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Abstract We previously showed that estrogen regulates
baboon fetal ovarian follicle development and oocyte
integrity. Because iron incorporated into cells by the
transferrin receptor is essential for cell/nuclear function, we
determined whether fetal oocyte expression of transferrin
receptor and the nuclear protein Ki67 were developmen-
tally regulated by estrogen and associated with DNA
integrity/fragmentation. Transferrin-receptor expression
was minimal at midgestation and abundant in late gestation
and localized to the cytoplasm and surface of oocytes of
primordial follicles. Expression of transferrin receptor,
however, was negligible in oocytes in fetuses in which
serum estradiol-17f levels were suppressed (>95%) by
daily maternal treatment between mid- and late gestation
with the aromatase inhibitor letrozole and partially restored
by treatment with letrozole and estradiol benzoate. Ki67
was localized to pregranulosa and germ cells at midgesta-
tion and throughout the oocyte nucleus in late gestation in
estrogen-replete fetuses. In contrast, in estrogen-suppressed
fetuses, Ki67 was localized to a limited number of foci
around the oocyte nucleus. Apoptosis detected in pregra-
nulosa and germ cells at midgestation was not observed in
late gestation in estrogen-replete/-suppressed fetuses.
We conclude that estrogen regulates fetal oocyte transfer-
rin-receptor expression and that inhibition of receptor
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development is associated with alterations in Ki67
expression by the oocyte but not apoptosis. Collectively,
these results and our previous studies further define the
essential role of estrogen in regulating development of
follicles comprised of healthy oocytes by the baboon fetal
ovary.
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Introduction

Using the baboon as an experimental model for studies of
human reproductive biology, our laboratories have shown
that fetal ovarian folliculogenesis is regulated by estrogen
[1], the levels of which increase between mid- and late
gestation in human and nonhuman primates [2]. Thus, in
baboons in which estrogen was suppressed by treatment
with an aromatase inhibitor during the second half of ges-
tation, the number of follicles formed was reduced by more
than 50% [3] and the majority of follicles that did develop
contained oocytes which were unhealthy and characterized
by cytoplasmic vacuolization and a marked reduction in
microvilli [4], structures essential for uptake of nutrients
from surrounding granulosa cells [5, 6]. Importantly, for-
mation of follicles and oocyte microvilli were normal in
fetal baboons treated with aromatase inhibitor and estradiol,
supporting our hypothesis that estrogen regulates develop-
ment of follicles comprised of healthy oocytes with
microvilli critical for long-term survival [1, 4].

Itis well established that iron typically bound to transferrin
is essential for several aspects of cell function including
proliferation and DNA synthesis [7, 8]. Availability of iron to
cellsis facilitated by binding of the iron-transferrin complex to
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the transferrin receptor typically expressed on the surface of
cells, including microvilli, and which is internalized by
invagination of clathrin-coated pits and formation of endo-
cytotic vesicles [9]. Although the transferrin receptor is
expressed in oocytes of adult ovaries [10, 11], it is not known
whether the receptor protein is developed in utero and asso-
ciated with the formation of oocyte microvilli.

Numerous studies have confirmed that oocytes of pri-
mordial follicles formed in utero initiate meiosis and exhibit
extensive DNA replication [12, 13]. Although oocytes arrest
in prophase I of the first meiotic division, which is consid-
ered equivalent to the G2 phase of a mitotic division
[14], they continue to exhibit intense biosynthetic activities
including DNA replication and RNA synthesis [13, 15].
Studies have shown that Ki67, which is abundantly
expressed during all active phases of the mitotic cell cycle
[16, 17], is also expressed in primordial germ cells/oogonia
and pregranulosa during early gestation [18, 19]. Therefore,
because oocytes of estrogen suppressed fetuses appeared
unhealthy and devoid of microvilli, it is possible that nuclear
function/activity (e.g., DNA replication; RNA synthesis)
has been compromised and that cells may be susceptible to
demise and/or programmed to undergo apoptosis.

Because estrogen regulates fetal oocyte microvilli
development/oocyte integrity, and iron incorporated into
cells by the transferrin receptor is thought to be essential
for aspects of nuclear function, the current study utilized
our nonhuman primate baboon model to determine whether
transferrin receptor and Ki67 proteins were expressed in
fetal oocytes and/or granulosa cells and test the hypothesis
that expression is developmentally regulated by estradiol
and associated with DNA fragmentation/apoptosis.

Materials and methods
Animals

Fetal ovaries were obtained on days 98-105 (n = 5) and
days 162-175 (n = 5) of gestation (term = day 184) from
untreated baboons and on days 160-178 of gestation from
animals treated with the highly specific aromatase inhibitor,
letrozole (CGS 20267; 4,4-[1,2,3-triazol-1yl-methylene]
bis-benzonitrite, Novartis Pharma AG, Basel, Switzerland;
115 pg/kg body weight/day; n = 5) or with letrozole plus
estradiol benzoate (each at 115 pg/kg; n = 4) administered
s.c. to the mother beginning on day 100 of gestation as
described previously [20]. Blood samples were obtained
from the maternal saphenous vein at 1- to 4-day intervals
during the study period and from the maternal saphenous
vein and from the umbilical vein at the time of placental—
fetal delivery, and serum stored at —20°C until assayed for
estradiol levels using an automated chemiluminescent

KU
3. Humana Press

immunoassay (Immulite; Diagnostic Products Corp., Los
Angeles, CA) as described previously [20]. Animals were
cared for and used strictly in accordance with USDA regu-
lations and the NIH Guide for the Care and Use of Laboratory
Animals (86-23, 1985). The Animal Care and Use Com-
mittee of Eastern Virginia Medical School approved the
experimental protocol used in this study.

Immunocytochemistry

The immunocytochemical detection of transferrin-receptor,
Ki67 and DNA fragmentation was determined essentially
as described previously [21, 22]. Briefly, paraffin-embed-
ded sections (4 um) of formalin-fixed fetal ovaries were
mounted onto Superfrost microscope slides (Fisher Scien-
tific Co., Arlington, VA), heat fixed, and endogenous
peroxidase blocked with 0.3% H,0, in methanol. Sections
(n = 5-10 per ovary/animal) were incubated for 24 h
(4°C) with mouse monoclonal antibodies to transferrin
receptor (Calbiochem, Los Angeles, CA) or Ki67 (Vector
Laboratories, Burlingame, CA) and diluted 1:500 or 1:100,
respectively, in 5% normal goat serum (NGS) in phosphate
buffered saline (PBS). Ovarian sections were then washed
in PBS and incubated with biotinylated goat anti-mouse
IgG (Dako Corp., Carpinteria, CA) and proteins localized
using diaminobenzidine (DAB)-imidazole-H,O, (brown
precipitant) or by immunofluorescence using streptavidin
conjugated with Alexa Fluor 488 Green (Molecular Probes,
Inc., Eugene, OR). For detection with DAB, sections were
treated with VectaStain Elite ABC Kit (Vector), rinsed,
stained with DAB-imidazole-H,0,, counterstained with
hematoxylin, mounted in Bio mount (Fisher), and exam-
ined by light microscopy [21]. For immunofluorescence,
sections were incubated with streptavidin conjugated with
Alexa Fluor Green (Molecular Probes) diluted 1:500 with
5% NGS, and then treated with Sudan Black (Sigma
Chemical Corp., St. Louis, MO) to quench autofluores-
cence, rinsed and treated with propidium iodide (0.1 pg/ml
PBS) to stain nuclei red. Following application of mount-
ing media, slides were sealed with nail polish and stored in
the dark at 4°C until examined using an Olympus BX41
microscope (Optical Elements Corp., Melville, NY)
equipped with an Olympus DP70 digital camera with
FITC and/or TRITC filter sets. DNA fragmentation was
determined using the ApopTag plus peroxidase In Situ
Apoptosis  Detection Kit (Chemicon International,
Temecula, CA) and methods/reagents supplied by the
manufacturer.

Statistical analyses

Estradiol levels in maternal saphenous serum samples were
analyzed using linear regression; values in umbilical
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venous samples were examined using ANOVA and the
Student—Newman—Keuls multiple comparison statistic.

Results
Serum estradiol concentrations

As shown previously [3, 20], maternal serum estradiol
levels in untreated baboons gradually increased (P < 0.05)
from approximately 1 ng/ml on days 85-120 of gestation
to approximately 3.0 ng/ml by days 160-175. Approxi-
mately 72-96 h after onset of treatment with letrozole,
maternal serum estradiol decreased to and was maintained
at 0.10-0.15 ng/ml. Estradiol levels (mean £ SE) in
umbilical venous serum on the day of delivery in
untreated baboons at midgestation (0.21 £ 0.14 ng/ml)
were increased (P < 0.05) approximately fivefold by late
gestation (1.25 £ 0.55 ng/ml) and decreased (P < 0.05) at
term by >95% in letrozole-treated baboons (0.04 +
0.01 ng/ml). In animals treated with letrozole and estrogen,
maternal and umbilical venous serum estradiol levels were
restored to 90-120% (P < 0.05) and 10-20% of normal,
respectively.

Histology of the baboon fetal ovary

As previously demonstrated [21], the baboon fetal ovary at
midgestation was comprised primarily of germ cell nests

Fig. 1 Representative
photomicrographs of
hematoxylin histology of the
baboon fetal ovary at day 100
(a) and day 165 (b) of gestation
in untreated animals and at

day 165 in baboons treated with
letrozole (115 pg/kg BW/day;
¢) or letrozole and estradiol
benzoate (115 pg/kg BW/day
each; d) administered s.c. to the
mother beginning on day 100
(term = day 184). Original
magnification = 1000X. =——
10 pm magnification bar

containing numerous oogonia/oocytes and pregranulosa
cells (Fig. 1a). By late gestation, the fetal ovary was
comprised almost exclusively of primordial follicles with
only a few germ cell nests from which follicles emerged
still evident (Fig. 1b). In contrast, in the fetal ovary of
estrogen-suppressed baboons, germ cell nests were still
present and primordial follicles in the ovarian cortex less
abundant (Fig. 1c). In baboons in which estrogen was
restored, fetal ovarian follicle formation (Fig. 1d) was
similar to that of untreated (i.e., estrogen-replete) animals.

Expression of transferrin receptor

Immunocytochemistry confirmed that the apparent inten-
sity of transferrin-receptor protein expression in the fetal
ovary was very low at midgestation (Fig. 2a) and moderate
to extensive in virtually all sections of fetal ovary exam-
ined in late gestation and localized to oocytes of primordial
follicles (Fig. 2b, inset). Thus, in late gestation, punctuate
expression of the transferrin receptor was abundant and
detected throughout the oocyte cytoplasm. Moreover,
expression extended to the surface of the oocyte and in
close proximity to the cytoplasm of the granulosa cell,
presumably reflecting expression of the receptor in the
microvilli of the oocyte which we previously showed
extend to the cytoplasm of the granulosa cells [4]. Trans-
ferrin-receptor protein was not detected on the surface of
the granulosa cells adjacent to the oocyte (Fig. 2b inset)
and was minimal in the oocyte nucleus as evidenced by
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Fig. 2 Representative
photomicrographs of
transferrin-receptor expression
in fetal ovary on day 100 (a)
and 165 (b and inset) of
gestation in baboons untreated
and on day 165 in animals
treated with letrozole (¢) or
letrozole and estradiol benzoate
(d) as described in legend of
Fig. 1. Paraffin-embedded
sections were incubated with
antibody to transferrin receptor,
stained green with streptavidin
conjugated with Alexa Fluor
488, and treated with propidium
iodide to stain nuclei red.
Original magnification = 400 x
a—d; insets = 1000x. gc
Granulosa cell, n oocyte
nucleus, cyfo oocyte cytoplasm.
25 pm magnification bar;
magnification bar for insets to b,
c,and d = 10 pm

absence of yellow dots and thus absence of colocalization
of protein (green) with propidium iodide stained (red)
nuclei (Fig. 2b). In fetal ovaries of animals in which
estradiol levels were suppressed and folliculogenesis and
the number/height of oocyte microvilli reduced [4] by
in vivo treatment with letrozole, the apparent intensity of
transferrin-receptor expression by oocytes of primordial
follicles was minimal (Fig. 2c, inset) and in several sec-
tions not detectable. Significantly, in late gestation, fetal
ovary of baboons treated with letrozole and estradiol which
restored oocyte microvilli [4] intensity of transferrin-
receptor expression was moderate in oocytes of virtually all
primordial follicles examined (Fig. 2d, inset). Moreover, as
in ovaries of untreated baboons, punctuate expression of
the transferrin receptor was abundant throughout the
cytoplasm, extended to the surface of the oocyte but was
absent in granulosa cells and the oocyte nucleus. Speci-
ficity of the primary antibody was confirmed by absence of
signal in sections of fetal term ovary incubated without
primary antibody (not shown).

Expression of Ki67

At midgestation, Ki67 was abundantly expressed and
localized to the nuclei of several, but not all pregranulosa
cells, and oogonia/oocytes but not oocytes that had become
encapsulated by pregranulosa to form a primordial follicle
(Fig. 3a, inset). By late gestation, Ki67 was primarily
expressed throughout the oocyte nucleus and either
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dispersed in numerous nucleolar foci or a single nucleolus in
oocytes of primordial follicles (Fig. 3b, inset). In contrast, in
ovaries of estrogen-suppressed fetuses, Ki67 expression was
not only reduced in intensity, but also appeared to be
localized to limited number of distinct nucleolar foci
throughout the oocyte nucleus (Fig. 3c, inset). Significantly,
in baboons treated with letrozole and estradiol, Ki67
expression was partially restored to that in untreated animals
and thus abundant in nuclei of oocytes of primordial folli-
cles (Fig. 3d) and either dispersed throughout numerous
nucleolar foci or a single nucleolus (Fig. 3d inset). Speci-
ficity of primary antibody was confirmed by absence of
signal in sections of fetal term ovary incubated without
primary antibody (Fig. 3e).

As seen in Fig. 4, at midgestation, DNA fragmentation
was detected in several oogonia/oocytes present in germ
cells nests (Fig. 4a). However, by late gestation, DNA
fragmentation was negligible in ovaries of baboons
untreated (Fig. 4b) or treated with letrozole (Fig. 4c).

Discussion

The results of the current study demonstrate that oocytes of
primordial follicles in the late gestation baboon fetal ovary
expressed the transferrin receptor on the surface and
throughout the cytoplasm of the oocyte. Moreover,
although transferrin-receptor expression appeared to extend
into the cytoplasm of surrounding granulosa cells, protein
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Fig. 3 Representative
photomicrographs of Ki67
expression in fetal ovary on
days 100 (a and inset) and 165
(b and inset) of gestation in
baboons untreated and on

day 165 in animals treated with
letrozole (¢ and inset) or
letrozole and estradiol benzoate
(d and inset) as described in
legend of Fig. 1. Paraffin-
embedded sections were
incubated with primary
antibody stained with
diaminobenzidine and Ki67
detected (brown precipitate) by
light microscopy or stained with
streptavidin conjugated with
Alexa Fluor 488 Green and
treated with propidium iodide to
stain nuclei red (insets).

e Section of late gestation fetal
ovary incubated without
primary antibody. Original
magnification = 400x; insets
1000x and enlarged
approximately twofold. =——
25 pum magnification bar;
magnification bar for

insets = 5 pm (a), 10 um (b—d)

was not detected on the opposite surface (i.e., away from
the oocyte) of these same granulosa cells. We previously
showed that the surface of the fetal oocytes of primordial
follicles in late, but not midgestation, is comprised of
numerous microvilli which extend into the cytoplasm of
surrounding granulosa cells [4]. Therefore, because the
transferrin receptor typically resides in and/or is a com-
ponent of microvilli in other organ systems [9], we suggest
that the transferrin receptor is expressed by the fetal oocyte
but not the granulosa cells of primordial follicles and
becomes localized to the oocyte microvilli. Although
additional studies are required to examine whether traf-
ficking of the receptor occurs in the fetal oocyte, the
abundant punctuate expression of the receptor detected
throughout the oocyte cytoplasm is consistent with this
suggestion. It is also possible, but remains to be deter-
mined, that the transferrin receptor is internalized by the
fetal oocyte of primordial follicles, as shown to occur in

several other cells when the receptor is bound by iron-
transferrin complex [23, 24].

Our study also showed that the ontogenesis between
mid- and late gestation of oocyte transferrin-receptor
expression and localization to the microvilli were pre-
vented in estrogen-suppressed fetuses and restored to
normal in baboons treated with letrozole and estrogen.
Therefore, we propose that the development of transferrin-
receptor protein expression by the fetal oocyte is regulated
by estrogen.

As previously demonstrated in the human fetal ovary
[18], pregranulosa cells and oogonia/oocytes in germ cell
nests that comprise the baboon fetal ovary at midgestation
expressed the nuclear protein Ki67. By late gestation,
although Ki67 was not detected in granulosa cells of pri-
mordial follicles, the protein continued to be abundantly
expressed by the oocytes and localized to the nucleus and
either dispersed throughout numerous nucleolar foci or a
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Fig. 4 Representative
photomicrographs of DNA
fragmentation in the baboon
fetal ovary on day 100 (a) and
day 165 (b) of gestation in
baboons untreated and on

day 165 in animals treated with
letrozole (¢) as described in
legend of Fig. 1. Paraffin-
embedded sections incubated
with ApopTag In Situ Apoptosis
kit and sections examined by
light microscopy. Original
magnification = 100x (a);
200x (b—c). 100 pm (a)
and 25 pm magnification bar
(b, ¢); magnification bar for
inset = 10 um

distinct nucleolus. Ki67 has also been detected in oocytes
of primordial follicles in the human fetal ovary at
weeks 28-32 and although expression was highly variable
[18] when detected was also localized to the nucleolus
[18]. Most interestingly, although Ki67 was detected in
oocytes (but not granulosa cells) of primordial follicles in
estrogen-suppressed fetuses of the current study, oocyte
expression was localized to only a few discrete nucleolar
foci and not throughout the nucleus or to a concentric
nucleolus as in estrogen-replete animals. In mitotic somatic
cells, Ki67 expression during early Gl is restricted to
numerous foci (considered sites of nucleoli reformation)
throughout the nucleus and only becomes localized to the
nucleolus in late G1, i.e., after the nucleoli are reassembled
[17]. Therefore, we suggest that oocytes of primordial
follicles exhibit a similar pattern of nucleolus dispersion/
formation during follicle formation and that the latter is
apparently an estrogen-dependent process.

It has been amply demonstrated that iron is required
for aspects of somatic cell function, most notably DNA
synthesis/cell proliferation [7] and that maturation of
mammalian cell systems in vitro will not occur if trans-
ferrin and iron are excluded [25]. In the adult human and
rodent ovary, the concentrations of iron and transferrin in
follicular fluid increase with advancing follicular matura-
tion and steroidogenesis [26, 27], and transferrin is often
added to culture media for studies of follicle or granulosa—
oocyte complexes [28]. Moreover, transferrin receptor is
expressed in oocytes of the human adult ovary [10] and
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oocyte uptake of transferrin increased with follicle devel-
opment [11]. Therefore, it is possible that the inability
of oocytes of estrogen-suppressed baboons to express
transferrin receptor and presumably to accumulate iron
underpins the changes noted in Ki67 expression.

The mechanism(s) by which estrogen acts to regulate
transferrin receptor and Ki67 expression by the fetal oocyte
remains to be determined. We recently demonstrated that
baboon fetal oocytes isolated by laser capture microdis-
section from ovaries in late gestation express mRNA and
protein for estrogen receptor (ER)f but not ERa [29].
Therefore, estrogen may regulate transferrin receptor and
Ki67 expression by exerting a direct effect on the oocyte
although the latter remains to be determined.

Devine et al. [30] have previously shown in the adult rat
ovary that oocytes undergoing demise but not programmed
cell death exhibited unique morphological changes,
including cytoplasmic vacuolization, retraction of their
microvilli as well as condensation of and loss of cristae
from mitochondria [30]. In estrogen-suppressed baboons of
the current study, however, alterations in oocyte expression
of the transferrin receptor and Ki67, as well as failure to
develop microvilli [4], oocytes did not exhibit DNA frag-
mentation and apparently may not be apoptotic. Therefore,
it is possible that the cytoplasmic vacuolization and
changes in mitochondria previously observed in oocytes of
estrogen-suppressed baboon fetuses [4] may be a sign of
another form of cell demise although the latter remains to
be determined.
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In summary, the results of the current study showed that
there was a developmental increase in expression of the
transferrin receptor by the oocyte of primordial follicles of
the baboon fetal ovary in late gestation which was pre-
vented in fetuses in which estrogen production was
suppressed and restored to normal by concomitant treat-
ment with estrogen. Therefore, we propose that the
development of transferrin-receptor expression by the fetal
oocyte is regulated by estrogen. The current study also
showed that oocytes of primordial follicles developed in
estrogen-replete animals expressed Ki67 which was local-
ized to nucleolar foci throughout the nucleus or to a distinct
nucleolus. In contrast, in estrogen-suppressed fetuses, Ki67
expression by oocytes in late gestation was reduced and
localized to a few foci around the nucleus suggesting that
nuclear maturation may be compromised. We suggest that
the concomitant failure of oocytes of estrogen-suppressed
baboons to express transferrin receptor and presumably to
accumulate iron which is required for DNA synthesis/cell
proliferation [7] is interrelated and perhaps underpins the
changes noted in Ki67 expression. Collectively, the results
of the current study and our previous studies further define
the critical role of estrogen in regulating fetal ovarian
development in non-human primates.
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