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Abstract

Although many aspects of ovarian differentiation have been
established, comparatively little is known about prenatal fol-
licle formation and differentiation of bovine ovaries. The ob-
jective of this investigation was to study the role of the sur-
face epithelium during the development of germ cell nests,
germ cell cords and follicle formation in the fetal bovine ova-
ry. Associated important proliferation and apoptotic fea-
tures were further investigated. Additionally, the expression
pattern of the S100 protein was detected. A strong increase
of mitotic figures was detected in the surface epithelium,
germ cell nests and germ cell cords of ovaries with a crown-
rump length (CRL) of 13.0-58.0 cm. Oocytes were positively
stained with S100 in bovine ovaries from fetuses with a CRL
of 21.0 cm. The staining intensity enhanced parallel to in-
creasing oocyte and follicle sizes during the ovary develop-
ment. In later stages, a strong staining for S100 was observed
in healthy oocytes in contradistinction to atretic oocytes
where no expression of the S100 protein could be found. In
conclusion, increasing mitosis index of surface epithelium
cells, as well as oogonia directly beneath the surface epithe-

lium, in combination with open surface connection during
stages from a CRL of 11.0-94.0 cm of bovine fetal ovaries
could play animportant role in the period of time of ongoing
folliculogenesis and derivation of granulosa cells. Addition-
ally, S100-positive oocytes in primordial and later follicle
stages joined by a high rate of Ki67-positive index in sur-
rounding granulosa cells indicate that in the oocytes the
S100 protein can perhaps be a useful marker for intact oo-
cytes in bovine ovaries. Copyright © 2013 S. Karger AG, Basel

Normal fetal development of the ovary is essential for
fertility and reproductive success during adult life [Sarraj
and Drummond, 2012]. Therefore, healthy pre-antral fol-
licular dynamics depending on normal concentrations of
a great number of hormones and local factors, which in-
fluence primordial follicular activation and subsequent
follicular development, are important [Aerts and Bols,
2010]. The mammalian ovaries contain a large number of
nongrowing primordial follicles [Aerts and Bols, 2010].
In contrast to rodents and rabbits, where primordial fol-
licles form only shortly after birth, the pool of primordial
follicles of primates and most domestic animals establish
already during fetal development [Fortune, 2003]. Ab-
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normalities during prenatal development of the bovine
ovary can result in a restricted number of healthy primor-
dial follicles leading to a reduced fertility during adult life.
Ireland et al. [2007] reported that cattle with a larger
quantity of healthy follicles in their ovaries produce a cor-
respondingly higher number of transferable embryos. In
addition, the quantity of in vitro fertilized oocytes that
evolves into blastocysts increases 4-fold in these animals.

Prenatal ovarian development has been studied in sev-
eral mammalian species, including the bovine [Jost et al.,
1973; Pelliniemi and Salonius, 1976; Riisse and Sinowatz,
1998; Wrobel and Suss, 1998; Edson et al., 2009]. There
are species-specific differences, especially in timing of fol-
liculogenesis, but important steps of ovarian develop-
ment, such as migration of primordial germ cells (PGCs)
into the genital ridge and their proliferation, formation of
ovigerous cords and also the generation of follicles appear
to be similar in most mammalian species [Mauleon, 1969;
Riisse and Sinowatz, 1998].

The development of the urogenital system is closely
linked to the mesonephros. Both components derive
from the nonsegmented intermediate mesoderm. Two
duct systems develop in the mesonephros, the mesoneph-
ric duct (Wolffian duct) and the Miillerian duct, the an-
lage of the oviduct, uterus and parts of the vagina
[Baumgartner, 1910; Griinwald, 1941; Didier, 1973; Vie-
bahn et al., 1987; Kenngott and Sinowatz, 2007]. On the
ventromedial side of the bovine mesonephros, the first
indifferent gonad primordium called genital ridge or gen-
ital crest can be discerned at day 28-32 of gestation
[Fischel, 1929; Clara, 1965; Noden and de Lahunta, 1985;
Riisse and Sinowatz, 1998]. The genital ridge consisting
of coelomic epithelium and an aggregation of underlying
mesenchymal cells starts to proliferate with the arrival of
the PGCs [Byskov, 1986; Pereda et al., 2006]. During this
indifferent stage of gonadal development the PGCs mi-
grate from the yolk sac via hindgut wall and dorsal mes-
entery into the genital ridge [McGee et al., 1998; Riisse
and Sinowatz, 1998]. Chemotactic factors probably stim-
ulate the amoeboid migration of the PGCs [Picton et al.,
1998]. In bovine fetuses, PGC migration normally takes
place between day 30 and 64 of gestation [Riisse and
Sinowatz, 1998].

The differentiation of the female gonad occurs some-
what delayed compared to the male gonad. A specific
characteristic of ovary development is the marked forma-
tion of the ovarian cortex and the nearly complete lacking
of a tunica albuginea [Jost et al., 1973]. During migration,
PGCs divide mitotically and differentiate into oogonia at
the arrival in the fetal ovary. Investigations of fetal rat
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ovary show that initial proliferation of mitotic oogonia is
nonclonal in contrast to clonal terminal mitosis [Warten-
berg et al., 1998]. It is assumed that in the fetal bovine
ovary, 2 cells with different functions originate from one
primordial germ cell. One cell remains in periphery of the
gonad, a stem cell for new generations of oogonia, the
second primordial germ cell differentiates into oogonia
and initiates oogonia nest generation [Riisse,1983; Riisse
and Sinowatz, 1998]. After reaching the developing go-
nad, somatic cells surrounded germ cells. They are inte-
grated in sex cords [Smitz and Cortvrindt, 2002]. Mitosis
of oogonia within the germ cell nests appears to occur
synchronously, and after division, intercellular bridges
always join the divided oogonia [Motta et al., 1997; Juen-
gel et al.,, 2002] After several mitotic divisions, oogonia
enter the first meiotic division prophase and are arrested
in the diplotene stage, now being called primary oocytes
[Aerts and Bols, 2010] In human [Fulton et al., 2005] and
sheep [Juengel et al., 2002], proliferation of oogonia and
meiosis of oocytes occur at the same time during the later
developing stages of the ovary. There are several different
hypotheses about the derivation of the somatic cells of the
follicles, the so-called pregranulosa cells. One opinion is
that pregranulosa cells derive from the fetal ovary surface
epithelium [Gondos, 1975]. Other authors postulate that
these cells originate from the ovarian interstitial cells
[Hirshfield, 1992] or the rete ovarii [Byskov and Lintern-
Moore, 1973; Byskov, 1975]. First appearance of cattle
primordial follicles is observed between 90 and 140 days
post coitum (p.c.) [Yang and Fortune, 2008]. In cattle, the
peak number of germ cells during fetal life is about
2,100,000. This number is reduced to an average of
130,000 germ cells at birth [Erickson, 1966a, b; Aerts and
Bols, 2010], mostly a result of apoptosis. In the mouse,
two-thirds of the follicular germ cells nests undergo apop-
tosis during day 1-5 of postnatal life. Loss of intercellular
bridges and breakdown of germ cell nests occur concom-
itantly [Pepling and Spradling, 1998] In sheep, apoptosis
of germ cells is described during the prenatal ovarian de-
velopment, but no distinct point in time is specified
[Juengel et al., 2002].

This paper focuses on the role of proliferation and
apoptosis found in PGCs/oogonia during bovine prenatal
ovarian development. The role of the ovarian surface ep-
ithelium cells for follicle development is carefully investi-
gated. The immunohistochemical studies also reveal that
the expression of the S100 protein can be used as a mark-
er for healthy germ cells.
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Table 1. Overview of the used antibodies

Primary antibody dilution, Clonality, animal species Distributor of the Secondary antibody dilution,  Positive control Accession

incubation time, incubation primary antibody incubation time, incubation numbers

temperature temperature

Laminin polyclonal, 1:500, 20 h, 4° C, ~ Serotec, Diisseldorf, anti-rabbit, 1:400, 30 min, rt bovine testis AHP420T
rabbit Germany

S$100 polyclonal, 1:500, 20 h, 4° C,  Dako, Heidelberg, anti-rabbit, 1:400, 30 min, rt bovine brain 70311
rabbit Germany

Ki67 monoclonal, 1:50, 20 h, 4° C, Dako VECTASTAIN®Elite® duodenum M7240
mouse ABC KIT (PK6200; Vector,

Burlingham)

Material and Methods

Tissue Samples and Preparation

Tissue samples from bovine fetal ovaries were procured from
the local Munich slaughterhouse. Bovine fetuses of indifferent pe-
riod of sexual development (ranging from 0.9-2.5 cm crown-rump
length (CRL)), female bovine fetuses (ranging from 3.0-7.4 cm
CRL) as well as fetal ovaries of different development stages (ta-
ble 2a, b) were investigated in this study (all methods of embryo
and fetus collecting and cutting according to earlier publications
[Kenngott and Sinowatz, 2007, 2008]). All fetuses and ovaries used
in this investigation appeared morphologically normal. Gestation
age was calculated from the CRL using the tables of Riisse and
Sinowatz [1998].The ovaries of the fetuses were dissected free from
the surrounding tissue within 10 min after slaughter. The fetal sex
of the indifferent stages was determined by the presence or absence
of the SRY gene. Therefore, genomic DNA was extracted from so-
matic tissue of each indifferent embryo using Q[TAamp DNA Mi-
cro Kit (Qiagen) with a predicted amplicon size of 109 bp. Spe-
cific primers were designed based on the bovine SRY gene mRNA
sequence (Gen-Bank Accession NM_001014385.1). Gene expres-
sion was measured using the Amplification CFX96 Real-Time
PCR System (Bio-Rad Laboratories Inc., Hercules, Calif., USA).
The amplicons were then checked by running them in a 1.5%
GelRed (Biotoim Inc., Hayward, Calif., USA) stained agarose gel.
Single band (109) indicated the tissue sample coming from a male
bovine embryo, whereas no band declared that the sample de-
scended from a female embryo.

Fetuses smaller than 2.5 cm were fixed in toto in Bouin’s solu-
tion (picric acid 1,500 ml, glacial acetic acid 500 ml, 37% formalin
100 ml) or 3.7% phosphate-buffered paraformaldehyde for 12 h.
Fetuses larger than 2.5 cm were cut into 2 parts at the level of the
cubical joint. From the caudal half of the body, gastrointestinal
tract, liver and limbs were deleted and the remaining specimen was
fixed in Bouin’s solution or 3.7% phosphate-buffered paraformal-
dehyde for 48 h. From fetuses larger than 10.0 cm CRL, the ovaries
were also dissected and fixed in Bouin’s solution or 3.7% phos-
phate-buffered paraformaldehyde for 48 h (methods of embryo
and fetus collecting and cutting were accorded to earlier publica-
tions [Kenngott and Sinowatz, 2007, 2008]). After fixation each
tissue sample was dehydrated in a graded series of alcohols and
embedded in paraffin. Serial sections (5 um thick) were cut with a
Leitz microtome Typ1516 (Firma Leitz GmbH, Wetzlar, Germa-
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ny). Sections of all stages were stained with haematoxylin-eosin
(HE) and Goldner according to the methods of Romeis and Bock
[1989]. Tissue preparation for light microscopy and immunohis-
tochemistry were according to the methods of Mulisch and Welsch
[2010] and were described already in earlier publications [Ken-
ngott and Sinowatz, 2007, 2008; Kenngott et al. 2011].

Immunohistochemistry

For immunohistochemical studies 5 pum serial sections were
collected on slides (SupraFrost Ultra Plus, Menzel-Gléser) coated
with APES (aminopropyltriethoxysilane). For antigen retrieval,
sections were incubated with proteinase XXIV 0.1% (Sigma,
P8038) for 15 min and washed with PBS buffer pH 7.4. Endoge-
nous peroxidase activity was blocked with 0.1% H,O, at room tem-
perature for 10 min. A preincubation with Dako Protein-Block-
Serum-Free was applied for 20 min to reduce nonspecific antibod-
ies binding and sections were subsequently washed 3x in PBS (3 x
5 min). Incubation was performed in a humid chamber at a tem-
perature of 4°C using the ABC technique of Noll and Schaub-
Kuhnen [2000]. The primary polyclonal and monoclonal antibod-
ies used in this study are listed in table 1. After incubation with the
secondary antibody, the slides were washed 3x with PBS (3 x
5 min) followed by a development with DAB (diaminobenzidine)
for 5-10 min. To stop the reaction, sections were then washed in
distilled water. Hereafter, the slides were slightly stained in haema-
toxylin (30 sec). For negative controls, buffer (Dako) replaced the
specific primary antibody. As positive controls, we used tissues
with known specific immunostaining reactions (table 1) to the an-
tibodies used in this study.

Terminal Transferase-Mediated Nick-End Labeling Method

The terminal transferase-mediated nick-end labeling method
was used for demonstration of apoptotic cells according to the
manufacturer’s protocol for the Apoptosis detection Kit 7100
(Chemicon).

For quantification of mitotic cells in the investigated ovaries,
mitotic PGCs/oogonia/pregranulosa cells were counted in 5 high
magnification fields (objective: 40x, Leitz Diaplan, Leica, Germa-
ny) of 5 sections from each fetus. The results of mitosis were eval-
uated with a one-way analysis of variance (ANOVA). A significant
difference was assumed at a p value <0.05.
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Table 2a. Overview of important steps during development and differentiation of the bovine ovaries

CRL 0.9-2.0cm 2.8-3.6 cm 5.1-7.4 cm 11.0-15.8 cm
(days 27-38) (days 43-50)  (days 55-62)  (days 76-93)

Cortex no yes yes yes
Medulla no yes yes yes
Surface epithelium

multilayered both both both both

single layered

discontinuously yes yes yes

. both

continuously no no no
Rete ovarii interna no no no yes
Germ cell nests no yes yes yes
Germ cell cords

exist no no no yes

connection with surface epithelium  no no no yes
PGCs yes yes yes yes
Oogonia no yes yes yes
Primordial follicles no no no +
Primary follicles no no no no
Secondary follicles no no no no
Tertiary follicles no no no no

early - - - -

antral - - - -

basal lamina, very clearly immunostained by anti-lam-
inin antibody. Gonadal ridge epithelium is now com-
posed of single or double layered epithelium cells. The
surface epithelium cells of the gonadal ridge show a dark
eosinophilic cytoplasm as well as mostly round to oval
shaped nuclei with a prominent nucleolus. The laminin
positive gonadal ridge basal lamina appears incomplete.
In bovine fetuses with CRL 1.8-2.0 cm, the mesenchymal

Results

Morphology and Histology of Developing Fetal Bovine

Ovaries

Gonads Obtained from Bovine Embryos and Fetuses

with CRLs of 0.9-2.0 cm CRL (27-38 days p.c.)

The prominent mesonephros and genital ridge in bo-
vine fetuses can be identified at a CRL of 0.9 cm. Table 2

a, b shows an overview of important steps during devel-
opment and differentiation of the fetal ovaries. The me-
sonephros consists of many glomerula, and giant glo-
merula are regularly detected (fig. 1A). An epithelium
thickening on the ventromedial side of the mesonephros
marks the gonadal ridge in these CRL. Mesonephros sur-
face epithelium is single layered, with exception of go-
nadal thickening, prismatic and well differentiated. Epi-
thelium cells cytoplasm in this region is slightly eosino-
philic with a centrally located nucleus. Epithelium is
separated from the underlying mesenchyme by a distinct

Fetal Development of the Bovine Ovary

cells and the coelomic epithelium of the genital ridge
proliferate, and the undifferentiated gonadal primordi-
um is more elongated. The gonad consists of loosely ar-
ranged mesenchymal cells with no definite organization.
Cords of proliferated surface epithelium cells penetrate
the basal lamina and intrude into the gonadal mesen-
chyme. Surface epithelium is multilayered, but in several
regions, the epithelium cells lose their polarity. Large
round to oval PGCs with central nuclei, 1 or 2 prominent
nucleoli and only slightly stained cytoplasm can be found
between the proliferated surface epithelium cells. The
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Table 2b. Overview of important steps during development and differentiation of the bovine ovaries

CRL 21.0-34.0cm  44.8-58.0 cm 66.0-74.0 cm 90.0-94.0 cm
(days 95-150) (days 160-196) (days 200-230) (days 240-285)

Cortex yes yes yes yes
Medulla yes yes yes yes
Surface epithelium

multilayered b reduced reduced sporadic

. oth
single layered yes yes mostly
discontinuously yes sporadic sporadic
. . both

continuously sporadic mostly mostly
Rete ovarii mostly yes yes yes
Germ cell masses yes yes sporadic no
Germ cell cords

exist yes yes sporadic sporadic

connection with surface epithelium yes yes sporadic sporadic
PGCs yes yes yes sporadic
Oogonia yes yes few sporadic
Primordial follicles ++ +++ +4++ +++
Primary follicles + ++ +++ +++
Secondary follicles no + ++ ++
Tertiary follicles no yes yes yes

early - + + ++

antral - - - ++

+ = Sporadical; ++ = numerous; +++ = mass.

PGCs are often detected in discontinuous basal lamina
areas. At this point of development, the gonad is still in-
different. Male and female gonads cannot be discerned
morphologically.

Ovaries Obtained from Bovine Fetuses with a CRL

of 2.8-3.6 cm (43-50 days p.c.)

Female and male bovine gonads in these developing
stages can be distinguished by means of light microscopy
through absence of the tunica albuginea in the female
gonad. The genital ridge appears thickened in the middle
part, which later forms the fetal ovary projecting into the
coelomic cavity. The ovary is attached to the mesoneph-
ros by a mesovarium. The giant glomerulum is in broad
connection with the emerging ovary. Cranial and caudal
genital fold parts develop into the ligaments of the female
gonad. At this developmental stage, the early ovary con-
sists of a dense, broad, peripheral region adjacent to the

184 Sex Dev 2013;7:180-195
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coelomic epithelium and a less dense central zone
(fig. 1B). Glomerula and tubuli of the mesonephros can
be observed in the central area. Therefore, this central
area consists of a loose arrangement of polygonal cells
with a light cytoplasm. The nuclei of these cells are often
elongated and small with 2-3 nucleoli. Distinct intercel-
lular spaces can be observed between the medulla mes-
enchymal cells, in contrast to the more densely arranged
somatic cells of the peripheral cortex region. Many PGCs
have colonized the ovary surface epithelium, showing
strong mitotic activity. All stages of mitosis can be ob-
served in the PGCs and the surface epithelial cells. The
fetal bovine ovaries surface epithelium cells are thin and
columnar-shaped with either a vertical orientation or ir-
regularly arranged in the proliferated, multilayered ar-
eas. Nuclei of the epithelial cells are oval and centrally
located in the cytoplasm. Surface epithelium shows some
areas with a multilayered epithelium, especially where

Kenngott/Vermehren/Ebach/Sinowatz
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Fig. 1. Representative serial sections of different fetal ovaries
(stained with hematoxylin and eosin (HE), Goldner or incubated
with the antibody against laminin) show the morphology of impor-
tant features during the developing stages of the fetal bovine ovary.
A Longitudinal section through the mesonephros of bovine fetus
with CRL of 0.9 cm. On the ventromedial side of the mesonephros
a gonadal thickening (arrow) can be observed. gg = Giant glomeru-
lum. Scale bar (sb) = 400 pm. B Longitudinal section through the
mesonephros of bovine fetus with CRL of 2.8 cm. The female gonad
can be identified by the absence of the tunica albuginea. The ovary
consists of a dense broad region (c) and a less dense central zone

PGCs are found. The PGCs migrate through the surface
epithelium and stay mainly in the cortical region of the
ovary (fig. 1C). PGCs in this region are round and some-
times oval-shaped cells with a large nucleus and 1-3 cen-
trally located prominent nucleoli. The basal lamina be-
neath the surface epithelium is distinct but appears dis-
continuous. Oogonia are frequently found near or under

Fetal Development of the Bovine Ovary

(m). Antibody against laminin, sb = 100 um. € Bovine developing
ovary of a fetus with CRL 3.6 cm. Note the multilayered surface
epithelium and the open connection to the germ cell nests, which
are enveloped in a basal lamina (arrows), sb = 100 um. D Longitu-
dinal section through the ovary of fetus with CRL 11.4 cm. Note the
cortex (c) which encloses developing germ cells cords. Also, note
the medulla (m) with many blood vessels. Staining HE, sb = 200 um.
E Longitudinal section through the ovary of fetus with CRL 11.4 cm.
On the inner side of the cortex, note the meiotic oocytes within the
end of the germ cell cords. Staining HE, sb = 100 um. F Longitudi-
nal section through the ovary of fetus with CRL 15.8 cm. Note the
large round oogonia, which are often in mitosis. Staining HE, sb =
50 pm. G Longitudinal section through the ovary of fetus with CRL
15.8 cm. On the end of the germ cell cords lying near the medulla
region single groups of oocytes and pregranulosa cells are separated
by basal lamina. The prominent basal lamina encloses the germ cell
cords and the groups of oocytes and pregranulosa cells near the
medulla (arrows). Antibody against laminin, sb = 80 um. H Fetal
ovary of CRL 21.0 cm. In the outer cortex, many germ cell nests
generating germ cell cords can be observed (arrows). Staining HE,
sb =100 um. I Detail of the inner cortex of fetal ovary with CRL 28.0
cm. Note the generation of new follicles on the end of the germ cell
cords (arrows). Antibody against laminin, sb = 50 um. J Detail of
the inner cortex of fetal ovary with CRL 28.0 cm. Primordial and
the first primary follicles are detected in the region near the me-
dulla. Staining HE, sb = 50 pm. K Longitudinal section through the
ovary of fetus with CRL 44.8 cm. Mostly germ cell cords are re-
gressed (arrow). More primordial and primary follicles appear to-
wards the periphery of the cortex. Antibody against laminin, sb =
100 pm. L Detail of the peripheral region of the fetal ovary with CRL
44.8 cm. The remaining germ cell cords (arrow) are always in close
contact with the surface epithelium (se). Antibody against laminin,
sb = 80 um. M Detail of the cortex of the fetal ovary with CRL 58.0
cm. Differentiated primary follicles are spread in the cortical region.
Staining HE, sb = 50 um. N Detail of the fetal ovary cortex with CRL
58.0 cm. Secondary follicles are present. Antibody against laminin,
sb = 50 pm. O Overview of the cortex of fetus with CRL 90.0 cm.
The cortex contains all follicles stages. Many primordial and pri-
mary follicles are located directly under the surface epithelium (ar-
row). Tertiary follicles (tf) are prominent in the cortex. Staining HE,
sb = 150 um. P Detail of a tertiary follicle. Note the multilayered
granulosa cell layer (gc) and also the adapting theca cell layers (ar-
row). Ovary of fetus with CRL 90.0 cm. Staining HE, sb = 100 um.
Q Detail of the region directly under the ovary surface epithelium
from a fetus of CRL 94.0 cm. Sporadic germ cell cords which are
connected with the surface epithelium can be observed. Antibody
against laminin, sb = 50 pm.

the broken basal lamina. They are somewhat larger than
PGCs with a more spherical shape and a rounded nucle-
us. The cytoplasm of PGCs and oogonia is less eosino-
philic than that of other cell types. Cells of mesonephric
tubules and of the glomerular capsules are found infil-
trating the medullar region. The medulla occasionally
contains single PGCs.
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Fig. 2. A-D show the successive developing stages of the bovine
fetal ovary between the CRL 21.0-94.0 cm (days 95-285). A Note
the broad cortical region (line) which consists of germ cell nests
and germ cell cords. Ovaries of CRLs between 21.0-34.0 cm (days
95-150). ¢ = Cortex; m = medulla. B The germ cell cords are re-
duced, and near the cortical-medulla region various follicle stages
(arrows) can be observed. Ovaries of CRLs between 44, 8 and 58,
0 cm (days 160-196). € The cortex is more narrowed in contrast
to the earlier developing stages. In contrast, the medulla region is
broad and contains a lot of vessels. Ovaries of CRLs between 66.0
and 74.0 cm (days 200-230 cm). D Note the tertiary follicles lying
in the cortex and the rete ovarii (r) within the medulla. Ovaries of
CRLs between 90.0 and 94.0 cm (days 240-285).

Ovaries Obtained from Bovine Fetuses with a CRL

of 5.1-7.4 cm CRL (55-62 days p.c.)

Gonads have enlarged and become round to oval. Fetal
ovaries are now distinctly separated from the degenerat-
ing mesonephric tissue. The number of PGCs and oogo-
nia has increased. They are frequently located directly in
and under the proliferated surface epithelium, arranged
in groups or clusters. Germ cell groups are separated from
the ovarian mesenchyme by a laminin-positive basal lam-
ina, which is continuous with the surface epithelium in
several regions. Groups of PGCs and oogonia are sur-
rounded by dark, elongated somatic cells, which appear
morphologically very similar to the epithelial cells. The
ovary still does not possess a distinct tunica albuginea.
The irregular shaped germ cell groups are in open con-
nection with the ovarian surface epithelium. At this de-
velopment stage, the surface epithelium consists mostly
of 4-7 cell layers, but immunostaining with antibodies
against laminin demonstrate that the basal lamina under-
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neath this multilayered epithelium is still incomplete. The
enlarged ovary medulla consists of irregularly formed
mesenchymal cells, lymph vessels and large blood vessels
also containing some PGCs. Single germ cells in the me-
dulla are not arranged in groups and are equally not in
close contact with the small, dark somatic cells.

Ovaries Obtained from Bovine Fetuses with a CRL

of 11.0-15.8 cm (76-93 days p.c.)

The ovarian surface epithelium consists of a single- or
multilayered epithelium with high prismatic cells, located
on an incomplete, distinct, laminin-positive basal lamina,
which is pronounced in some regions. The outer surface
epithelium cells have often lost their polarity and appear
irregularly shaped. Epithelial cells near to the basal lami-
na preserve their columnar polarized shape. PGCs appear
within and beneath the surface epithelium. Generally, the
ovarian cortex in this developmental stage consists of
closely packed PGCs and oogonia arranged in groups.
They are in close contact with dark somatic cells and cov-
ered by alaminin-positive basal lamina. Oogonia are larg-
er than PGCs and usually round. Elongation of the corti-
cal located germ cell groups, containing oogonia in close
contact with somatic cells, is the first recognizable step in
the developing process of germ cell cords near the corti-
cal-medulla area (fig. 2D). Sparsely connective tissue sep-
arates the developing germ cell cords. They comprise oo-
gonia frequently showing mitoses and make close contact
with dark somatic cells (fig. 1E). These somatic or pre-
granulosa cells are mostly longitudinally arranged to the
groups of oogonia (fig. 1F). The stroma between the germ
cell cords contains many capillaries. The stromal cells are
long and fusiform with oval nuclei, containing mostly 2
nucleoli. They can be discerned morphologically from
pregranulosa cells. They are characterized by a light eo-
sinophilic cytoplasm. Pregranulosa cells, on the other
hand, are very similar to surface epithelial cells (elongat-
ed, columnar formed, elongated central nucleus, dark eo-
sinophilic cytoplasm) and always show direct contact to
PCGs and oogonia. Oocytes entering meiosis are located
in the cortical area adjacent to the medulla. The oocytes
are bigger and display a lighter and inhomogenously
stained cytoplasm. Apparently the basal lamina at the end
of the germ cell cords separate single or groups of oocytes
which are surrounded by pregranulosa cells. Subsequent-
ly these complexes are separated by a prominent basal
lamina (fig. 1G). Finally, each primordial follicle is com-
pletely enclosed by a continuous basal lamina. Primor-
dial follicles detached from the germ cell cords contain
mostly 1 oocyte surrounded by a single layer of dark, flat-
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tened pregranulosa cells. In the majority of cases, many
blood vessels are located in its neighborhood. Oocyte nu-
clei of primordial follicles are usually located in the more
peripheral region of the cell. Occasionally, oocytes and
pregranulosa cells compose groups, in which the oocytes
appear shriveled and the surrounding pregranulosa cells
lack a characteristic follicular adjustment around the oo-
cytes. The medulla of these stages can be distinguished in
2 parts: the inner part in which stroma cells and fibers are
in close contact and the outer part with more low-density
arrangement of stroma.

Ovaries Obtained from Bovine Fetuses with a CRL

of 21.0-34.0 cm (95-150 days p.c.) (fig. 2A)

During this developmental period, the ovaries show
rapid growth, due to a strong proliferation of germ, epi-
thelial and stroma cells. A distinct separation of cortex
and medulla now becomes evident. The cortex is broad,
composed of oogonia, oocytes and pregranulosa cells as
well as many germ cell cords. The oogonia divide mitoti-
cally forming germ cell cords (fig. 2H). Continuous con-
nections between surface epithelium, cortical oogonia
groups and germ cell cords can often be observed. The
strong laminin-positive basal lamina of the surface epi-
thelium continues to surround oogonia groups as well as
developing germ cell cords. The wall of the germ cell
cords comprises a prominent and continuous laminin-
positive basal lamina, upon which pregranulosa cells rest
enclosing the centrally located oogonia. No nervous fi-
bers or blood vessels intrude the germ cell cords. The for-
mation of follicles accelerates, which is documented by a
rapid increase in the number of new follicles. Formation
of numerous primordial follicles continues in the area be-
tween cortex and medulla (fig. 1I). Furthermore, primary
follicles are formed and are mostly located at the distal
end of germ cell cords in the inner cortex area (fig. 1J).
The primary follicles consist of oocytes, surrounded by a
regularly formed cuboidal epithelium. Primordial and
primary follicles are located in groups within the stroma.
All follicles possess a distinct basal lamina. The medullar
region consists mainly of thin fusiform-shaped stromal
cells. Additionally, dispersed oogonia are found in the
medulla, usually as single cells or in small groups near to
a blood vessel. No basal lamina surrounds these oogonia.
They are also not in contact with pregranulosa cells. De-
velopment of blood vessels in the medulla has significant-
ly increased and large blood vessels now enter the ovary
via the hilus.

Fetal Development of the Bovine Ovary

Ovaries Obtained from Bovine Fetuses with a CRL

of 44.8-58.0 cm (160-196 days p.c.) (fig. 2B)

The cortex is more distinctly developed compared to
earlier stages. The surface epithelium usually consists of
a single cell layer, but occasionally, also regions with mul-
tiple layers are found. The surface epithelial cells are
smaller and their nuclear staining appears darker than
during the previous developmental stage. The surface ep-
ithelium occasionally forms crypts and projections. The
tunica albuginea becomes more distinct, marking the
separation between surface epithelial cells and remaining
germ cell cords. Located in the peripheral area of the
ovarian cortex, most germ cell cords regress (fig. 1K). The
strong reduction of germ cell cords is a result of increased
follicle formation in the cortex-medulla interface, which
now progresses towards the periphery of the cortex. In
contrast to earlier stages, the cortex is reduced in width
and is divided into 2 regions. The area directly beneath
the surface epithelium consists of germ cell cords, where-
as near to the cortex-medulla transition zone newly
formed follicles are prominent (fig. 1M). Morphological
signs for ongoing follicle-building process are the high
number of oogonia in mitosis and the proliferation of
pregranulosa cells. Many primordial and primary follicles
emerge in the medulla vicinity. Single secondary follicles
(fig. IN) can also be detected in the ovarian cortex at a
CRL 0f 58.0 cm. Occasionally, an early tertiary follicle can
be observed. The cortex region close to the surface epithe-
lium contains regressing germ cells cords and primordial
follicles. Germ cell cords separate clearly from stromal
tissue. In these regions, the continuous connections be-
tween the basal lamina of the surface epithelium and the
basal lamina of germ cell cords are lost (fig. 1L). The me-
dulla is enlarged. Numerous larger blood vessels can be
detected in the interface between cortex and medulla. Ad-
ditionally, groups of lymphocytes can be observed be-
tween the follicles. Lymphocytes can also be localized
near to atretic follicles with shrunken oocytes, incomplete
zona pellucida and irregularly arranged granulosa cells.
These atretic follicles usually show an incomplete basal
lamina.

Ovaries Obtained from Bovine Fetuses with a CRL

of 66.0-74.0 cm (200-230 days p.c.) (fig. 2C)

Ovarian surface epithelium is generally reduced to one
layer although isolated multilayered areas occasionally
can be detected. Its basal lamina is distinct and continu-
ous. Active proliferation of PGCs within the surface epi-
thelium is reduced and mitosis of oogonia in the cortex is
confined to a small area immediately beneath the surface
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Fig. 3. A In the early developing stages in the medulla, longitudinal
and crosswise sliced tubular-like structures are observed (arrows).
Ovary of fetus with CRL 11.4 cm, Goldner, sb = 100 um. B In some
regions, the tubules begin to anastomose. The epithelium of the
tubules is single layered with isoprismatic epithelium cells. The
tubules are enclosed in a basal lamina. Ovary of fetus with CRL 11.4
cm, Goldner, sb = 50 pm. € In the medulla of CRL 29.9 c¢m, a well-
developed rete ovarii (r) can regularly be observed. The rete ovarii
is linked with the tubular-like structures in some areas. Partially it
can be also detected in the hilus of the developing ovary. Ovary of
fetus with CRL 58.0 cm, Goldner, sb = 100 pm. D The epithelium
of the rete ovarii is single layered with an isoprismatic to high pris-
matic epithelium. Ciliated cells cannot be found in the epithelium.
Ovary of fetus with CRL 58.0 cm, Goldner, sb = 80 pm.

epithelium. The tunica albuginea is mostly well devel-
oped. It is composed of many fibroblasts and interweav-
ing collagen fibers. Only few germ cell cords are in open
connection with the surface epithelium. In these regions,
no tunica albuginea has been formed, and the multilay-
ered surface epithelium is located on a discontinuous bas-
al lamina. Oocytes in close contact with pregranulosa
cells are found at the distal ends of the germ cell cords
close to the medulla. Many primordial and primary fol-
licles are located in the cortex periphery, whereas the
growing follicles are restricted to the inner part of the cor-
tex. A laminin-positive basal lamina develops around
these germ/somatic cell complexes, giving rise to segre-
gated primordial follicles. Primordial, primary and late
secondary follicles are located in the periphery of the cor-
tex region. Secondary follicles show continuous growth
and are eventually transformed to early antral follicles
with surrounding stromal cells. They form an early theca
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layer. Atretic secondary and tertiary follicles can now oc-
casionally be observed.

Ovaries Obtained from Bovine Fetuses with a CRL

0f 90.0-94.0 cm (240-285 days) (fig. 2D)

The cortex is well developed, and a single layer of co-
lumnar to cubical epithelial cells covers the fetal ovary
surface. Occasionally, a few scattered PGCs can be de-
tected beneath the surface epithelium. The laminin-pos-
itive basal lamina is continuous and thicker than in pre-
vious developmental stages. Sporadically, small germ cell
cords, connected to the surface epithelium, can still be
seen. They continue to form primordial follicles at their
distal ends (fig. 1Q). The medulla is clearly separated
from the cortex and consists of stroma cells as well as
large and small blood vessels. All follicle stages from pri-
mordial to antral occur in the cortex (fig. 20). A multi-
layered columnar granulosa cell layer (fig. 2P) surrounds
early tertiary and antral follicle oocytes. The theca layer
comprises 3-5 layers of small stromal cells. The theca
layer in the enlarged antral follicles can be divided into 2
parts. The inner part, the theca interna, consists of thin
circular arranged stroma cells, whereas in the outer part,
the theca externa, these stroma cells show a more loose
arrangement. Furthermore, all follicles are encircled by a
strong laminin-positive basal lamina. Occasionally,
atretic tertiary follicles are found within a thin theca cell
layer. Granulosa cells of these follicles were irregularly
shaped showing large intercellular spaces. Vasculariza-
tion is significantly increased in the cortex as well as in
the medulla.

Intra-Ovarian Rete and Tubular-Like Structures in

the Medulla of the Developing Ovary

From CRL of 11.4 cm onwards, tubular-like structures
can be observed in the medulla (fig. 3A). The tubular ep-
ithelium is irregularly shaped and varies between single
and multilayered (fig. 3B). The tubular-like structures are
enclosed by a strong laminin-positive basal lamina. They
are mostly located in the medulla or in the cortex at the
end of the germ cell cords. No connection between germ
cell cords and the tubular-like structures are observed. An
intra-ovarian rete in the bovine fetal ovary is regularly
detected from a CRL of 29.9 cm onwards (fig. 3C). The
rete cords consist of a cuboidal to columnar strand of ir-
regular epithelial cells (fig. 3D) and the rete ovarii size
increases during fetal development.
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Fig. 4. Overview of the staining pattern of S100 protein (A-D), the
proliferation marker Ki67 (E, F) and apoptosis terminal transferase-
mediated nick-end labeling method (G, H) in the fetal ovary.
A S100 protein is expressed in germ cells, which are located in the
surface epithelium or in the stroma beneath the surface epithelium
from CRL 11.4 cm onwards. Antibody against S100 protein, sb = 50
pm. B In the developing ovary from CRL 21.0 cm onwards, the nu-
cleus and cytoplasm of all healthy follicle stages are positive for the
antibody against $100. In the granulosa cells, only a weak punctual
expression of the S100 protein is detected. Antibody against S100
protein, sb = 80 um. C In the ovary of fetus with CRL 94.0 cm, the
oocytes of different follicle stages are positive. In oocytes of tertiary
follicles (arrow), the immunostaining intensity of S100 increases in
contrast to the early follicle stages. Atretic follicle (thick arrow). An-
tibody against S100 protein, sb = 100 um. D The oocytes of atretic
follicles show no reaction for the antibody against S100 protein (thin
arrow). Between the granulosa cells of the atretic follicles, many
S$100 positive blood vessels are detected. Note the S100 protein pos-
itive oocytes of primordial and primary follicles (thick arrow). An-
tibody against S100 protein, sb = 80 um. E In the ovary of fetus with
CRL 94.0 cm in the healthy tertiary follicle, many Ki67-positive
granulosa cells are detected (arrow). The atretic follicle directly be-
neath shows no expression for the antibody against Ki67 in the gran-
ulosa cell layers. Further in the stroma cells, positive reactions for
the antibody against KI67 are observed. Sb = 100 um. F In the ovary
of CRL 90.0, the intact tertiary follicles contain Ki67 positive granu-
losa cells (arrows). In contrast, atretic follicles show no reaction for
the antibody against KI67 in the granulosa cell layers (thick arrow).
Sb = 100 um. G In the ovary of fetus with CRL 94.0 cm, the granu-
losa cells of the atretic follicles show apoptotic details (arrow). In
contrast, in the overlying intact follicles no apoptotic cells are lo-
cated. Sb = 100 um. H Apoptotic details in the granulosa cells of
tertiary follicle. Ovary of fetus with CRL 94.0 cm, sb = 80 pm. In
conclusion, the oocytes of the intact tertiary follicle express the S100
protein (C) and granulosa cells show a positive reaction for the an-
tibody against Ki67 protein (F). In contrast, granulosa cells of the
subjacent atretic follicle show no reaction for the antibody against
Ki67 (G) and atretic follicles oocytes express no S100 protein (D).

Distribution of S100 Protein and Ki67 Expression

Generally, no S100 immunostaining is found in the
stromal cells of the fetal ovary medulla; however, rete ova-
rii epithelial cells and tubular-like structures in the hilus,
as well as in the developing medulla, show a positive
staining for the S100 protein. The stromal septa and tu-
nica albuginea of the later stages show no positive stain-
ing with the S100 antibody. A distinctly positive immu-
nostaining is always detected in the endothelium of blood
vessels. Weak positive S100 staining is observed in the
PGCs/oogonia groups and germ cell cords from a CRL of
11.4 cm onwards, increasing in later stages (fig. 4A). Oo-
cytes in ovaries from fetuses with CRL of 21.0 cm are

Fetal Development of the Bovine Ovary

clearly S100 positive. The immunostaining for S100 in
oocytes increases parallel to the oocytes and follicles
growth during their development (fig. 4B, C). No positive
reaction for S100 protein is found in atretic oocytes and
in the pregranulosa and granulosa cells of atretic follicles.
Numerous strong positive blood vessels can be observed
between the granulosa cells of atretic follicles (fig. 4D).
Nuclei, as well as nucleoplasm, show a strong expression
for the S100 protein in tertiary follicles oocytes (table 3).

Cell proliferation is investigated using an antibody
against Ki67. A positive immunostaining is found in a
number of PGCs, oogonia as well as also stroma cells dur-
ing the early stages of fetal ovarian development. Numer-
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Table 3. Staining pattern of the antibody against S100

Immunostaining of the antibody against

S100
Surface epithelium -
Stroma -
Blood vessels ++
Stroma medulla -
Rete ovary +
Tubular structures +
PGCs/oogonia +/++
Oocytes +to +++

Atretic oocytes -
Pregranulosa cells —/single cells +
Granulosa cell —/single cells +

- = Negative; + = weak positive; ++ = distinct positive; +++ =
strong positive.

ous mitoses are found from a CRL of 0.9-7.4 cm in all
parts of the developing female gonads. In fetuses with a
CRL of 7.4-58.0 cm, many more Ki67-positive cells
(mostly PGCs) are found within the multilayered surface
epithelium and directly under the epithelium (PGCs and
oogonia) than during later development stages. Ki67-
positive oogonia can also be observed in the germ cell
cords — mainly in the area near to the surface epithelium.
The number of Ki67 positive nuclei increases in the me-
dulla stromal cells as well as in the proliferating germ cells
from a CRL of 29.0 cm onwards. A strong increase in
number of mitoses is detected in the surface epithelium
of fetal ovaries with a CRL of 13.0-58.0 cm. From a CRL
of 66.0 cm onwards, the number of mitotic figures in the
surface epithelium appears distinctly reduced. The oo-
cytes involved in folliculogenesis from a CRL of 21.0 cm
onwards do not express Ki67 protein. Only a few Ki67-
positive cells can be perceived in the follicle cells. The
highest number of Ki67-positive cells in the medulla is
seen at CRL 29.0-52.0 cm. Only few stromal cells in the
cortex or granulosa cells are Ki67 positive in these stages.
A marked increase in number of Ki67-positive granulosa
cells is observed from CRL 58.0 cm onwards. They are
usually confined to granulosa cells of healthy tertiary fol-
licles in later stages (fig. 4E). No KI67 immunostaining
can be detected in atretic follicles (fig. 4F). Figure 5 gives
an overview of the Ki67-positive cells distribution pattern
in the surface epithelium and the underlying region in
different developmental groups.
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Fig. 5. Distribution of Ki67-positive cells in the surface epithelium
and the underlying region in different development groups. Ki67-
positive cells in the multilayered surface epithelium and directly
under the epithelium increase up to CRL 58.0 cm, whereas in later
stages, the number of positive cells decreases rapidly. Group 1:
11.0-15.8 cm, group 2: 21.0-34.0 cm, group 3:44.0-58.0 cm, group
4: 66.7-74.0 cm, and group 5: 90.0-94.0 cm. p < 0.05.

Apoptosis in the Developing Bovine Ovary

In the surface epithelium, germ cells, stromal cortex
cells, and medulla cells of all investigated fetal ovaries,
apoptosis can be observed. Between CRL 21.0-46.0 cm
the number of apoptotic cells (mostly PGCs and oogonia
in the germ cell cords) significantly increases. Apoptotic
cells increase in number from a CRL of 46.0 cm onwards
in the surface epithelium. From a CRL 72.0 cm onwards,
apoptosis is confined to granulosa cells of atretic follicles
(fig. 4G, H).

Discussion

As in other species, the appearance of the genital ridge
is considered as the first event of bovine gonadal develop-
ment. According to Wrobel and Suss [1998], the pre-
sumptive gonadal region of bovine fetuses first appears at
a CRL of 0.9 cm (days 27-31) as a marked thickening of
the mesonephros coelomic epithelium on its ventrome-
dial side, consisting of irregularly arranged columnar, ep-
ithelial-like cells with dark cytoplasm and prominent nu-
clei. Additionally, PGCs can be easily distinguished as
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large round-shaped cells with a lighter eosinophilic cyto-
plasm compared to the other cell types of the genital
ridge. Earlier studies describe that the gonad formation
starts with migration and penetration of germ cells into
the gonadal region, which is situated on the ventral side
of the mesonephros [Brambell, 1927; Witschi, 1948]. Pre-
cursor cells of the later sperm or oocytes in mammalians
are PGCs, a transient population of germ line stem cells
which can be found during embryonic development
[McLaren, 2003]. During the indifferent stage of gonadal
development, PGCs migrate from the yolk sac via the
hindgut wall and dorsal mesentery into the genital ridge
[Witschi, 1948]. First PGCs reach the human genital
ridge during the 6th week of gestation, whereas in mouse
PGCs arrive in the genital ridge at embryonic days 11-12.
During migration, the PGCs divide mitotically [Witschi,
1948; Anderson et al., 1999; Wylie, 1999; Stoop et al.,
2005]. In bovine fetuses, PGC migration normally takes
place between day 30 and 64 of gestation [Riisse and
Sinowatz, 1998]. They continue to proliferate by mitosis
reaching an estimated peak number of 2.1 million [Erick-
son, 1966; Aerts and Bols, 2010]. From CRL 1.8-2.9 cm,
genital ridge epithelium and underlying mesenchymal
cells have proliferated. The undifferentiated gonad be-
comes enlarged and elongated, expanding continuously.
The genital ridge is now called genital fold [Riisse and
Sinowatz, 1998]. The PGCs number in the investigated
bovine fetuses has increased. There are numerous Ki67-
positive PGCs in the indifferent bovine gonad. Our re-
sults are consistent with those reported by Wrobel and
Suss [1998], describing a large number of PGCs in the
developing bovine genital region up to day 27. Further-
more, Wrobel and Suss [1998] specify the period of the
undifferentiated gonad between days 32 and 39 in bovine
fetuses. In their investigations, they observed that the in-
different spindle-shaped gonad, which is located on the
ventromedial side of the bovine mesonephros, expands
quickly [Wrobel and Suss, 1998]. In rat, a thickened area
can be identified as genital ridge at the stage of 16 somites
[Torrey, 1947]. In rat embryos of 35 somites (12 days),
many mitotic figures of all kinds of cells are seen in the
mid-level of the gonadal blastema. It is generally accepted
that the presence of PGCs is an important factor for the
induction of further gonadal development [Leung and
Adashi, 2003]. From a CRL of 2.8 cm onwards, we could
distinguish the developing female gonad from the male
gonad by the absence of a tunica albuginea. In this study,
PCGs have colonized the anlage of the bovine ovary from
CRL 2.8-3.6 cm. At this developmental stage, PGCs are
frequently found in the surface epithelium. After migra-

Fetal Development of the Bovine Ovary

tion through the surface epithelium, they differentiate
into Ki67-positive oogonia, which are mainly located in
the cortical region of early developing bovine ovary. The
oogonia are larger and more eosinophilic than the PGCs.
Byskov [1980] describes PGCs reaching the gonadal ridge
and continuing their mitotic division for a defined period
(the length of which varies between species), now being
referred to as oogonia. At a certain moment, oogonia en-
ter the prophase of the first meiotic division where they
are put on hold in the diplotene stage [Byskov, 1980].

Another interesting feature of prenatal ovary develop-
ment in the bovine is the distinct but noncontinuous lam-
inin-positive basal lamina of the genital ridge and the
genital folds in the developing female gonad. Similar to
our observation, Torrey [1947] finds a discontinuous bas-
al lamina under the surface epithelium of the early rat
gonad. We assume that an incomplete basal lamina fa-
cilitates the migration of the PGC into the gonadal mes-
enchyme. In contrast to the anlage of the gonad, the sur-
face epithelium of the remaining mesonephros is sepa-
rated from the underlying stroma by a well-defined
continuous, laminin-positive basal lamina. In agreement
with findings of Wrobel and Suss [1998], we also ob-
served that the majority of PGCs and oogonia is in close
contact to the vanishing strongly laminin-positive basal
lamina and the proliferating genital ridge epithelium. In
line with Wrobel and Suss [1998], we also find that during
later stages of ovarian development, laminin-positive
staining of the basal lamina disappears in areas where
PGC immigrate into the ovary stroma. Due to fragmenta-
tion of the basal lamina, PGCs and oogonia can protrude
into the deeper ovary areas. Subsequently, ovary periph-
eral stroma shows many Ki67-positive mesenchymal
cells. The high number of mitoses may contribute to the
active rearrangement of stromal cells around the immi-
grating PCGs.

An additional important process during fetal bovine
ovary development is proliferation of PGCs/oogonia as
well as epithelium surface cells, taking place during for-
mation of ‘germ cell nests’ and ‘germ cell cords’. Prolif-
eration of PGCs and oogonia by mitosis occurs mainly in
early development stages. In Mongolian sheep, prolifera-
tion of oogonia arises during early stages of fetal develop-
ment (day 37-55 p.c.) [Qi et al., 2008]. Furthermore, Eck-
eryetal. [1996] and Sawyer etal. [2002] report an increase
in the oogonia number in sheep up to day 75 of gestation.
In the present study, the female gonads of bovine fetuses
with a CRL of 5.1-6.1 cm display a broad and dense corti-
cal region, adjacent to the proliferating, multilayered ep-
ithelium and a less dense medullar central zone. The
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number of PGCs and oogonia in the dense region in close
vicinity to the proliferated surface epithelium increase.
PCGs and oogonia are arranged in germ cell nests, inter-
spaced by somatic cells. These results are consistent with
tindings of Zayed et al. [2007] in mice. These authors ob-
serve more or less separated ‘egg nests’ consisting of 6-8
germ cells in addition to somatic cells in the murine ova-
ry on days 13-14 p.c. In this study, bovine fetuses with a
CRL of 11.4-15.8 cm show a considerable increase in
germ cell nests number of in the broad cortical region
containing PGCs, oogonia and somatic cells. Sawyer et al.
[2002] describe that in sheep most pregranulosa cells are
in close contact with oogonia by the day 38 of gestation.
In line with the findings of Sawyer et al. [2002], who de-
scribe germ cell nests at day 38 in sheep ovary, the forma-
tion of germ cell nests in the bovine ovary starts at a CRL
of 11.4 cm giving rise to germ cell cords. Germ cells enter-
ing the prophase of meiosis are initially detected at the
end of germ cell cords near to the medulla. The number
of bovine oogonia in germ cell nests increases rapidly un-
til a CRL of 34.0 cm, whereas during later stages, up to a
CRL of 74.0 cm, the number of oogonia showing mitosis
and germ cell nests decreases.

Creation and depletion of germ cell cords is an impor-
tant event in later developmental stages. The germ cell
nests are continuously transformed to germ cell cords in
bovine fetal ovaries up to a CRL of 34.0 cm. Epithelial
bridges between the proliferated surface epithelium and
the germ cell cords are often present. The strong laminin-
positive basal lamina of surface epithelium is in continu-
ity with the basal lamina of the germ cell cords. Our re-
sults are in agreement with data in fetal sheep, where nu-
merous ovigerous cords are delineated by a basal lamina
[Sawyer et al., 2002]. Furthermore, Sawyer et al. [2002]
also report that the ovigerous cords of sheep ovary were
open to the surface epithelium until day 90. In accordance
to the investigation of Burkhart et al. [2010] and Sawyer
et al. [2002], this study shows that the germ cell cords in
connection with the surface epithelium may play an im-
portant role for the recruitment of somatic cells from the
surface epithelium. This idea is also consistent with the
concomitant high proliferation rate in the multilayered
surface epithelium up to a CRL of 58.0 cm as well as the
parallel increase in the number of Ki67-positive oogonia
in germ cell cords up to a CRL of 34.0 cm. In contrast,
pregranulosa cells forming the wall of germ cell cords
near to the medulla show only a small number of KI67-
positive cells. Most of the BrdU positive cells in sheep
ovigerous cords can be attributed to dividing oogonia
near the surface epithelium, whereas only a few pregran-
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ulosa cells of ovigerous cords are stained for BrdU [Saw-
yer et al., 2002]. The tunica albuginea becomes more evi-
dent and marks the separation between surface epitheli-
um and strongly reduced germ cell cords in bovine ovaries
from 58.0-74.0 cm. In contrast to earlier stages, the cortex
of fetal bovine ovaries is diminished and divided into 2
regions. The area directly under the surface epithelium
presents few germ cells nests and germ cells cords, de-
creasing parallel to the increasing CRL stages of 58.0 cm
onwards. The surface epithelium is always multilayered
with high mitotic index in areas with remaining germ cell
cords. An additionally important observation is the ex-
pression of Ki67 in surface epithelium cells decreasing
from 58.0 cm onwards, as the epithelium is more prone
to being single-layered. Furthermore, the number of mi-
totic oogonia decreases together with the reduction of
germ cell cords between CRL of 58.0-74.0 cm. The strong
decline in germ cell cords is the result of increasing follicle
formation beneath the cortex-medulla border seen from
a CRL of 21.0 cm onwards.

In agreement with the observations in human fetuses
of Motta et al. [1997] and Motta and Makabe [1982], in
bovine fetus the development of germ cell cords coincides
with the proliferation of surface epithelial cells. Further
mitotic division of PGCs/oogonia takes place within and
beneath the ovarian surface epithelium. Additionally, in
line with our results, Motta and Makabe [1982] describe
a continuous basal lamina connecting the multilayered
epithelium with the developing germ cell cords. They fre-
quently observe that early follicle formation occurs paral-
lel to surface epithelial cell proliferation as well as germ
cell cord formation. Moreover, results in bovine ovary
show morphology of the surface epithelial cells being very
similar to cells building the outer wall of germ cell cords.
In contrast, the stromal cells between the germ cell cords
are polygonal with a small round to oval nucleus.

In all developing ovaries from a CRL 11.4 cm onwards,
tubular-like structures and channels of an intra-ovarian
rete are regularly detected. Burkhart et al. [2010] describe
rete tubules from day 110-150 in the innermost region of
the cortex between the ovigerous cords. In this study, also
tubular-like structures are often located in the medulla or
perpendicular to the germ cell cords. Numerous blood
vessels are traced close to the tubular-like structures. In
contrast to Burkhart et al. [2010], who mention that rete
tubules usually have no basement membrane, the tubu-
lar-like structures in fetal bovine ovary possess strong
laminin-positive basal lamina. These (tubular-like) struc-
tures and the rete tubules show a cubical to columnar, ir-
regularly shaped epithelium. In sheep [Zamboni et al.,
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1979] and mice, it is assumed that granulosa cells derive
mainly from mesonephric tubules or rete ovarii cells
[Byskov et al., 1977]. Additionally, Byskov et al. [1977]
and Zamboni et al. [1979] cannot exclude the possibility
that surface epithelial cells might also contribute cells for
ovigerous cords development as well as for follicle forma-
tion. In bovine fetal ovaries, we cannot observe any con-
nection between the rete ovarii tubules or tubular-like
structures with germ cell cords involved in follicle forma-
tion. Furthermore, comparatively few Ki67-positive cells
and mitosis figures can be observed in tubules and rete
ovarii in all investigated stages.

Further interesting observation in our study is the low
mitotic index of pregranulosa cells within the germ cell
cords. As Sawyer et al. [2002] in sheep and Burkhart et al.
[2010] in the cattle, who find that ovigerous cords open
to surface epithelium until day 90 and day 130, we ob-
served germ cell cords being connected to surface epithe-
lium up to a CRL of 94.0 cm, and therefore, suggest that
pregranulosa cells are recruited from the proliferated sur-
face epithelium. The results of this study support the hy-
pothesis that proliferating surface epithelial cells play an
important role in the formation of follicular granulosa
cells [Gondos, 1975].

Apoptosis is a process of programmed cell death,
which plays a major role during the development of many
organs, including the ovary [Kerr et al., 1972]. In human,
Vaskivuo and Tapanainen [2003] describe apoptosis as
an essential mechanisms of ovarian function and devel-
opment. It is well established that in human the majority
of PGCs in the ovary undergoes apoptosis during prena-
tal life [De Pol et al., 1998]. Smith et al. [1993] describe a
loss of 75% of the PGCs by apoptosis. In this study, we
observe apoptosis in all investigated stages of the fetal
ovaries affecting germ cells as well as somatic cells. An
increase of apoptotic PGCs and oogonia in the germ cell
cords is found between the CRL of 21.0 and 46.0 cm. An
additional increase of apoptotic cells is detected at a CRL
46.0-72.0 cm. The apoptotic cells are preferentially lo-
cated under the ovarian surface epithelium cells. Apopto-
sis is also frequently found in granulosa cells of the pri-
mordial follicles situated near to the medulla. Only a few
primordial follicle oocytes show apoptosis during the ini-
tial stages of primordial follicle formation. In Mongolian
sheep, Qi et al. [2008] describe that apoptosis occurs in
germ cells between day 37 and 99 with a peak between day
58 and 73. In accordance with our results, they observe
that most apoptotic cells are germ cells within ovigerous
cords. Other cell types are only rarely affected. Apoptotic
germ cell degeneration in the human fetal ovary takes

Fetal Development of the Bovine Ovary

place in 2 waves: an early wave destroying early oogonia
and oocytes and a late wave demounting oocytes in the
pachytene stage [De Pol et al., 1998]. In line with Zayed
et al. [2007], who find apoptosis in mice ovary around
15/16 dpc, we assume that the strong increase of apop-
totic PGCs and oogonia in germ cell cords from CRL
21.0-46.0 and in surface epithelium from CRL 46.0-72.0
cm is a physiological process after a period of rapid cell
proliferation. Furthermore, Zayed et al. [2007] suppose
that remaining PGCs which failed to divide mitotically
were deleted. Like Qi et al. [2008], we usually find apop-
tosis in granulosa cells of initial primordial follicle stages.
Sporadic apoptosis occurs in primordial follicles oocytes.
During later developmental stages from a CRL of 72.0 cm
onwards, apoptotic cells are mainly detected in granulosa
cells of atretic follicles. This result is in line with Daikoku
et al. [1998] describing the fact that in adults atretic fol-
licles are characterized by presence of apoptotic granu-
losa cells, whereas apoptosis of oocytes occurs later in de-
velopment. According to the investigations of Mosimann
and Kohler [1990], follicle atresia in primary and second-
ary bovine follicles is characterized by oocytes shrinkage
and disaggregation of granulosa cell layers. The laminin-
positive basal lamina breaks down or disappears com-
pletely. Atretic changes in antral follicles occur first in
granulosa cells and subsequently in oocytes.

A further interesting result of this study is the expres-
sion of S100 protein in germ cells and oocytes in addition
to a positive immunostaining for S100 in the epithelium
of tubular-like structures and the rete ovary. Further, the
endothelium of arteries and capillaries are also strongly
positive for the S100 protein. In germ cells, a weak S100
immunostaining (in nests and cords) can be observed
from a CRL of 11.4 cm onwards. Weak S100-positive oo-
cytes can be already detected in some primordial follicles
at a CRL of 21.0 cm. On the other hand, atretic follicles
contain S100-negative shrunken oocytes. The staining in-
tensity of S100 increases parallel to the growth of oocytes
during follicle development. Oocytes of healthy second-
ary and antral follicles are strongly S100 positive from a
CRL of 74.0 cm onwards. Additionally, granulosa cells of
these follicles show numerous KI67-positive nuclei.
Atretic tertiary follicles possess S100-negative oocytes,
their granulosa cells being negative for Ki67. Small S100-
positive blood vessels penetrate the dispersed granulosa
cells. Immunoreactivity for S100 protein was also ob-
served in the ovarian rete as well as in ovarian cysts [Ka-
miya et al., 1989]. Haimoto et al. [1987] describe S100
expression in the oocytes of primordial follicles and in
their follicle epithelium. Mirecka et al. [1994] do not find
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any oocyte S100 staining, neither in growing nor in atret-
ic follicle oocytes. They detect a positive S100 staining in
follicular cells with a decrease in reaction intensity paral-
lel with an increase in follicle size. Michetti et al. [1985]
on the other hand cannot find S100 expression in any rat
ovary cell type. Vanstapel et al. [1986] assume that the
contradictory ovary S100 expression results due to spe-
cies differences or to the use of different antibodies. The
authors report that these results of S100 immunostaining
can vary, depending whether mono- or polyclonal anti-
bodies of the same nominal specificity are used. The re-
sults of our study suggest that positive S100 in combina-
tion with positive Ki67 immunostaining in granulosa cell
layer can be used as a clear indication for a healthy follicle.

The mechanisms for initial follicle formation found in
our investigation support the results of Tanaka et al.
[2001] in fetal bovine ovaries. Tanaka et al. [2001] de-
scribe primordial, primary and secondary follicles at days
74, 91 and 120. These data agree well with our findings,
where primordial, primary and secondary follicles at days
76 and 95 to 150 are observed, respectively. In our study,
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