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GDF-9; 4) the nonaromatizable androgen DHT rescued the fol-
licvlar growth arrest by GDF-9 down-regulation; and 5) the spe-
cific AR antagonist flutamide suppressed GDF-9-induced pre-
antral follicle growth in vitro. These results suggest that GDF-9
controls ovarian follicular development from the preantral
stage to early antral stage by up-regulating follicular androgen
biosynthesis. ’

The exact role of GDF-9 on follicular differentiation during
preancral-early antral transition is not clear (19). Nevertheless, it
is possible that GDF-9 stimulates thecal cell recruitment, prolif-
eration, and differentiation and induces the formation of thecal
cell layer during this early srage of the follicular development.
Ovaties from GDF-9 null mice exhibit a developmental block at
the primary follicle stage, which is characterized by failed thecal
layer formation in early follicles {22). GDF-9 is belicved to be
more important for the differentiation than the recruitment of
thecal cell because the double-mutant (GDF-9 and inhibin-a)
mouse exhibits morphological thecal cells surrounding the pre-
antral follicles without detectable selecrive thecal markers,
CYP17A1 and LH receptor (23). GDF-9 trearment increases an-
drogen production in cultured rat theca-interstitial cells (18) and
promotes murine ovarian expression of the specific thecal cell
marker CYP17A1 (22). A recent study also indicated that GDF-9
increases thecal cell nunber and DNA synthesis in thecal cells of
small bovine follicles {19). In the present studies, we demon-
strated that GDF-9 augments androgen production and
CYP17A1 mRNA expression in the preantral follicles, whereas
GDF-9 down-regulation suppressed this response, indicating
that GDF-2 is involved in the thecal cell differentiation during
preantral-early antral transition. Whether the increased follicu-
lar CYP17A1 content is a result of increased thecal cell number
and/or CYP17 levels per cell remains to be elucidared.

Ovarian androgens, primarily androstenedione and testos-
terone, are produced by thecal cells and act via receptors (ARs)

" localized to granulosa cells, stromal cells, and oocytes (14}. In-
activation of AR in female mice results in premature ovarian
failure, indicating that normal folliculogenesis requires AR-
mediated androgen action (17). AR expression is highest in gran-
ulosa cells of rat small preantral and early antral follicles (24),
raising the possibility that androgens are important paracrine
regulators of follicular growth during preantral to early antral
transition. Although androgens have long been implicated as an
inhibitor of antral follicular development (25, 26), recent evi-
dence suggests that the effect of androgens on follicular growth
is dependent on the stage of follicular development and that
androgens also have a growth promoting role in early folliculo-
genesis. Administration of testosterone or DHT to adult rhesus
monkeys significantly increased the number of preantral and
small antral follicles as well as granulosa and thecal cell prolif-
eration (27). I vitro studies have shown that androgens (e.g.
testosterone, DHT, androstenedione) stimulate preantral follicle
growth and granulosa cell mitosis in mice (28), the transition of
primary follicle to secondary follicle in cattle (29), and follicular
survivalin humans (30). An AR antagonist, but not an aromatase
inhibiror, inhibited this growth response, indicating that the con-
version of androgens to estrogens was not responsible for the
follicle growth (31). DHT has also been shown to enhance por-
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cine granulosa cell proliferation by facilitating the action of
GDF-9 in vitro (32). In the present study, the nonaromatizable
androgen DHT, but not estradiol, rescued the follicular growth
arrest by GDF-9 down-regulation. The specific AR antagonist
flutamide suppressed GDF-9-induced preantral follicle growth
in vitro. These findings suggest thar androgens exert 2 direct
stimulatory action on the follicular development, especially dur-
ing the preantral-early antral stage transition.

Androgens enhance the FSH action in the follicles by increas-
ing FSH recepror expression, FSH-induced granulosa cell aro-
matase activity and proliferation, and follicular growth (33).
GDF-9 augments FSH-induced preantral follicle growth (4, 17),
whereas GDF-9 down-regulation suppressed FSH-stimulated
follicular development. Although GDF-9 is required for the ex-
pression of FSH receptor in rat preantral follicles (4), whether
these growth responses are modulated through thecal androgen
actions awaits further investigation.

Tetsuka et al. (24) reported that a gradient of AR immuno-
staining existed in large follicles of the rar ovary, with cumulus
cells and antral granulosa cells strongly expressing more AR
protein than do peripheral layers. Nevertheless, the present result
suggests that GDF-9 is not the oocyte-svcreted factor that influ-
ences AR expression in follicles because GDF-9 did not alter AR
mRNA levels in the cultured preantral follicles.

Previous study showed that GDF-9 stimulates basal estradiol
synthesis in rat undifferentiated granulosa cells but suppresses
FSH-induced progesterone and estradiol production (12). Be-
cause granulosa cells often undergo luteinization in culrure (34)
and excess FSH induces premature granulosa cell differentiation
in vitro (35), it is possible that some of the granulosa cell re-
sponses in vitro might be more relared to a potential role for
GDF-9 in inhibiting premature luteinization rather than to its
effect on normal follicular function (13, 18). Neverthelcss, the
present studies indicate that GDF-9 stimulates preantral follicle
production of estradiol, but not progesterone, although whether
GDF-9 enhances the expression of aromatase in granulosa cells
and/or increases the synthesis of androgen substrate for aroma-
tization remains to be elucidated. In the GDF-2 MO-injected
follicles, FSH stimulated progesterone and estradiol production
in the preantral follicles irrespective of the presence of GDF-9,
which might be related to the FSH-induced expression of steroi-
dogenic acute regulatory {36), CYP11A1 (36), and CYP19A1
(37) genes in granulosa cells. Solovyeva et al. (18) reported that
GDF-9 enhanced forskolin-stimulated androstenedione produc-
tion in rat theca-interstitial cells, whereas Spicer et al. reported
that GDF-9 inhibits LH and IGF1-induced steroidogenesis by
bovine thecal cells (19). Whether thecal cells also undergo lu-
teinization in vitro and GDF-9 modulates this process, is not
known.

Although the present results suggest that GDF-9 controls pre-
antral follicle growth by up-regulating thecal CYP17Al expres-
sion and androgen biosynthesis, whether the observed effect of
GDF-9 is mediated through a dircct action on thecal cells or
indirectly on granulosa cells remains to be investigated. GDF-9
signals through a complex of type | (activin-like receptor
kinase-$) and type Ii (BMP receptor type II) membrane serine/
threonine kinase receptors (38}, resulting in the phosphorylation
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and activation of Sma- and Mad-related protein (Smad)-2 and
Smad3 in granulosa cells (38-40). In rodents, activin-like re-
ceptor kinase-5 mRINA/protein and Smad2/3 proteins are ex-
pressed in the oocyte, granulosa, and thecal cells of both prean-
tral and antral follicles (41), whereas BMP receptor type Il
mRNA expression is observed only in granulosa cells (42). These
results suggest that thecal cells are not capable of responding to
GDF-9 and that GDF-9 indirectly modulates thecal cell function

through a granulosal factor(s). Nevertheless, one could not ex-

clude the possibility that additional type I and type II receptors
for GDF-9 might be present in thecal cells because in vitro studies
demonstrared direct actions of GDF-9 on thecal cell androgen
synthesis in rats (18) and cattle (19).

Intracellular Smad signaling molecules might also play roles
in controlling CYP17A1 expression and steroid production in
various types of cells. There are eight Smad proteins in total,
Smad1-8. Typically, Smad2/3 are activated by members of the
TGF-B/activin subfamilies (e.g. TGF-g, activin, and GDF-9), and
Smad1/5/8 are activared by members of the BMP subfamilies
(e.g. BMP-4,-6,-7,and -15). BMP-4, -6, and -7 suppressed basal
and LH-induced CYP17A1 mRNA expression and androgen
production in bovine thecal cells (43). Miillerian-inhibiting sub-
stance, which also interacts through the Smad1/5/8 pathway,
inhibits the cAMP-induced expression of CYP17A1 mRNA in
Leydig cells (44). In contrast, Smad2/3 signaling activated by
activin increases CYP17A1 expression and steroid production in
adrenal cells (45), which resembles GDF-9 action in the present
results. It has also been demonstrated that Smad3 interacts with
AR in prostate cancer cells (46).

In summary, we examined whether and how docyte-derived
GDF-9 controls follicular development and steroidogenesis dur-
ing preantral-early antral transition by a combination of in vitro
gene manipulation (/.e. intracocyte injection of GDF-9 antisense
oligos) and preantral follicle culture. Using this in vitro model,

we have shown that GDF-9 plays an important role in promoting’

preantral follicle growth by up-regulating follicular androgen
biosynthesis. GDF-9 is essential for CYP17A1 expression during
follicular development from preantral to early antral stage.
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Abstract: Scanning electrochemical microscopy
(SECM) is a non-invasive and sensitive technique for

measuring cellular respiration. In this paper, we review .

the SECM technique, to establish it as an accurale
method for measuring the respiratory activity of single
cumulus-oocyte complexes (COCs) and oocyles in
animals as well as in humans. Oxygen consumption
rates of COCs are influenced by the surrounding
cumulus volume and the mitochondrial activity of the
cumulus cells. An increase in the oxygen consumption
rate was found in bovine oocytes, whereas the oxygen
consumption of human oocytes tends to decrease
during in vitro maturation (IVM). To analyze the
metabolic activity of mitochondrial respiration, ATP
content and mitochondrial distribution in bovine oocytes
have been examined. An electron microscopic study
confirmed mitochondrial reorganization in bovine
cocytes during oocyte maturation. These results show
that the respiratory activity of oocytes changes with
maturation status during IVM and mitochondrial
reorganization may partly influence respiratory activity.
The SECM procedure is therefore a useful technique for
evaluating the metabolic activity and quality of cocytes
and cumulus cells in the IVM process.
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Introduction

The in vitro maturation (IVM) of human oocytes is an
attractive technique that provides a patient-friendly
approach to assisted reproductive technology. IVM is
relatively simple with a shorter period of treatment and
lower costs than conventional in vivo fertilization (IVF).
For anovulatory patients with polycystic ovaries (PCO),
a decrease in the dose of ovarian stimulating drugs
towers the risk of ovarian hyperstimulation syndrome.
IVM has been successfully applied to animals [1, 2].
Cha et al. were the first group to show the success of
IVM in human beings using immature donor oocytes
retrieved from antral follicles [3]. Recent studies have
demonstrated that the results from IVM are comparable
to those achieved with contemporary IVF [4, 5§]. The
applicability and development of IVM technology is
dependent on the improvement of in vitro culture
systems. During in vitro culture, cumulus cells play an
important role in cocyte maturation. If provided with the
several factors that are essential for normal nuclear and
cytoplasmic maturation, oocytes can mature and
develop to an embryo after fertilization [6]. Therefore,
an appropriate evaluation of cumulus-oocyte complexes
(COCs) is indispensable for evaluating the quality of
oocytes and improving of the results of IVM.

Over the years, several approaches have been used
to evaluate COCs. Morphological evaluation is the main
technique used to assess COC quality and to predict
the subsequent maturation of oocytes in the IVM
process. However, morphological evaluations are
subjective and difficult, especially for COCs with



intermediate morphological qualities. Therefare, more
objective evaluation criteria are needed. Previous
studies have suggested that a greater understanding of
the metabolic respiration of cumulus cells might yield
new strategies for evaluating the.quality of bovine
oocytes [7, 8]. In this paper we describe the
morphological evaluation of COCs and the application
of a novel cell respiration measuring system using
scanning electrochemical microscopy (SECM) to the
assessment of the metabolic activity of cumulus cells
and oocytes in bovine and human specimens.

Morphological Evaluation of Cumulus-oocyte
Complexes and Oocytes

An appropriate evaluation of COCs is indispensable
for the improvement of the IVM system, because
cumulus cells play an important role in oocyte quality.
For a morphologically precise evaluation of human
COCs, size of an oocyte is an important parameter.
The precise evaluation of human COCs is needed to
predict the competence of oocyte maturation. Prior
research has indicated that the diameter of immature
oocytes is one of most reliable parameters for predicting
oocyte quality. Eppig and Schroeder reported that mice

oocytes isolated from females younger than 13 days of

age are capable of spontaneous break down of the
germinal vesicle (GVBD) when the mean diameter is
greater than 60 ;m [9]. In a study of porcine immature
oocyte, progression to metaphase If was observed in
40% of oocytes that were over 110 xm in diameter,
whereas no oocyte less than 90 #m in diameter
resumed meiosis [10]. In rhesus monkey oocytes, in
which meiotic competence occurs late during oocyte
development, oocyte diameters appear relatively
constant as the competence to undergo GVBD
increases. These phenomena suggest that there is no
association between oocyte diameter and maturation
[11].

In comparison to animal systems, little is known about
humans. Based on data from unstimulated polycystic
ovary syndrome (PCOS) patients, Caviila ef al. deduced
that an oocyte diameter of 81 xm at the time of retrieval
was the threshold for GVBD, whereas oocytes of more
than 103 xm would mature to metaphase Il [12]. They
also noted that, during in vitro human oocyte
maturation, an increase in the average diameter of only
3 ym (from 106 to 109) represents a large change in the
cytoplasmic volume (increasing an astonishing 8%
during culture), suggesting that oocyte diameter
provided valuable information about oocyte potential
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during IVM. In a proposal for the precise evaluation of
human immature cocytes, the two-dimensional area of a
depiction image was calculated using image analysis
software “Image J".

Another important parameter of ococyte morphological
quality is the volume of the human cumulus mass.
During IVM, cumulus cells are known to maintain the
oocyte nucleus at the GV stage [13]. Expanded human
cumulus-oocyte complex patterns have a higher
expression of LH receptor mRNA and are associated
with more efficient cocyte maturation [14]. Early reports
supported the idea that cumulus expansion during IVM
improves the developmental capacity [15, 16). In mice,
the fertilization rate of IVM matured oocytes is
correlated with the quantity and quality of the expanded
cumulus mass [17]. The mechanical loss or
spontaneous loss of cumulus cells from COCs has been
shown to correlate with a loss of fertilizability [18].
Therefore, the quantity of cumulus mass is a factor
influencing the success of IVM. For the morphological
classification of cumulus mass, some researchers have
separated the cumulus patterns into multilayered and
expanded [19, 20].

In this review, we have estimated the multilayered
and expanded cumulus mass as the consecutive
change and made objective evaluations utilizing an
image analysis software program. The COC area was
calculated by tracing the edge of the cumulus mass. If
the edge was not clear (usually observed in the
expanded cumulus mass), the image was analyzed
using an edge enhancement mode. The multiple layer
formation of the cumulus mass was presented as the C-
ratio (area of COC / area of immature oocyte). Forthe
morphological evaluation of human COCs, forty-two
human COCs, retrieved from eight women with the
PCOS during an IVM program, were used. Ali COCs
were aspirated 38 hours post-hCG between the 10th
and 12th day of the menstrual cycle and cultured for 26
hours in TCM199 medium with 10% patient serum, 100
IU/L. human chorionic gonadotropin and 75 IU/L follicle
stimulating hormone under an atmosphere of 5% CO,,
5% O, and 80% N,. The parameters analyzed were (1)
Area; area of the immature oocyte and (2) Layer;
multiple layer formation of the cumulus mass, presented
as the C-ratio. As shown in Fig. 1, these two
morphological parameters were compared between the
immature (germinal vesicle: GV or metaphase i: Ml) and
mature (metaphase I1: Mil) oocyté groups after in vifro
culture. In the Area comparison, the mean level of Area
was significantly higher in the mature group (8,886 ¢
184 vs. 9,806 ¢ 161, Mean + SEM, P < 0.05). In the
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Fig. 1. Comparison of morphological parameters of human
immature oocyte and COCs. a: Area, Aren of immature
oocyte; b: Layer, Multiple layer formation of cumulus
mass was evaluated as C-ratio (Area of COC / Area of
immature oocyle). Area and Layer were analyzed
before in vitro culture and compared prospectively
between mature (MIT) and immature (M1 or GV) group.
* *% significantly different (P < 0.05).

Layer comparison, the mean level of the C-ratio was
significantly higher in the mature group (5.8 + 0.8 vs.
10.3 + 1.6, Mean £ SEM, P < 0.05). These results
suggest the C-ratio is a useful parameter for predicting
the maturation status of oocytes in the IVM process.
Subsequently, we examined the relationship between

the cumulus mass morphology and the oocyte quality.
Human COCs were classified into five grades based on
cumulus mass morphology as follows: Grade 1 (G1),
cumulus cells with multi-layers covering the whole
oocyte, and a regular round oocyte; Grade 2 (G2),
cumulus cells with multi-layers (less than three layers),
covering the whole oocyte and a regular round oocyte;
Grade 3 (G3), regular round oocytes with cumulus cells
covering half of the domain; Grade 4 (G4), naked
oocytes without cumulus mass; Grade 5 (G5), naked
and irregular shaped oocytes (Fig. 2). High maturation
rates of immature oocytes were detected in G1 and G2
(70.0% and 64.3%, respectively) in contrast to the lower
maturation rate of 17.7% (mean percentage from G3 to
G5).

Cumulus cells are a production site of steroids,
growth factor, proteins and other compounds that
contribute to cytoplasmic maturation of oocytes.
Beneficial effects of cumulus cells on microtubule
dynamics and/or chromatin stability, oocyte maturation
and early embryonic development have been reported
in many species, including humans [21-23]. Cumulus
cells are also known to play an important role in the
regulation of the meiotic progression of oocytes. During
the growth and development of meiotic competence of
an oocyte, the cumulus cells are responsible for
maintenance of nuclear arrest at the germinal vesicle
(GV) stage by transfer of an inhibitory signal through
gap junctions which elevates the intracellular cyclic
adenosine monophosphate (CAMP) level in the oocytes

Fig. 2. Light micrographs of human COCs classified by morphological evaluation. (a)
Grade 1, cumulus cells with multi-layers covering the whole oocyte, and a regular
round oocyte; (b) Grade 2, cumulus cells with multi-layers (less than three layers),
covering the whole oocyte and a regular round oocyte; (¢) Grade 3, regular round
oocytes with cumulus cells covering half of the domain; (d) Grade 4, naked
oocytes without cumulus mass; (e) Grade 5, naked and irregular shaped oocytes.
Bars = 20 um.



[24, 25). Although the precise regulation mechanism of
meiotic progression Is still controversial [26]), it has been
suggested that well-developed cumulus cells have the
capacity to regulate appropriate maturation and the
development of immature cocytes.

Evaluating the Quality of Embryos and Oocytes
with Measurement of Respiration Activity with
an Electrochemical Measuring Technique

The metabolic activity of embryos and oocytes has
been determined from the consumption of nutrients,
such as glucose, pyruvate and amino acids [27~-30].
Oxygen consumption is an idea indicator of overall
metabolic activity because adenosine triphosphate
(ATP) is predominantly generated by oxidative
phosphorylation, a process in which oxygen plays an
essential role [31-33]. Oxygen consumption by
embryos and oocytes has been studied with various
measuring techniques, such as the Cartesian diver [34,
35], spectrophotometry [36, 37), ultrafluorescence
measurements [38, 38], and self-referencing
microelectrodes [40-43).

Electrochemical measurement using scanning
electrochemical microscopy (SECM) is a technique in
which the tip of a microelectrode monitors the local
distribution of electro-active species, such as oxygen
near the sample surface [44). This technique can
measure the concentration profile of a metabolic
product around a spherical sample, such as an embryo,
with a probe microelectrode. We have employed the
SECM technique to examine oxygen consumption by
single embryos [45]. Using a modified SECM
measuring procedure, we quantified the respiration
activity of embryos in several animal species including
humans [46]). SECM can non-invasively measure the
respiration activity of single embryos from livestock,
such as cattle and pigs, as well as those from small
rodents, all with high reproducibility. We recently
demonstrated that bovine embryos with high oxygen
consumption are better candidates for further
development into good quality embryos and yielded
higher pregnancy rates after embryo transfer. The
respiration activity correlates with the embryo quality.
SECM is a highly sensitive and non-invasive method for
measuring cellular respiration and may be a valuable
tool for accurately assessing the quality of embryos,
which could contribute to improved outcomes in
assisted reproduction, including human IVF. On the
other hand, an accurate method for evaluating the
respiratory activity of oocytes remains to be developed.
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Table 1. Oxygen consumption rates (F x 10'*/mol -s™') of
bovine COCs and denuded oocytes in oocyte
maturation cultures

Maturation status COC (n) Oocyte (n)
Immature 5.48 +0.82 (16)° 0.67+0.02 (16)°
Mature 3.15 £ 0.42 (20)° 1.10 = 0.05 (20)°

Values with different superscripts in each column differ sig-
nificantly (P < 0.05).

Oocyte quality could be the most important factor in
determining successful fertilization and embryo
development. Therefore, we attempted to establish an
evaluation system for oocyte quality based on the
respiratory activity of cocytes.

In previous studies, we evaluated the SECM
technique, to establish an accurate method for
measuring the respiratory activity of single bovine and
porcine oocytes [8, 48]. With the SECM procedure,
oxygen consumption of bovine COCs and denuded
oocytes was monitored (Table 1). Oxygen consumption
rates (x 10%¥/mol - s~') of immature COCs and oocytes
(immediately after recovery from an ovary) were 5.48
and 0.67, respectively. Although the respiration rate of
denuded oocytes was lower than that of cumulus cells,
the oxygen consumption rate by a single bovine oocyte
was quantitatively measured by SECM.

*Oxygen consumption has been monitored in COCs
and oocytes cultured in serum-free medium for ococyte
maturation. An increase in the oxygen consumption rate
was found in oocytes [1, 10}, whereas the oxygen
consumption by COCs [3, 15] decreased during IVM. To
analyze the metabolic activity of mitochondrial
respiration, the ATP content and mitochondrial
distribution in oocytes were examined. The ATP content
of oocytes after maturation culture was significantly
higher than that of immature oocytes (Fig. 3). In
immature oocytes, staining with MitoTracker Orange
revealed mitochondrial clumps with a strong signal in the
periphery of the cytoplasm (Fig. 4). After IVM, the
mitochondriatl clumps were located more toward the
center of the cytoplasm. An electron microscope study
confirmed mitochondrial reorganization in bovine
oocytes during cocyte maturation (Fig. 5). These results
show that the respiratory activity of bovine oocytes
increases during IVM and mitochondrial reorganization
may thus be partly due to the respiratory activity.
Therefore, we consider the SECM procedure is a useful
technique for evaluating the metabolic activity and
quality of single oocytes.
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Fig. 3. (a) The ATP content and (b) proportion of vocytes categorized by ATP content:
immature and mature bovine oocytes. *: significantly different (P < 0.05).

Fig. 4. Midline confocal sections of (a, b) immature and (¢, d; cultured in
IVMD101 medium) mature bovine oocytes stained by MitoTracker
orange. Bars = 50 ym.



Fig. 5. Electron micrographs of (a) immature and (b) cultured
in serum-free maturation medium mature oocytes. a:
Many aggregates of mitochondria (M) and cortical
granules (CG) were present in the cortex cytoplasm. b
Cortical granules were distributed in the periphery of
the cytoplasm, but aggregates of mitochondria were
not found. ZP, zona pellucida. Arrows: microvilli.
Bars = 2 zm.

Measuring the Respiration Activity of
Human COCs and Oocytes

In this part, we review the respiration activity of human
COCs and oocytes. Eighty-five human COCs retrieved
from eighteen women with the PCOS during an IVM
program were examined. Informed consent for the use of
the COCs in this study was obtained from all the patients.
Thirteen of the eighteen women were administered a
short course of follicular stimulating hormone (FSH) and
five women accomplished an IVM program without the
use of FSH before hCG administration. All COCs were
aspirated 36 h post-hCG between the 10th and 12th day
of the menstrual cycle and cultured 26 h in TCM199
medium with 10% patient serum, 100 IU/L human
chorionic gonadotropin and 75 IU/L follicle stimulating
hormone under an atmosphere of 5% CO,, 5% O, and
90% N,. Cellular unevenness of the cumulus mass has
an influence on SECM measurement results. Therefore,
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Table 2. Oxygen consumption rates (F x 10'¥/mol -s™')
of human COCs classified by morphological

evaluation
Category Pre-culture (n) Post-culture (n)
Gl 7.79 £ 1.00(50) 6.11 £0.74 (50)
G2 1.46 £ 0.15(25) 1.63 £0.33(25)
G3 1.26+0.35(8) 1.60 % 0.55 (8)
G4 0.86+0.30(2) 0.79+0.11(2)
G5 0.77 (n 0.35 (1)
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Fig, 6. Correlation between oxygen consumption rate
and C-ratio.

the oxygen consumption rate was measured three times
for each COC and the mean was used as the measured
value.

Relationship between the oxygen consumption rates
and morphological categories of human COCs in the
pre-culture and post 26 hours-culture stages is shown in
Table 2. A linear correlation between the oxygen
consumption rate and the C-ratio was shown in Fig. 6
(correlation coefficient: r? = 0.423, P < 0.01). The
respiration activity measured by SECM showed that the
respiration activity of human COCs with multi-layer
cumulus cells (G1) was higher than in the other
categories (G2-G5). Ultrastructual studies revealed
that the cumulus cells in G1 COCs, which showed high
respiration activity, contained many well-developed
mitochondria. In contrast, undeveloped mitochondria
were scattered in the cumulus cells in G3 COCs (Fig. 7).
These results suggest that respiration rates are directly
influenced by the surrounding cumulus volume and
mitochondrial activity in cumulus cells.

A comparison of the oxygen consumption fluctuation
between the pre-culture stage and after 26 hours of
culture is shown in Fig. 8. In the FSH administration
group, the mean oxygen consumption rate tended to
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Fig. 7. Electron micrographs of human cumulus cells. Many
well-developed mitochondria (M) are present in the
cumulus cells of the Grade 1 COC (left image). In
contrast, mitochondria showing small size are
scattered in the cumulus cells of the Grade 3 COC. N:
Nucleus. Bars = 1 gm.

decrease after 26 h of culture (5.62 + 0.83 vs. 4.25 %
0.58). In contrast, the mean oxygen consumption rates
were similar between the two stages in the non-FSH
administration group (4.07 £ 1.19 vs. 4.17 £ 1.02).
There was no clinical advantage gained by extending
the FSH pre-treatment from 3 to 6 days to produce
follicles more than 10 mm in diameter [49]. On the other
hand, Wynn et al. demonstrated a higher maturation
rate in a FSH treatment group [50]. In their study, the
maturation rate to metaphase |l was higher in the FSH

(@)

administration group (68.3% vs. 61.3%, in comparison
to the non-FSH administration group, unpublished
data). The benefit of FSH pre-treatment remains
controversial and the development competence cannot
be evaluated because of the limitations of the current
study protocol.

The efficacy of the administration of hCG remains
controversial. In hCG protocol, all patients are
administered hCG before oocyte retrieval. After the LH
surge, oocytes resume the first meiotic division and
enter the second division [561]. At the same time,
cumulus mass begins to change to the expanding form.
Cumulus expansion may influence a variety of
fundamental developmental changes which occur
during fertilization. Regarding the use of hCG in bovine,
the cumulus cells from antral follicles as small as 5 mm
have mRNA transcripts for LH receptors and may
respond to hCG stimulation [52]. This finding provides
evidence of a mechanism by which hCG begins the
maturation process of small antral oocytes in vivo and
facilitates the completion of meiosis in vitro. Chian et al.
demonstrated that the percentage of oocytes achieving
maturation after 48 h in vitro culture was significantly
higher in the hCG-primed group than in the non-hCG-
primed group during human IVM-IVF [53].

Finally, the results of the respiration measurement of
single human oocytes using a SECM system are listed
in Table 3. The oxygen consumption rate of pre-
cultured oocytes (GV stage) was 0.49 x 10'“/mol-s™",

(b)

® 81 FSH + 81 FSH -
o
%69 6-
§ 2 4- 1 4
5 <
2 oy 2
o)
0 0
Pre- Post 26 Pre- Post 26
culture hours culture hours

Fig. 8. Comparison of oxygen consumption with or without FSH administration
at the pre-culture stage and after 26 h of culture. (a) oxygen
consumption rate in the FSH administered group and (b) in the non-FSH

administered group.



Table 3. Oxygen consumption rates (F x 10'%/mol -s™') of
human denuded oocytes in oocyte maturation

cultures
Maturation status Oxygen consumption rate (n)
GV (Pre-culture) 0.49 £ 0.07 (10)
GV or MI (Post-culture) 0.400.21 (19)
MII (Post-culture) 0.41 £0.15(30)

whereas the oxygen consumption rate tended to
decrease in matured Ml oocytes (0.41 x 10"/mol- s~).
These results suggest that the respiration activity of
human oocytes changes with maturation status of
oocytes, although the mechanism of this fluctuation
needs to be confirmed with further studies.

Conclusions

The SECM technique is a non-invasive and sensitive
method for measuring the oxygen consumption of
individual COCs and oocytes in animal species
including humans. The respiration activity of COCs is
directly influenced by the surrounding cumulus cell
volume and the mitochondrial activity of cumulus cells.
Biochemical and cytological studies strongly suggest
that oxygen consumption is an important parameter for
evaluating the competence of cocyte maturation. It may
be feasible to monitor the profile of an oocyte's
mitochondrial activity by measureing its oxygen
consumption, and select the oocytes that can sustain
fertilization and the development of embryos.
Therefore, the SECM technique may have a future in
clinical application as a predictor of oocyte quality which
could be used for determining to develop into good
quality embryos.
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Folliculogenesis is the process by which primordial follicles grow
and develop to the ovulatory follicle stage. Through this process,
one healthy follicle is usuaily selected for maturation in the spon-
taneous mensirual cycle. Tt has been reported that granulosa cells
{(GCs) of healthy follicles express activins and FSH receptor (1, 2).
Activins support GC survival and cell proliferation and maintain
the functional FSH receptor (3). Activation of FSH recepior
triggers cytodifferentiation and proliferation of GCs (3). Aithough
activins and FSH receplor are recognized as important factors
during folliculogenesis, the precise mechanism of activin and
FSH receptor expression is poorly understood.

A growing body of evidence indicates that the bone morphoge-
netic proteins (BMPs), members of the transforming growth fac-
tor-§ (TGF-8) superfamily, play a key role in female fertility in
mammals (4, 5). Among the BMPs, BMP-15, GDF-9, BMP-7,
and BMP-6 are expressed in the ovary. These four molecules main-

Jia Shi, M.D."

Osamu Yoshino, M.D., Ph.D.**

Yutaka Osuga, M.D., Ph.D.*

Kaori Koga. M.D,, Ph.D.*

Yasushi Hirota, M.D., Ph.D.*

Tetsuya Hirata, M.D., Ph.D.?

Teisu Yano, M.D., Ph.D.*

Osamu Nishii, M.D., Ph.D.?

Yuji Taketani, M.D., Ph.D.*

“ Department of Obstetrics and Gynecology, University of
Tokyo, Tokyo, Japan

b Department of Obstetrics and Gynecalogy, Mizonokuchi
Hospital, Teikyo University, Kawasaki, Japan

Received February 8, 2000; revised April 17, 2009; accepted May 5,
2009; published online June 21, 2009.

.).8, has nothing to disclose. .Y, has nothing to disclose. Y.O. has noth-
ing to disclose, K.K. has nothing to disclose. Y.H. has nothing to
disclose. T.H. has nothing to disclose. T.Y. has nothing to disclose.
O.N. has nothing to disclose. Y.T. has nothing to disclase.

Supported in part by Health and Labor Sciences Research Grants from
Ministry of Health, Labor and Wellare of Japan, and by Kowa Life
Science Foundation and Kanzawa Science Foundation.

Reprint requests: Osamu Yoshino, M.D., Ph.D., Department of Obstet-
rics and Gynecology, University of Tokyo, Tokyo 113-8855, Japan
{FAX: 81-3-3816-2017; E-malil: oyoshino§24@hotmail.co.jp).

Bone morphogenetic protein-6 stimulates gene
expression of follicle-stimulating hormone receptor,
inhibin/activin 8 subunits, and anti-Miillerian
hormone in human granulosa cells

Immunohistochemical staining using human normal ovaries showed that bone morphogenetic protein-6 (BMP-6) was
abundantly present in the granulosa cells (GC) of healthy tertiary follicles but not in atretic follicles. An in vitro study
showed that BMP-6 induced gene expression of FSH receptor, inhibin/activin § subunits, and anti-Miillerian hormone
(AMH) in human GCs, suggesting that BMP-6 is an important mediator to support healthy (ollicle growth in the
human ovary. (Festil Steril® 2009;92:1794-8. ©2009 by American Society for Reproductive Medicine.)

tain folliculogenesis by inhibiting early luteinization (4). In addi-
tion, each BMP has a specific role in folliculogenesis. BMP-15 and
GDF-9 have been of particular interest in the study of mammalian
reproduction. Mutation of the GDF-9 gene leads to arrested folli-
culogenesis in mice, ewes, and humans (4, 6, 7. In contrast, the
mutation of BMP-15 leads to arrested folliculogenesis in mono-
ovulatory species, ewes, and humans, but not in mice (4). Further-
more, an in vitro transfection system of 293 human embryonic
kidney and Chinese hamster ovary cell lines demonstrated that re-
combinant GDF-9 proteins of mice, ewes, and humans are readily
processed. Although human and sheep BMP-15 are processed in
this system, mouse BMP-15 is not produced (4). Thus, it has
been proposed that GDF-9 protein is essential for early folliculo-
genesis in mammals, whereas the rote of BMP-15 in folliculogen-
esis is different between species (4). Like BMP-15, the function of
BMP-6 in folliculogenesis appears to differ in ruminanis versus ro-
dents (8, 9). BMP-6 decreased FSH receptor, inhibin «, inhibin/ac-
tivin # subunits messenger RNA (mRNA) expressions in GC of
rats (8), whereas BMP-6 enhanced inhibin-A and activin-A pro-
duction in bovine GC (9). Regulation of activins and FSH receptor
is crucial in folliculogenesis (1, 2), thus these findings prompted us
1o investigate the roles of BMP-6 in the human ovary. We studied
the localization of BMP-6 in the ovary, and then examined the
effects of BMP-6 on folliculogenesis-related molecules in GC.
We also investigated the regulator of BMP-6 mRNA expression.

MATERIALS AND METHODS

Except where indicated, all reagents were purchased from Sigma
(St Louis, MO). Recombinant human BMP-6 and BMP-7 were
purchased from R&D Systems (Minneapolis, MN). A manoclonal
antibody against BMP-6 was purchased from Chemicon Interna-
tional (Billerica, MA). Recombinant human FSH and activin-A
were kindly provided by Nippon Organon (Tokyo, Japan) and Dr.
Shunichi Shimasaki (University of California, San Diego, CA),
respectively.

Collection of Ovarian Tissues and iImmunohistachemistry

Tissue specimens of human ovaries were obtained under signed in-
formed consent from eight women (age range, 28-40 years old)
who underwent salpingo-cophorectomy for the treatment of
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uterine cervical cancer. All patients had normal ovarian cycles be-
fore surgery and any histologic abnormalities and malignant le-
sions were not observed in ovarian tissues. The experimental
procedure was approved by the institutional review board (IRB).
Ovarian tissues were fixed in neutral-buffered formalin and
embedded in paraffin blocks, and 6-um sections were prepared.
Antigen retrieval was performed using sodium citrate buffer
(10 mM, pH 6.0) (10). The sections were stained with 2 ug/mL
anti-BMP-6 antibody or mouse IgG as negative control using an
Envision+ System/HRP Mouse (DAB+) kit (Dako, Tokyo, Ja-
pan). Healthy and atretic follicles were identified on the basis of
classic histologic features (11). Briefly, the healthy follicles had
multiple intact layers of GC, which lined the entire circumference
of the basal lamina. The atretic follicles displayed a variety of de-
generative changes; in atretic follicles, sheets of GC had dislodged
and were floating free in the antral cavity.

Cell Culture of Human Granulosa Cells

Granulosa cells were obtained from patients undergoing ovarian
stimulation for IVF. The method to purify and culure human
GC was described previously (12). The experimental procedures
were approved by the IRB, and signed informed consent for use
of GC was obtained from each patient. The collected human GC
were cultured in Dulbecco’s minimum essential medium
(DMEMYF12 containing 5% fetal bovine serum and antibiotics
in 12-well plates at a density of 2 x 10° cells/mL. To evaluate
the effects of BMP-6, human GC were culiured with or without
BMP-6 (100 ng/mL) for 24 hours. To investigate the regulation
of BMP-6, GC were cultured with BMP-6 (100 ng/mL), BMP-7
(100 ng/mL), E, (10 ng/mL), activin-A (100 ng/mL), FSH
(0.5 1U/mL), or 8-bromo-cyclic adenosine 3':5' monophosphate
(cAMP) (1 mM).

Reverse Transeription and Quantitative Real-Time
Polymerase Chain Reaction Analysis

Total RNA extraction from GC, the primer sequences and real-time
polymerase chain reaction (PCR) conditions were describe else-
where (12), except the primer sequence of anti-Miillerian hormone
(AMH) (NM_000479: 619-638 and 820-801) and BMP-6
(NM_001718: 420-44]1 and 839-820). All results are shown as
mean X SEM of data from at least three separate experiments,
each performed with triplicate samples. Data were analyzed by
Student’s t-test for paired comparison and one-way analysis of
variance (ANOVA) with post hoc test for multiple comparisons.
A P value less than .05 was considered statistically significant.

RESULTS
Localization of BMP-6 in Human Ovaries

The expression of BMP-6 in human ovaries was examined by im-
munchistochemistry. using normal human ovaries. As shown in
Figure la,c, BMP-6 expression was clearly detected in the oocyles
of primordial and primary follicles. BMP-6 was also detected in
GC. The intensity of the staining of BMP-6 in GC was barely de-
tected in primordial follicle, and low in GC of primary and second-
ary follicles (Fig. la,c,d), whereas it was high in GC of healthy
antral follicles (Fig. le,g). In contrast, BMP-6 staining was very
weak in GC of atretic follicles (Fig. 1fh).

The Effect of BMP-6 on Gene Expression of
Felliculogenesis Factors

Incubation of GC with BMP-6 (100 ng/mL) for 24 hours signifi-
cantly increased the gene expression of inhibin/activin SA and
BB subunits, but exerted no effect on inhibin a subunit mRNA
(Fig. 2a-c). Notably, BMP-6 caused a nearly threefold increase
in FSH receptor mRNA levels (Fig. 2d). BMP-6 also significantly
increased AMH mRNA levels (Fig. 2e).

Regulation of BMP-6 in Granulosa Cells

To investigate the regulation of BMP-6 gene expression, human
GCs were cultured with various stimuli. Because the growth of fol-
licles is highly influcnced by intraovarian factors (i.e., activins and
BMP-7), we checked whether these factors could induce BMP-6
expression. As shown in Figure 2f, activin-A (100 ng/mL) and
BMP-7 (100 ng/mL) increased the mRNA level of BMP-6,
whereas BMP-6 (100 ng/mL) itself had no effect. In addition,
8-bromo-cAMP, FSH, and E; did not alter BMP-6 mRNA levels
(data not shown).

DISCUSSION

In the present study, we demonstrated that BMP-6 is strongly ex-
pressed in GC of tertiary follicles and oocytes. In cultured human
GC, BMP-6 stimulated gene expression of the inhibin/activin A
and B subunits, but not the inhibin a subunit. BMP-6 also stim-
ulated mRNA expression of FSH receptor and AMH in cultured
human GC. In addition, BMP-6 gene expression in cultured human
GC was increased by activin-A and BMP-7.

Our immunohistochemical study revealed that BMP-6 protein
was strongly expressed in GC of healthy tertiary follicles
(Fig. le,g). In contrast, BMP-6 protein was only weakly expressed
in GC of atretic follicles (Fig. 1f.h). Because BMP-6 increased
mRNA expression of inhibin/activin 8 subunits in GC, the ob-
served expression pattern of BMP-6 in GC is consistent with the
finding that inhibin/activin 8 subunits are expressed in healthy fol-
licles, but not in the similarly sized atretic follicles (1). Serum FSH
concentration decreases in the latter half of the follicular phase.
Therefore, the sensitivity of follicles to FSH during this period is
critical and determines whether follicles become atretic or domi-
nant (2). In view of the present finding that BMP-6 increased the
expression of FSH receptor, follicles with high BMP-6 expression
may be more likely to survive the decrease in serum FSH, thus in-
creasing the chances of surviving to the dominant follicle stage.
This notion is also supported by the strong expression of BMP-6
in GC of healthy tertiary follicles. In contrast to our immunohisto-
chemical findings in human ovaries, the mRNA levels of BMP-6 in
GC were found to decrease at the time of dominant follicle selec-
tion in rats (13). Furthermore, our findings on the in vitro effects of
BMP-6 in cultured human GC are the opposite of that observed in
rats, in which BMP-6 decreased FSH-induced expression of FSH
receptor and inhibin/activin § subunits (8). One possible explana-
tion may be that the different expression patiern of BMP-6 in the
follicle between human and rat in vivo is due to the different effect
of BMP-6 on folliculogenesis between the species. Glister et al. (9)
also reported that in bovine GC, the effect of BMP-6 is different
from rat GC. Because there is a growing evidence that the expres-
sion pattern of BMP- 15, another BMP family cytokine, is different
from in mono-ovulatory and polyovulatory species, leading to the
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FIGURE 1

Localization of bone morphogenetic protein-6 (BMP-6) expression in human ovaries. The BMP-6 expression in normal human ovaries was
investigated by immunohistochemistry. Primordial follicle (a, b), primary follicle (c), secondary follicle (d), healthy tertiary follicle (e, g,) and

B L
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unhealthy tertiary follicle (f, h). (b) Negative control. Arrows indicate positive BMP-6 signal. GC = granulosa cells; TC = theca cells.
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concept that BMP-15 governs ovulation quota, mono, and polyo-
vulation (4), itis possible that the differences in BMP-6 expression
and functions between species might also be related to ovulation
quota.

Activin-A and BMP-7 increased mRNA level of BMP-6 in cul-
tured human GC. Activins and BMP-7 are derived from GCs and
theca cells, respectively (5), thus, an autocrine or paracrine mech-
anism might be working to regulate BMP-6 expression in the
follicle. Interestingly, activin-A and BMP-7 are both known to in-
duce FSH receptor (12). In view of the present finding that BMP-6

induced FSH receptor mRNA in GC, activin-A and BMP-7 might
induce FSH receptor partially by up-regulation of BMP-6 expres-
sion in GC.

Our immunohistochemical study also revealed that oocytes of
primordial and primary follicles strongly expressed BMP-6 pro-
tein (Fig. la.c). In primordial and primary follicles, which do
not express FSH receptor, activins are known to be important fac-
tors for follicle growth (3), but regulation of activins in the follicles
of this stage is not well understood. Given that BMP-6 secreted
from oocytes of primordial and primary follicles could act on
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FIGURE 2

(a-e) Effect of bone morphogenetic protein-6 (BMP-6) on inhibin « (a), inhibin/activin A (b), inhibin/activin 8B (c), FSH receptor (d), and anti-
Milllerian hormone (AMH) (e) messenger RNA (mRNA) expression. The granulosa cells (GC) were cultured with BMP-6 (100 ng/mL) for 24
hours. (f) Effect of various stimuli on BMP-6 mRNA expression. The GCs were cultured with activin-A, BMP-7, or BMP-6 (100 ng/mL) for 24
hours. Total RNA was extracted from the GCs and subjected to real-time polymerase chain reaction (PCR) to determine the mRNA levels. Data
were normalized to GAPDH mRNA levels. Data from three different experiments were combined and represented as the mean + SEM relative
to an adjusted value of 1.0 for the mean value of the each control. *P< .05 (vs. control). Bars with different letters indicate a significant

difference at P<.05.
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GC, activins, rather than inhibins, might be induced preferentially
in early follicles that do not express the inhibin & subunit abun-
dantly. Namely, BMP-6 derived from oocytes might be an inducer
of activins in the primordial and primary stages of folliculogenesis.
We also found that activin-A induced BMP-6 expression (Fig. 2f),
thus BMP-6 and activins might have a reciprocal effect on induc-
ing one another, especially in the early follicles.

Recently, AMH has been demonstrated to play an important role
in ovarian function with its inhibitory effect on follicle recruitment
(14). In addition, in humans, AMH has been found to be a marker

of ovarian reserve (14). Although it is reported that FSH and E»
down-regulate AMH expression in the GC (15), no AMH up-reg-
ulators have been identified to date. The present study provided the
evidence that BMP-6 increased expression of AMH. Thus, we hy-
pothesize that BMP-6 in the healthy growing follicles up-regulates
AMH expression, which, in turn, suppresses growth of the
surrounding primordial follicles, thereby preserving the ovarian
reserve.

In summary, BMP-6 is expressed in the GC of healthy, growing
follicles, but not in atretic follicles. BMP-6 increased gene
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expression of FSH receptor, inhibin/activin § subunits, and AMH,
contributing to the survival of healthy growing follicles and sup-
pressing depletion of the primordial follicle reserve. Cultured
GCs used in this study may not represent the stages of growing fol-
licles and further studies are needed. However, our findings that
BMP-6 regulates folliculogenesis-related genes in human GCs

are novel, and open new insights into our understanding of ovarian
physiology.
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REPRODUCTION-DEVELOPMENT

Interleukin (IL)-18 Stimulates Migration and Survival
of First-Trimester Villous Cytotrophoblast Cells
through Endometrial Epithelial Cell-Derived IL-8

Yasushi Hirota, Yutaka Osuga, Akiko Hasegawa, Ako Kodama, Toshiki Tajima,
Kahori Hamasaki, Kaori Koga, Osamu Yoshino, Tetsuya Hirata, Miyuki Harada,
Yuri Takemura, Tetsu Yano, Osamu Tsutsumi, and Yuji Taketani

Department of Obstetrics and Gynecology, Faculty of Medicine, University of Tokyo, Tokyo 113-8655, Japan

IL-1, secreted by human embryos and trophoblast cells, isimportant for successful implantation and
pregnancy. We previously reported that IL-18 induced IL-8 production in human endometrial
stromal cells (ESCs) and that induction was regulated by substances implicated in implantation. In
the present study using human primary cells in culture, we measured IL-1p-induced production of
IL-8 from endometrial epithelial cells (EECs) and ESCs and examined effects of the endometrium-
derived IL-8 on migration and number of first-trimester villous cytotrophoblast cells (vCTs). Both
basal and IL-1p-induced IL-8 levels of cell supernatants were much higher in EECs than ESCs.
Addition of IL-18 to EECs increased the chemotactic activity of the supernatants to vCTs, and
this effect was suppressed by immunoneutralization with anti-IL-8 antibody. Supernatants of
IL-1B-stimulated EECs yielded significantly higher number of vCTs compared with those of
untreated EECs, and the effect was inhibited by IL-8 antibody. These findings suggest that IL-1
promotes implantation by stimulating EECs to produce IL-8, which subsequently induces mi-

gration of vCTs and contributes to survival of vCTs. (Endocrinology 150: 350-356, 2009)

igration and survival of trophoblast cells are essential

for establishing a pregnancy. These phenomena are
conttolled elaborately by various substances that are secreted
from the embryo, the endometrium, or hoth during the im-
plantation process (1-5). In particular, molecular cross talk
between the embryo and endometrium is indispensable for
their coordinated development, which is required for success-
ful implantation (6, 7).

IL-1 is a typical cyrokine that affects the implantation process
atthe interface berween the embryo and endometrium (8-10). In
view of the findings that IL-1 increases secretion of prostaglandin
E2 and leukemia inhibicory factor (LIF) and expression of the
integrin B3-subunit in human endometrium (11-13), IL-1 may
be one of the first signals thac the blastocyst exerts on the endo-
metrium, The notion is also supported by evidence of IL-1 ex-
pression in human embryo and trophoblast as described below.
It has been shown that successful implantation after in vitro
fertilization is correlated positively with high concentrations of
IL-1& and JL-1B, two active ligands of IL-1, in the embryos’
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culture media (14, 15). Immunohistochemical studies have dem-
onstrated the localization of IL-18 in first-trimester villous cy-
totrophoblast cells (vCTs) (16, 17). In addition, an in vivo study
in mice has shown that administration of IL-1 receptor antago-
nist significantly reduces the number of implanted embryos (18).

With the aim of gaining a better undetstanding of the inter-
action berween the human endometrium and trophoblast, a re-
cent study identified the gene expression profile of endometrial
stromal cells (ESCs) cocultured with first-trimester trophoblast
explants (19). The sudy revealed that one of the most up-regulated
genes was chemokine IL-8, which was up-regulated mote than 300-
fold. In another study, IL-8 from decidual natural killer cells pro-
moted invasion of first-trimester extravillous trophoblast cells (20).
These findings imply thatendometrial IL-8 is involved in the process
of implantation under the stimulus of wophoblast.

Endometrial IL-8 acts as not only a chemoattractant of leu-
kocytes but also an autocrine growth factor (21). IL-8 acts on
cells through IL-8 chemokine receptors CXCR-1 and CXCR2,
which are expressed in endometrium (22). In contrast to the roles

Abbrevlations: CCK-8, Cell Counting KIt-8; CXCR, chemokine receptor; DNase!, deoxyrl-
bonudease ; EEC, endometrial epithelial cell; EEC-SN, supernatant of EEC; ESC, endome-
trial stromal cell; ESC-SN, supernatant of ESC; F12, Ham's F12 medium; FBS, fetal bovine
serum; HPF, high-power field; IL-BADb, IL-B antibody; LIF, laukemia Inhibitory factor; migG,
matsse igG1; PF, periteneal fluid; PL, peri f leukocyte; vCT, villous cytotrophoblast ceff,
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of IL-8 on endometrium, its chemotactic and proliferative cffects
on first-trimester vCTs still remain obscure. As for expression of the
receptors, a study has shown that CXCR2 is expressed in primary
first-trimester wophoblast cells and a rophoblast cell line BeWo
cells but has not examined the CXCR1 expression (23).

We reported previously that IL-1 induces IL-8 production in
human ESCs and the induction is modulated by substances that
are implicated in implantation (24, 25). Combined with the
above findings, we hypothesized that the development of tro-
phoblast in early pregnancy is affected by endometrial IL-8,
which is up-regulated by embryo-derived IL-1. To address this
issue, we first examined IL-18-induced preduction of IL-8 from
human endometrial epithelial cells (EECs) and ESCs. We then
assessed effects of the culture media from EECs stimulated by
IL-18 on migration and number of human first-trimester vCTs,

Materials and Methods

Reagents and materials

TypelIcollagenase, antibiotics, 2nd magnesium sulfate (MgSO,) were
purchascd from Sigma (St. Louis, MO). DMEM and Ham's F12 medium,
DMEM/F12, 0.25% trypsin and 0.25% trypsi/EDTA, were from Life
Technologies {(Rockville, MD), Charcoal-stripped fetal bovine serum
{(FBS) was from HyClone (Logan, UT). Ficoll-Paque Plus (1.077 g/ml)
was from Amersham Biosciences {Piscataway, NJ). Mouse monoclonal
antihuman IL-8 antibody (IL-8Ab), human recombinant IL-18 and hu-
man recombinant IL-8 were from R&D Systems (Minneapolis, MN).
Isotype control mouse IgG1 (migG) and mouse monoclonal anribodies
to human pan-cyrokeratin (AE1/AE3), human vimentin, and human
CD4S5 were from Dako (Glostrup, Denmark). Mouse monoclonal anti-
body to human cytokeratin 7 was from AbD Serotec {Oxford, UK).
Deoxyribonuclease I (DNasc I) was from Takara (Tokyo, Japan).

Tissue sources

Endometrial tissues were obtained from a total of 20 women (43.7 =
4,2 y1, mean * s) undergoing hysterectomy for benign gynecological
conditions such as utetine fibroids without endometrial pathologics. Al-
though the relatively high repraductive age range of the subjects and the
myometrium pathology results may place some limitations on the present
study, we used these samples due to the unavailability of endometrial

. tissue in healthy young women. Allsubjects had regular menstrual cycles
and had not received hormone therapy for at least 6 months before
surgery. Placental tissues between 5 and 8 wk of gestation (7.4 * 6.7 wk)
were obtained from a total of 25 women (29.6 * 6.7 yr)-undergoing
elective terminations of pregnancy for isolation of first-trimester vCTs.
Peritoneal leukocytes (PLs) were used as a positive control in the exper-
iment of RT-PCR. To obtain PL, peritoncal fluid (PF) wich PL was ob-
rained from a woman with endometriosis undergoing laparoscopy. PF
was collected via a laparoscopic cannula introduced into the cul-de-sac
before starting any manipulative procedures. The Institutional Review
Board of the University of Tokyo approved this study, and wrirten in-
formed consent for use of the tissue samples was obtained from each
woman. The tissues were collected under sterile conditions and were
processed for primary cell culrures.

isolation, purification, and culture of EECs, ESCs, first-
trimester vCTs, and PLs

The isolation and culture of human EECs and ESCs was carried out
as described previously (2, 26). Endometrial tissnes were minced and
incubated in DMEM/F12 containing 0.25% type 1 collagenase and 15
U/mi DNase I for 60 min at 37 C. The resulting dispersed endometrial
cells were separated by filtration through a 40-pm nylon cell strainer
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{Becton Dickinson, Lincoln Park, NJ). Intact endometrial epithelial
glands were retained by the strainer, whercas dispersed ESCs passed
throungh the strainer into the filtrate. ESCs in the filtrate were collecred
by centrifugation and resuspended in DMEM/F12 containing 5% FBS
and antibiotics. ESCs were then plated in a 100-mm culture plate and
incubated at 37 C in a humidified 5% C0O,-95% air atmasphere. At the
first passage, ESCs were plated at a density of 2 x 10° cells/well into
12-well culture plates for experimental use. Cells enriched with endo-
metrial cpithelial glands were collected by backwashing the strainer with
DMEM/F12, plated in a 100-mm plate, and incubared at 37 C for 60 min
to allow any contaminating stromal cells to attach to the plate wall. The
nonattached epithelial glands formed a monolayer of EEC after attach-
ment to culture plates, EECs ar a density of 2 X 10% cells/well in 12-well
culture plates were used for the experiments.

The isolation and culture of first-trimester vCTs were performed as
described previously (2). Briefly, the first-rrimester placencal tissues were
washed in PBS, and the soft villous material was cut away from connec-
tive tissue and vessels. The washed rissue was incubated in sterile PBS
containing 1 mM Mg80O,, 0.125% trypsin, and 30 U/m! DNase [ for 30
min at 37 C with mild stirring. The suspension was then filtered through
a 100-um nyloa cell strainer, and the cells were centrifuged at 200 X g
for 5 min to obtain a cell pellet, which was resuspended in DMEM/F12
with 5% FBS. The cell suspension was layered onto Ficoll-Paque Plus and
centrifuged ar 150 X g for 15 min. The cclls recovered from the interface
were washed with PBS and resuspended in DMEM/F12. The remaining
leukocytes were removed by plating the cells for 30 min, followed by
aspiration of the supérnatant enriched with cytotrophoblast cells. The
cells were washed with PBS, the medium was changed to DMEM/F12
with 10% FBS, and the cells were placed in type IV collagen-coated plates
{BD Biosciences, Bedford, MA) and incubated at 37 C in a humidified 5%
CQ,-95% air atmosphere. The cclls were plated at a density of 2 X 104
celle/well in 96-well plates for cell number assays, and at a density of 4 X
10° cellshwell in 6-well plates for RT-PCR and in vitro migration assay.
After incubation for 24 b, the cells were ready for experimental use.

PLs were collected as previously described (27). PF containing peri-
toneal leukocytes was centrifuged at 200 X g for S min, and the super-
natant removed. The cell pellet was resuspended in PBS, layered onto

" Ficoll-Paque Plus and centrifuged at 150 X g for 30 min. PLs were re-

covered from the interface.

We confirmed the purity of EECs, ESCs, vCTs, and PLs by immu-
nocytachemistry as we described previously (2). The purity of EEC prep-
atations was greater than 95%, as judged by positive cellular staining for
pan-cytokeratin (a marker for cpithelial cells), negative cellular staining
for vimentin {a marker for stromal cells), and CD435 {2 marker for leu-
kocytes). The purity of ESC preparations was greater than 98%, as
judged by positive cellular staining for vimentin and negative cellular
staining for pan-cytokeratin and CD45. The purity of vCT preparations
was greater than 90%, as judged by positive cellular staining for cyto-
keratin 7 (a marker for trophoblast cells) and negative staining for vi-
mentin and CD45. The purity of PLs was greater than 90%, asjudged by
positive cellular staining for CD4S.

Treatment of endometrial cell cultures

‘When ESCs and ERCs approached confluence, the complete media
were removed and replaced with fresh media and antibiotics,and the cells
were cultured for 24 h. The wells were then replenished with FBS-free
media containing different concentrations of IL-18 (0, 0.1, 1, and 10
ng/ml) and incubated for an additional 24 h. After IL-18 treatment, the
cell supernatants of ESCs and EECs (ESC-SN and EEC-SN, respectively)
were collected, centrifuged and stored at —80 C for subsequent analysis.

Measurement of IL-8 in endometrial cell supernatants
Concentrations of IL-8 in endometrial cell culture media were mea-
sured using human IL-8 ELISA kit (R&D Systems) following the man-
ufacturer’s protocol. Absorbance was read at 450 nm with the DigiScan
microplate reader (ASYS Hitech GmbH, Eugendorf, Austria). The total
amount of IL-8 in the culture medium was calculated from the liquid



