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Blastocyst formation rate depends on oxygen consumption rates.
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Fig. 3. Embryos with moderate respiration rates showed high developmental
rate (65.8%) to the blastocyst. The developmental rate of embryos
with lower and higher respiration rates was 39.0%,

Blastocyst formation rate after measurement of oxygen consumption.

% 2005/06~2007/06
100 N ___i
80 nd. -
o il L
40 + ey e e 1 LT
- i (tat
0 . L)
Oxygen consumption
measured group Control group
(179) (272)

Fig. 4. The safety of SECM is assured as the embryos which were examined by
SECM for oxygen consumption showed the same levels of development as

the control group.

biastocysts and for implantation [3]. A report on the
correlation between pronuclear pattern and pregnancy
rate suggested that groups with particular pronuclear
patterns tend to provide good results in pregnancy [4].
Morphological evaluation has been widely performed

to assess embryo quality because it is non-invasive and
useful in predicting pregnancy rate. Morphological
observations have contributed significantly to the great
success of ART programs in humans. In some cases,
however, even embryos with low quality result in
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successful pregnancy, whereas many good embryos,
as judged by morphological observation, fail to result in
pregnancy. Furthermore, morphological evaluation
remains one of the most subjective and least
quantitative aspects of embryo transfer, because
categorization standards vary among the investigators.
Recently, a very interesting study used time-lapse
cinematography to morphologically analyze human
embryonic development [5]. Numerous excellent
findings by this method indicatle that the dynamic
observation of human gametes during the early stages
of embryo development are of paramount interest for
clarifying the physiological events during the fertilization
process. The authors of that study suggested that there
may be some limitations in momentary morphological
observations of embryos which are dynamically
changing [5].

The blastocyst stage transfer was proposed so that
embryos could be evaluated, and some clinicians
perform day 5 embryo transfer, even now. The principle
idea is that, in vivo, cleavage stage embryos reside in
the Fallopian tube and not in the uterus. The potential
advantages of blastocyst culture and transfer include
the synchronization of the embryo with the female tract
leading to increased implantation rate and assessment
of viability of an embryo before transfer [6]. The theory
is sound and acceptable. The results of prospective
randomized studies, however, clearly show that there is
no advantage of the blastocyst stage transfer over the
conventional cleavage stage transfer [7, 8).

Other new methods are needed in ART, especially
selection methods to oblain the best quality embryos.
Fundamentally, in embryos, the maturation of
mitochondria is associated with increases in metabolism
reflected by their oxygen consumption and CO;
production [9]. So, mitochondrial function (oxygen
consumption) may be an important parameter of
embryo quality [9]. It Is well known that metabolic
processes change during embryonic development, as
indicated by genome activation and large increases in
protein synthesis. Oxygen consumption is a parameter
used to gain valuable information on metabolic
mechanisms. Oxygen consumption of mammalian
embryos has been studied with various methods such
as Cartesin a diver [9], spectrophotometrics [10-12],
fluorescence [13-15] and electrochemical techniques
[16-20].

The measurement of oxygen respiration rate (oxygen
consumption) of bovine embryos has been employed o
investigate the correlation between respiration rate and
embryo morphology, diameter and sex, and it has been

shown that the respiration rate is directly influenced by
embryo diameter but does not differ between sexes
[21]). So, respiration rates are only in partial agreement
with embryo morphology. suggesting a slight
discrepancy between these two methods of assessing
embryo quality, and it is likely that a combined
assessment of embryo respiration rate and morphology
would improve embryo classification and subsaquent
selection.

The accuracy and simplicity of a measuﬁng’ﬁxethod Is
an essential and important point. With regard to this,
the methods for measuring respiration rate for single
bovine embryos were reported [22, 23], The respiration
activity of single bovine embryos entrapped in a cone-
shaped microwell was monitored by scanning
electrochemical microscopy. Using this method, the
results for oxygen consumption rates of embryos of rank
A (very good) were significantly higher than those of
rank B (good). Furthermore, there were no apparent
differences of oxygen consumption rate between male
and female embryos [24). These resulis indicate that
the oxygen consumption rate of individual embryos
reflects their quality but does not correlate with the sex
ratio of embryos with excellent quality.

From the resulls of the present study, we deduce the
following: 1) embryos have different oxygen
consumption rates, even among morphologically similar
embryos; 2) there is no correlation between
morphological quality and respiration activity in human
embryos at the early developmental stage; and 3)
embryos with moderate respiration rates have better
potential for further development than those with lower
and higher respiration rates.

Conclusion .

SECM can be used to measure the oxygen
consumption of single human embryos at various
developmental stages. The maturation of mitochondria
correlates with the increase in oxygen consumption
during the development of embryos. The development
of mitochondria may be an important factor of embryo
quality, because mitochondria provide ATP for
embryonic development by metabolism of nutrients in
the cytoplasm. The SECM technigue may be a valuable
tool for accurately assessing mitochondrial function and
the guality of human embryos,

There was no correlation between morphological
quality and respiration activity in human embryos at the
early developmental stage. Embryos with moderate
respiration rates had better potential for further



development than those with lower or higher respiration
rates. The present results support the hypothesis that
measuring embryonic respiration provides additional
and valuable information about embryo quality,
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Synopsis

To know the mechanism of folliculogenesis, ovulation and formation of corpus luteum is essential
for the advance of reproductive medicine.

1. Folliculogenesis: in the early stage, follicles do not express FSH receptor. Thus, follicle growth is
independent of FSH action. We checked the mechanism of FSH receptor induction. We found that oo-
cyte derived factor, Bone Morphogenetic Protein-15 (BMP-15) and Growth Differentiation Factor-9
(GDF-9) induce inhibin/activin B B subunit in human granulosa cells. At this stage, follicles do not ex-
press inhibin o subunit. Namely, BMP-15 and GDF-9 might induce activin B which has strong poten-
tial to induce FSH receptor. We also found that BMP-6 and BMP-7 could also induce FSH receptor.

Once follicles gain FSH receptor, follicles can be dependent on FSH. At this stage, angiogenesis
around follicle is important. We found that hypoxic milieu is induced as the follicles grow, and hy-
poxia can induce angiogenic factors.

2. Ovulation: ovulation is known as an inflammatory response. We found that thrombin, which is in-
duced by LH surge can increase the inflammatory cytokines and MMP production. Also we found oo-
cyte factor BMP-15 plays a role in ovulation.

3. Formation of corpus luteum: we found that hypoxia and micro RNA are related to angiogenesis,
which leads to formation of corpus luteun.

We have shown that many factors, especially BMP family cytokines play important roles in ovar-
ian physiology. To better understanding of BMP cytokine family might open new insights for new
therapy of infertility.




Bone morphogenetic protein 7 (BMP-7) increases the
expression of follicle-stimulating hormone (FSH)
receptor in human granulosa cells

Jia Shi, M.D.* Osamu Yoshino, M.D., Ph.D.,"" Yutaka Osuga, M.D., Ph.D.,* Osamu Nishii, M.D.,
Ph.D.," Tetsu Yano, M.D., Ph.D..* and Yuji Taketani, M.D., Ph.D.*

* Department of Obstetrics and Gynecology. University of Tokyo, Tokyo: and " Department of Obstetrics and Gynecology.
Mizonokuchi Hospital, Teikyo University, Kawasaki, Japan

Objective: Toexamine the effect of bone morphogenétic protein 7 (BMP-7) on FSH receptor (FSHR) expression in
human granulosa cells.

Design: Laboratory study using human samples.

Selling: University hospital.

Patienl(s): Human granulosa cells were obtained from 60 women undergoing oocyte retrieval for IVF.
Intervention(s): Human granulosa cells (GCs) were cultured with recombinant BMP-7, followed by RNA extraction.
Main Outcome Measure(s): mRNA levels of GCs were measured by real-time reverse-transcription polymerase
chain reaction.

Resull(s): Bone morphogenetic protein 7 increased FSHR gene expression in human luteinized granulosa cells,
whereas it decreased LH receptor gene expression. Bone morphogenctic protein 7 also increased FSH-induced cy-
clic adenosine monophosphate production in GCs, indicating up-regulation of the cellular response o FSH. Al-
though BMP-7 increased gene expression of activin-gA and -8B in GCs. inhibition of activin function did not
affect the BMP-7-induced FSHR gene expression.

Conclusion(s): These findings provide new insight into the biologic function of BMP-7 in the human ovary and
demonstrate its unique mechanism of regulating FSHR action. (Fertil Steril® 2009; 1l : l - W, ©2009 by American

Society for Reproductive Medicine.)
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The pituitary gonadotropin FSH is a key hormone in the reg-
ulation of folliculogenesis and female fertility (1, 2), In the
ovary, FSH triggers cytodifferentiation and proliferation of
granulosa cells (GCs), ultimately resulting in the develop-
ment of preovulatory follicles (3, 4).

Because FSH acts on the ovary in an endocrine manner, the
expression of FSH receptor (FSHR) on target cells is essential
for modulation of ovarian function by FSH. It is well known
that FSHR is not expressed until midway through follicle devel-
opment. In mature follicles, maintenance of FSHR expression is
required to avoid death by atresia (5-7). Therefore, it is important
to elucidate the mechanism responsible for regulation of FSHR
expression to better understand the process of folliculogenesis.

Several factors, such as activins (8, 9), FSH (10), cyclic
adenosine monophosphate (cAMP) stimulants and cAMP an-
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alogs (11), are known to modulate the synthesis of FSHR
mRNA in GCs, Recently, the bone morphogenetic proteins
(BMPs), which are members of the transforming growth fac-
tor-g superfamily, have emerged as important players in ovar-
ian physiology and female fertility (12, 13). There is growing
evidence that BMP-7 can modulate steroidogenesis in a way
that promotes estrogen production while inhibiting progester-
one biosynthesis in many species (14-16). Bone morphoge-
netic protein 7 increases FSH mRNA levels in cultured
mouse ovaries (18). However, no information is available
on the effect of BMP-7 on human primary GCs, although
Abir ct al. (17) reported that BMP-7 and its receptors are ex-
pressed in human ovarian follicles. In view of the finding that
BMP-7 is expressed from small follicles (17), we hypothe-
sized that BMP-7 might increase FSHR mRNA levels in hu-
man ovarian follicles. In this study, we investigated the effect
of BMP-7 on FSHR expression using cultured human lutei-
nized granulosa cells (LGCs), aiming to elucidate possible
roles of BMP-7 in the human ovary.

MATERIALS AND METHODS

Reagents and Materials

Hyaluronidase, fetal bovine serum (FBS), DMEM/F12, and an-
tibiotics (mixture of penicillin, streptomycin, and amphotericin
B) were purchased from Sigma (St. Louis, MO), recombinant
human BMP-7 was purchased from R&D Systems (Minneap-
olis, MN), and SB-431542 was from Calbiochem (La Jolla,
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CA). Recombinant human FSH and activin-A were kindly pro-
vided by Nippon Organon (Tokyo, Japan) and Dr. Shunichi
Shimasaki (University of California, San Diego), respectively.

Cell Culture of Human Luteinized Granulosa Cells

The method to obtain and culture human LGCs was described
previously (19-21). Briefly, follicular fluid with LGCs was as-
pirated from 60 patients undergoing ovarian stimulation for in
vitro fertilization (IVF). The clinical reasons for IVF in these
patients were primarily male factor or tubal factor infertility.
Patients with ovarian dysfunction were excluded from the
study. The experimental procedures were approved by the insti-
tutional review board, and signed informed consent for use of
LGCs was obtained from each patient. All of the follicular as-
pirates from each patient were pooled and centrifuged at 200g
for 5 min, resuspended in phosphate-buffered saline (PBS)
with 0.2% hyaluronidase, and incubated at 37°C for 30 min.
The suspension was layered onto Ficoll-Paque and centrifuged
at 150g for 20 min. The LGCs were collected from the inter-
phase, washed with PBS, and cultured in DMEM/F12 medium
supplemented with 5% FBS and antibiotics (100 U/mL penicil-
lin, 0.1 mg/mL streptomycin, and 250 ng/mL amphotericin B)
for 15 min at 37°C to remove contaminating macrophage cells
from LGCs. Using this procedure, LGCs were isolated in the
supernatant and macrophages were attached to the culture
dish. The collected human LGCs were cultured in DMEM/
F12 containing 5% FBS and antibiotics in 12-well plates at
a density of 2 x 107 cells/mL and kept at 37°C in a humidified
5% CO4/95% air environment for 5 days. With this method, the
contamination of monocyte/macrophages and endothelial cells
were less than 1 % judged by immunochistochemistry for CD68
and von Willebrand factor, respectively (datanotshown). All of
the LGCs used for the experiments were precultured for 5 days
before treatments to allow the LGCs to regain sensitivity to
FSH stimulation (22). The media were changed at 48 hr inter-
vals. To evaluate the effects of BMP-7, human LGCs were
cultured with or without BMP-7 (100 ng/mL) for 24 hr. In
a dose-response study, LGCs were cultured with increasing
concentrations of BMP-7 (0-300 ng/mL) for 24 h. In the time
course experiments, LGCs were incubated with or without
BMP-7 (100 ng/mL) for 3, 8, 24, and 48 h. To investigate which
BMP receptor was used for induction of FSHR by BMP-7,
activin receptor-like kinase (ALK) 4, 5, and 7 inhibitor
SB-431542 was used before simulation with BMP-7 or acti-
vin-A. Recombinant BMP-7 was dissolved in 0.1% BSA + 4
mmoVl/L. HCI, and SB-43 1542 was dissolved in dimethylsulfox-
ide as vehicle. The same amount of vehicle was used for control.

Reverse Transcription and Quantitative Real-Time
Polymerase Chain Reaction Analysis

Total RNA was extracted from LGCs using the RNAeasy
minikit (Qiagen, Hilden, Germany). Reverse transcription
(RT) was performed using Rever Tra Dash (Toyobo, Tokyo,
Japan). One microgram of total RNA was reverse transcribed
in a 20-uL volume. For the quantification of various mRNA
levels, real-time polymerase chain reaction (PCR) was per-
formed using LightCycler (Roche Diagnostic, Mannheim,

Shi et al. BMP-7 increases FSH receplor

Germany) according to the manufacturer’s instructions. The
PCR primers were selected from different exons of the corre-
sponding genes to discriminate PCR products that might arise
from possible chromosomal DNA contaminants. The primer
sequences were as follows, FSHR (NM_000145: 174-196
and 510-492), inhibin-a (NM_002191: 369-388 and 602-
582), inhibin/activin-gA (NM_002192; 505-526 and 673-
653), inhibin/activin-B (NM_002193: 1184-1204 and
1325-1305), LH receptor (LHR) (NM_000233:747-767
and 981-962), ALK-6 (NM_001203: 356-375 and 761-
742), BMPR-II (NM_001204: 647-666 and 1075-1054),
and GAPDH (NM_002046: 628-648 and 1079-1060) (21).
The PCR conditions for FSHR, inhibin-a, and inhibin/acti-
vin-BA and -8B consisted of 40 cycles at 95°C for 10 s,
55°C for 10 s, and 72°C for 14 s, followed by melting curve
analysis. The PCR conditions for LHR consisted of 40 cycles
at 95°C for 10 s, 60°C for 10 s, and 72°C for 9 5, followed by
melting curve analysis. The PCR conditions for GAPDH con-
sisted of 35 cycles at 95°C for 10 s, 64°C for 10 s, and 72°C
for 18 s, followed by melting curve analysis. Expression of
cach mRNA was normalized by GAPDH mRNA. The tem-
perature condition for regular PCR was 94°C for 10 s, 55°C
for 4 s, and 72°C for 30 s. The number of PCR cycles was
22 for GAPDH, 25 for inhibin-a and inhibin/activin-gA, 30
for ALK-6 and BMPR-II, and 33 for inhibin/activin-gB,
FSHR, and LHR. The PCR products were analyzed by 2%
agarose gel electrophoresis with ethidium bromide.

Measurement of cAMP Levels

To assess the level of cAMP synthesis, LGCs were cultured in
48-well plates with DMEM/F12 containing 1% FBS and an-
tibiotics with or without BMP-7 (100 ng/mL) for 24 h. Then
cells were cultured with 0.1 mmol/L. IBMX, a phosphodies-
terase inhibitor, in the presence or absence of FSH (0.5 U/
mL) for 2 h. Conditioned medium was collected and the ex-
tracellular content of cAMP was determined using a cAMP
enzyme immunoassay kit (Caymen Chemical Company,
Ann Arbor, Michigan).

Statistical Analysis

All results are shown as mean =+ SD of data from at least three
separate experiments, each performed with triplicate sam-
ples. Data were analyzed by Student 1 test for paired compar-
ison and one-way analysis of variance with post hoc test for
multiple comparisons using Statview software (SAS Insti-
tute, Cary, NC). A P value of < .05 was considered to be sta-
tistically significant.

RESULTS

Effect of BMP-7 on FSHR and LHR mRNA levels in LGCs
The gene expression of receptor for BMP-7, ALK-6, and
BMPR-II was confirmed in LGCs by PCR (Fig. 1A). To in-
vestigate the effects of BMP-7 on FSHR mRNA induction
in human GCs, the cells were cultured with BMP-7 (100
ng/mL) for 24 h (Fig 1B). Notably, BMP-7 significantly in-
creased FSHR mRNA levels. On the other hand, BMP-7 sig-
nificantly suppressed LHR mRNA expression (Fig 1C). In
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