.05). The mean fetal E2 concentration (8.3 ±
1.2 pg/ml) in fetuses between 20 cm and 60 cm in
length was significantly higher than that in the
umbilical cord and maternal blood (3.2 ± 0.5 pg/ml
and 0.5 ± 0.1 pg/ml, respectively) (p < 0.05). The E2
levels in umbilical cord blood increased significantly
in fetuses between 70 cm and 160 cm in length
(5.8 ± 0.8 pg/ml) (p < 0.05). The maternal E2 level was
always lower than those in the fetal and umbilical cord
blood (p < 0.05).

Discussion

This study is the first report on the relationship among
the changes in the number of preantral follicles and
concentrations of sex hormones in the Antarctic minke
whale fetus. In the present study, whale fetal length
and weight values increased with fetal age. Changes
in the number of preantral follicles were observed
in the early fetal ovary (fetal length 20–120 cm), and
primordial and primary follicles significantly increased
in fetuses of around 70 cm in length. The steroid levels
in the fetal and umbilical cord blood changed when
the fetus reached around 70 cm. Early gestation is
a time of dramatic increase in the number of germ
cells and preantral follicular development in the fetal
ovary of domestic animals (Rüsse, 1983; Tanaka et al.,
2001). In these fetal ovaries, Rüsse (1983) reported
that the number of primordial follicles did not change
between day 90 and day 150 of gestation, and primary
follicles were first observed on day 140 of gestation.
Since the fetal whales used in the present study were
at an early gestational age, a number of primordial
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Figure 6 Changes in the serum concentrations of gonadotropins (FSH, LH) and steroid hormones (P4, A, E2) in the fetal heart
(open columns), umbilical cord (grey columns) and maternal blood (black columns). Fetal length was divided into two groups
(group I, 20–60 cm; group II, 70–160 cm). a,b and c,d: Values with the different superscripts are significantly different (p < 0.05).
*, **, ***: Values with the same superscripts are significantly different (p < 0.05).

follicles were observed and the number of preantral
follicles gradually increased during the observation
period. As observed in this study, the occurrence of
multinuclear follicles has also been reported in other
mammals (Greenwald & Moor, 1989; McDougall et al.,
1997; Lucci et al., 1999, 2002). Although these kinds of
follicles appear to be normal in various mammalian
species, in which they appear with variable frequency,
their function and fate remain unknown.

In this study, an increase in diameter from primary
follicles to secondary follicles was observed. Marsh &
Kasuya (1984) reported that the mean diameter
of primordial follicles was 58 µm in mature pilot
whales. The mean diameter of primordial follicles
(36.7 ± 0.4 µm) in the fetal ovary of minke whales was
smaller than that in mature pilot whales. The first
sign that primordial follicles and their corresponding
oocytes have entered into the growth phase is the
morphological change in the surrounding granulosa
cells (Hafez & Hafez, 2000). The granulosa cells
proliferate and change from a flattened shape in
primordial follicles to a cuboidal shape in the
primary follicles. Following the growth process,
follicles increase in size through a series of mitotic
divisions of the granulosa cells (Yamamoto et al.,
1999), and unilaminar primary follicles are converted
into multilaminar secondary follicles (Lundy et al.,
1999; Hafez & Hafez, 2000). Since the increase in

follicle diameter and the change in the morphology
of granulosa cells from primordial to secondary follicle
was observed, growth of preantral follicles took place
during this period. In vitro development of oocytes
from primordial follicles has been achieved in mice
(Eppig, 1996; O’Brien et al., 2003) and cattle (Gutierrez
et al., 2000; Miyano, 2003). In particular, O’Brien
et al. (2003) obtained 59 living offspring from oocytes
grown in vitro from the primordial follicles of newborn
mice. These studies on in vitro growth of primordial
follicles on their developmental competence, indicate
the possibility of utilizing small oocytes in primordial
follicles not only from adult or newborn animals, but
also from fetal ovary of various species including
whales, if the materials are available.

The concentrations of gonadotropins (FSH and LH)
in the fetal, umbilical cord and maternal blood did
not show clear changes during the study period. Also,
the gonadotropin concentrations in the maternal blood
were higher than in the fetal and umbilical cord blood.
It was reported that LH was not able to cross the
placental barrier in the sheep (Foster et al., 1972).
Therefore, it is likely in the present study that the
serum level of LH detected in the fetal blood was
of fetal origin. FSH has been reported to promote
follicular development in cultured bovine preantral
follicles (Tanaka et al., 2001), and FSH may play a role in
the early follicular development that occurs in the fetal
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bovine ovary (Fortune et al., 1999). However, our results
and those of a previous study (Robert et al., 1988a)
suggest that the development of preantral follicles is
not associated with either gonadotropin.

In this study, the serum P4 level was higher in
the maternal blood than the fetal heart blood of
fetuses between 20 cm and 60 cm in length. The serum
levels of P4 in the fetal and umbilical cord blood
increased during the study period. The secretion of
P4 is essential to maintain gestation, and P4 in the
early gestation period is produced from the corpus
luteum. Morita (2002) reported that the major source
of progesterone during pregnancy in striped dolphins
(Stenella coeruleoalba) is not only the corpus luteum but
also the placental tissues at certain stages of gestation.
In domestic animals, it was also reported that P4 formed
in the placenta is, in part, transported to the fetus
(Robert et al., 1988b). Therefore, it is suggested that
the origin of increased P4 might have been from the
placenta during the observation period in this study.

The serum levels of A increased throughout the
study period in all samples. The serum A levels in
the fetal heart and umbilical cord were significantly
higher in fetuses of 70–160 cm than in the maternal
blood. The main route for steroid production in the
fetal bovine ovary appears to be the androstenedione–
estrone–estradiol pathway (Dominguez et al., 1988).
Androstenedione is mainly synthesized from P4
through the �4 pathway after LH stimulation in
fetal calf ovaries (Shemesh et al., 1978). As primordial
follicles do not have differentiated theca cells, LH
receptors may be absent in primordial follicles. The
high serum level of A in the fetus suggested that steroid
synthesis from P4 to A increases in fetuses over 70 cm
in length.

In this study, the serum E2 level in the fetal heart
was higher than that in the umbilical cord and
maternal blood in fetuses between 20 cm and 60 cm
in length. The serum E2 level in the umbilical cord
blood increased in fetuses between 70 cm and 160 cm
in length. Frandsen & Stakemann (1961a, b) suggested
the importance of estriol formation in domestic animal
fetuses and steroid precursors reaching the placenta
could be converted to E2 by aromatase. Shemesh et al.
(1978) reported that P4 and E2 concentrations began to
increase in the fetal bovine ovary on day 30 and day
42, respectively. E2 production in the early fetal ovaries
has also been shown in cattle (Shemesh et al., 1978;
Shemesh, 1980). Therefore, it is suggested that steroid
synthesis has already started at the early gestation
period in the whale fetal ovary. The increase in serum
E2 level in the umbilical cord blood may be of fetal and
placenta origin.

In conclusion, increases in the number of preantral
follicles and follicular size in the Antarctic minke
whale fetal ovary were observed with fetal growth. The

changes in steroid hormone concentrations in the fetal
heart and umbilical cord and the increased number
of preantral follicles were coincident at around 70 cm
in fetal length. This showed that steroid synthesis in
the fetus and placenta gradually increases during the
period. In this study, the growth and differentiation
of primordial and primary follicles appeared to be
independent of FSH and LH.
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