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Abstract: The absence of reliable markers to identify
viable embryos for transfer at the early cleavage stage
may contribute to the generally low implantation rates
and high incidence of multiple births associated with IVF
treatment. In the present study, we examined the relation-
ships among the timing of the first cleavage, incidence of
blastocyst formation in vitro, and pregnancy outcomes.
All embryos (n=1,748) were examined for early cleavage
at 25 h after insemination. Three groups were defined
based on the persistence of two pronuclei (PN group),
pronuclei breakdown (BD group), and early cleaved zy-
gotes (EC group). Each embryo (n=1,120) was cultured
until day 6 of development, and assessed for blastocyst
formation. The rate of blastocysts showing good mor-
phology was significantly higher in the EC group (44.7%)
than in the BD (26.9%) or PN (13.9%) groups. The cryo-
thawed good morphology blastocysts were transferred in
209 cycles. The clinical pregnancy rate was the highest
and the abortion rate was the lowest in the EC group.
These results indicate that early cleavage is indicative
of increased developmental potential in human embryos
and may be useful as an additional criterion when select-
ing embryos for transfer.
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Introduction

The number of infertile couples who have been treated
with assisted reproductive technology, such as in vitro
fertilization (IVF) or intracytoplasmic sperm injection
(ICSI), has steadily increased in the past two decades.
Using these techniques in combination with the vitrifi-
cation method of blastocyst embryos, the successful
transfer of embryos has reached more than 50% [1, 2].
However, many infertility clinics have reported a high in-
cidence of spontaneous abortion in the range of 18—30%
in assisted reproductive technology pregnancies [3—7].
Furthermore, the incidence of miscarriage has been
shown to be markedly higher in assisted reproductive
technology pregnancies than in normal pregnancies [7,
8].

Cytogenetic evaluations have revealed that more than
50% of sporadic spontaneous abortions are caused by
embryonic aneuploidy [7, 9]. This chromosomal abnor-
mality is frequently observed in oocytes recovered at ad-
vanced maternal ages. Oxidative stress in semen or the
epididymis also induces DNA damage [10]. When dam-
aged sperm penetrate oocyte or when sperm penetrates
an oocyte with abnormal chromosome separation, the
risk of spontaneous abortion is increased once the em-
bryo is transferred. Additionally, abnormal chromosome
separation frequently occurs during the first mitotic divi-
sion in in vitro fertilized eggs, including those from ICSI.
Yamagata et al. [11] used a live-cell imaging technique
to demonstrate that abnormal chromosome segregation
during the first mitotic division occurred in 26.3% mouse
eggs when fresh sperm was used for ICSI. Although ab-
normal eggs developed blastocyst embryos with a nor-
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mal morphology, their transfer resulted in a high rate of
spontaneous abortion [12].

The selection of normal chromosome-separated em-
bryos using a non-invasive technique is desired in infer-
tility care programs to reduce spontaneous abortion fol-
lowing embryo transfer. The timing of the first cleavage of
eggs has recently been proven useful in the selection of
embryos with the highest implantation potential. Several
studies have shown that the appearance of a two-cell
embryo between 25 and 27 h after insemination (defined
as early-cleaved embryos) yields better quality embryos
with higher implantation potential than late-cleaved eggs
[13—18]. Based on these findings, we hypothesized that
the late or early timing of the first mitotic division might
be associated with abnormal chromosome separation,
which might not affect developmental competence to the
blastocyst stage, but might markedly increase the risk of
spontaneous abortion following embryo transfer. The re-
lationship between the timing of the first mitotic division
and the rate of successful pregnancies was investigated
in previous studies using Day 2 or Day 3 fresh embryos
[13—18]. Thus, it is difficult to establish whether a delay
of the first mitotic division prevented the development to
the blastocyst stage, decreased implantation ability, or
increased the risk of spontaneous abortion. In the pres-
ent study, we monitored the timing of the appearance of
two-cell embryos and embryo development using a one
embryo culture system. All the developed blastocyst em-
bryos were frozen and subsequently used for embryo
transfer in control cycles, and the rate of spontaneous
abortion defined as miscarriage after an intrauterine
pregnancy was retrospectively analyzed.

Materials and Methods

Patients

We retrospectively examined 871 ICSI cycles at the
Women’s Clinic Oizumi-Gakuen between November
2007 and December 2012. This study was approved by
the Ethics Committee of the Women’s Clinic Ooizumi
Gakuen, and was performed with patient consent. All the
subjects were younger than 42 years old (range: 25—42).
Indications for ICSl-embryo transfer were a tubal fac-
tor (30.1%), male factor (21.3%), endometriosis (6.0%),
or unexplained infertility (45.8%). The inclusion criteria
were as follows: indications of ICSI for male infertility with
use of fresh ejaculated spermatozoa with at least 6 mil-
lion spermatozoa in the ejaculate and less than 4.0% in
the Kruger test. We also performed ICSI for patients for
whom fertilized eggs were not retrieved by conventional
methods in a previous IVF cycle.

Stimulation and oocyte retrieval

Four stimulation protocols were used in this study: the
gonadotropin-releasing hormone (GnRH) agonist proto-
col, the GnRH antagonist protocol, and the minimal stim-
ulation protocol with only clomiphene citrate or a combi-
nation of clomiphene citrate and gonadotropins.

In the GnRH agonist protocol, 900 ug of a buserelin ac-
etate nasal spray (Suprecur®; Hoescht, Frankfurt, Ger-
many) was administered daily, commencing on day 21 of
the previous menstrual cycle or on day 2 of the menstrual
cycle. In the antagonist protocol, 0.25 mg s.c. daily of a
GnRH antagonist (Cetrotide®; Shionogi Pharmaceutical
Co., LTD., Tokyo, Japan) was started when the dominant
follicle reached 15—16 mm in diameter. Ovarian stimula-
tion was achieved in every group with 150—-300 IU recom-
binant FSH (Follisutim®, MSD, Whitehouse Station, NJ,
USA), highly purified FSH or hMG (Follirumon P®, hMG
Fuji®; Fuji Pharmaceutical Co., LTD., Tokyo, Japan), dai-
ly from the third day of the menstrual cycle. Doses were
adjusted according to the ovarian response, as judged
by serum estradiol concentrations and ultrasound scans
every 2-3 days. Human chorionic gonadotropin (HCG
Mochida®, Mochida Pharmaceutical Co., LTD., Tokyo,
Japan), 5,000—-10,000 IU i.m., was administered to trig-
ger ovulation when patients had two or more follicles with
a mean diameter of 18 mm or greater. Oocyte retrieval
was performed 36 h after ovulation had been triggered.

In the minimal stimulation protocol, patients received a
daily dose of 50 mg of clomiphene citrate (Serophene®,
Merck Serono, Geneva, Switzerland) from day 3. If more
than three follicles were found to have grown on ultra-
sound scans on day 6, 100 IU recombinant FSH was
also administered every other day. A total of 300 ug of a
nasal GnRH analogue was administered to trigger ovula-
tion when the dominant follicles had a mean diameter of
18 mm or greater. Oocyte retrieval was performed 36 h
after ovulation had been triggered.

Fertilization and embryo culture

Oocytes were denuded to inspect the extrusion of the
first polar body, and all metaphase-IlI (MIl) oocytes were
inseminated with sperm using ICSI, as described else-
where [19]. Fertilization was determined by the presence
of the two pronuclei (2PN) and polar bodies 19-21 h after
ICSI. After fertilization, zygotes were cultured in micro-
drops of 25 ul Cleavage Medium (Cook Medical, Bris-
bane, Australia) under oil at 37 °C in 5% CO, until day
3. All zygotes that were normally fertilized (2PN) were
observed again in the afternoon of day 1 for early embryo
cleavage 25 h after ICSI. Three groups were defined
based on persistence of 2PN (PN group), 2PN break-



Table 1. Comparison of patient backgrounds according to the developmental prog-
ress of embryos among the EC, BD, and PN groups

EC BD PN P-value
No. of embryos 606 495 647
Incidence rate (%) 347 28.3 37.0
Female age (y) 358+3.4 358+34 36.0+£34 N.S.
IVF attempts 31+2.1 24+2.1 26+22 N.S.

Three groups were defined based on the observation at 25 h after ICSI: persistence
of two pronuclei (PN group), two pronuclei breakdown (BD group), and early
cleaved (EC group) zygotes. Data represent the mean + standard deviation or error.
N.S., Not statistically significant.

Table 2. Comparison of the incidences of early cleavage among the four ovarian stimulation protocols
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Agonist Antagonist Clomiphene  Clomiphene + Total

(n=604) (n=717) (n=123) FSH (n=304) (n=1,748)
Early cleavage (%) 197 (32.5) 222 (31.0)* 48 (39.0) 139 (45.7)* 606 (34.7)
Pronucleus breakdown (%) 181 (36.6) 200 (27.9) 29 (23.6) 85 (28.0) 495 (28.3)
Persistent pronucleus (%) 226 (34.9) 295 (41.1)° 46 (37.4) 80 (26.3)° 647 (37.0)

Early cleavage: cleavage was observed 25 h after ICSI. Pronucleus breakdown: pronucleus disappeared 25 h after
ICSI. Persistence of two pronucleus: pronucleus persisted 25 h after ICSI. N.S.; Not statistically significant. Same

letters indicate significant differences. P<0.05.

down (BD group), and early cleaved zygotes (EC group).

Blastocysts with an excellent morphology after 6 days
culture, were frozen. Blastocysts were graded on Day 5
and 6 of culture according to Gardner and Schoolcraft’s
system [20]. On Day 5 and 6, an embryo of grade =3BB
was considered an excellent morphology embryo [21].
Clinical pregnancy was assessed by three successive,
positive plasma B-hCG concentrations and the ultra-
sound detection of a fetal heartbeat after 6 weeks of ges-
tation. Miscarriage was defined as a spontaneous abor-
tion after an intrauterine pregnancy had been detected
by ultrasound. Patients with miscarriages were offered
dilation and curettage with karyotype analysis. The rela-
tionships between the early occurrence of the first mitotic
division and the fertilization rate, early embryo develop-
ment, pregnancy rate, abortion rate, and delivery rate
were determined retrospectively.

Statistical analysis

Data were compared using the x2- and Student’s t-
tests. The two-way ANOVA method was used for multiple
groups. A P value of <0.05 was considered significant.

Results

Relationship between the timing of the first cleavage in
the embryo and developmental ability to the blastocyst
stage

The clinical records of the patients and distribution of
embryos according to the developmental progress of the
embryos are collectively summarized in Table 1. A total
of 1,748 zygotes were classified as PN, BD, and EC in
observation 25 h after ICSI. The data show that 34.7%
of the zygotes belonged to the EC group, 28.3% of the
zygotes in which the pronucleus disappeared, but did
not divide belonged to the BD group, and 37.0% of the
zygotes in which the pronucleus was still observed be-
longed to the PN group. The timing of the first mitotic divi-
sion was not significantly affected by the age of the sub-
jects or the number of IVF attempts. However, the early
cleavage rate of the antagonist protocol group (31.0%)
was significantly lower than that of the clomiphene + FSH
protocol group (45.7%) (Table 2).

The categorized embryos (387 early cleavage embry-
os, 338 2PN breakdown embryos, and 395 two pronu-
clei embryos) were cultured until day 6. Two way ANOVA
showed that the blastocyst formation and the quality of
embryo were affected by the timing of the first division,
but were not affected by the ovarian stimulation protocol
(Table 3). The rate of blastocyst formation was signifi-
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Table 3. ANOVA for influence of between the timing of the first cleavage and the ovalian

stimulation protocol

Source df P-value
Blastocyst formation Timing of the first cleavage 2 0.0004
Ovalian stimulation protocol 3 0.4507
Excellent morphology blastocyst Timing of the first cleavage 2 0.0018
Ovalian stimulation protocol 3 0.4207
Clinical pregnancy Timing of the first cleavage 2 0.0043
Ovalian stimulation protocol 3 0.6860
Abortrion Timing of the first cleavage 2 0.0055
Ovalian stimulation protocol 3 0.5349
df; degree of freedom.
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Fig. 1. Comparison of blastocyst formation rates according to the timing of the first

division and ovarian stimulation.

PN, persistence of two pronuclei (PN group); BD, two pronuclei breakdown (BD
group); EC, early cleaved (EC group) zygotes at 25 h after ICSI.
Same letters indicate significant differences (P<0.05).

cantly higher in the EC group of each ovarian stimulation
protocol except for clomiphenes (Fig. 1). The same effect
of early cleavage was observed on the rate of excellent
morphology blastocyst (Fig. 2).

The late onset of the first cleavage of the embryo pre-
dicted a low pregnancy rate and increased abortion risk

To determine whether the early onset of the first cleav-
age of the embryo could be used to predict pregnancy,
cryo-thawed blastocyst embryos were transferred in 209
cycles: 109 cycles were from the EC group, 57 cycles
from the BD group, and 43 cycles from the PN group
(Table 4). A single blastocyst embryo of good morphol-

ogy was transferred in each cycle. The clinical pregnancy
rate was the highest in the EC group. The clinical preg-
nancy rate and spontaneous abortion rate were signifi-
cantly affected by the timing of first embryo cleavage,
but not by the ovarian stimulation protocols (Table 3). A
significantly higher rate of pregnancy was observed in
the EC group than in the PN group (Table 4). The rate of
spontaneous abortion of the PN group was significantly
higher than those of the EC and BD groups. Villous chro-
mosome analysis was performed on eight miscarried
embryos from the PN group. The karyotypes of all em-
bryos showed aneuploidy, as shown in Table 5.
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Fig. 2.

Comparison of excellent morphology blastocyst formation rates according to the

timing of the first division and ovarian stimulation.

PN, persistence of two pronuclei (PN group); BD, two pronuclei breakdown (BD
group); EC, early cleaved (EC group) zygotes at 25 h after ICSI.

Same letters indicate significant differences (P<0.05).

Table 4. Results of cryo-thawed blastocyst transfers for EC, BD, and PN groups

EC BD PN P-value
No. of cycles 109 57 43
Female age (y) 353+33 356+3.5 355+4.2 N.S.
IVF attempts 31+£2.0 3.0+2.0 34427 N.S.
Ovalian stimulation protocol
Agonist Clinical pregnancy (%) 21/32 (65.6) 13/21 (61.9) 6/15 (40.0) N.S.
Abortion (%) 0/21 (0)*® 4/13 (30.8)* 4/6 (66.7)° abp <0.01
Antagonist Clinical pregnancy (%) 24/37 (64.9)° 10/21 (47.6) 4/14 (28.6)° °P<0.05
Abortion (%) 1/24 (4.2)¢ 0/10 (0)¢ 3/4 (75.0)%¢ dep<0.01
Clomiphene Clinical pregnancy (%) 5/8 (62.5) 2/3 (66.7) 0/3 (0) N.S.
Abortion (%) 0/5 (0) 0/2 (0) 0/0 (=)
Clomiphene+FSH Clinical pregnancy (%) 22/32 (68.8)" 8/12 (66.7)¢ 1/11 (9.1)"¢ P <0.01,2P <0.05
Abortion (%) 2/22 9.)" 1/8 (12.5)! 1/1 100  "P<0.05,'P<0.01
Total Clinical pregnancy (%)  68/109 (62.3)  33/57 (57.9%  11/43 (25.6Y% ¥kp<0.01
Abortion (%) 3/68 (4.4)! 5/33 (15.2)™  8/11(72.7)"™  'P<0.01,"P<0.05

Three groups were defined: persistence of two pronucleus (PN group), two pronucleus breakdown (BD group), and early
cleaved (EC group) zygotes at the observation 25 h after ICSIL. Data represent the mean =+ standard deviation or error. N.S.; Not
statistically significant. Same letters indicate significant differences.

Discussion

The selection of embryos with a high developmental
potential is essential for improving the success of as-
sisted reproductive techniques. Embryo scoring systems
based on embryo morphology have been developed and
used to select embryos for transfer [22, 23]. However,
morphological features are not a suitable quantitative
method, because deciding on a strict quality rating is dif-

ficult [24, 25]. An embryo respiration measuring system
has recently been developed to examine embryo qual-
ity using Scanning Electrochemical Microscopy (SECM),
which assays oxygen consumption in the embryo [26,
27]. The embryos are selected based on their respira-
tion activities and are predicted to have high implantation
rates [27]; however, the instruments and skills needed to
analyze respiration activities are required by each labo-
ratory. Monitoring the early onset of the first cleavage of
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Table 5. Villous chromosomal abnormality in miscarried em-
bryos derived from PN zygote

Patientno.  age(y) No. of IVF attempts karyotype
1 30 3 47,XY, 22
2 35 5 47,XY 22
3 35 4 47, XX +8
4 36 3 47,XX 422
5 36 2 47,XY, 22
6 38 2 47,XX+16
7 39 2 47,XY 22
8 39 1 47,XX+15

the zygote has proven useful for the selection of embryos
without any specialized equipment [13, 15].

The transfer of embryos from early cleaved zygotes at
first mitosis has been associated with higher pregnancy
and implantation rates than those of late cleaved em-
bryos [13—18]. Moreover, a positive correlation has been
reported between early cleaved zygotes, excellent qual-
ity four-cell embryos, and blastocyst development [16,
17]. Consistent with these findings, we demonstrated a
significant increase in blastocyst development when em-
bryos were derived from early cleaved zygotes than from
breakdown or pronucleus zygotes.

The reason for the low developmental competence in
breakdown and pronucleus embryos has not yet been
elucidated in detail in human ICSI embryos. However,
one possibility is that a defective fertilization process
causes not only the late formation of pronuclei and de-
layed onset of the first mitotic division, but also results in
low developmental ability to the blastocyst stage. Oocyte
activation, the resumption of meiosis from metaphase Il
to anaphase Il after the penetration of sperm, was shown
to be induced by Ca?* oscillation [28, 28]. The transient
and repetitive induction of Ca2* from the endoplasmic re-
ticulum (ER) to the cytoplasm is known to degrade cyclin
B to reduce cyclin-dependent kinase 1 (CDK1) activity
and also Mos to decrease extracellular signal-regulat-
ed kinase 1/2 (ERK1/2) activity [29—-31]. Because both
these factors are required for the maintenance of the
metaphase |l stage, these reductions are initiators that
emit the second polar body and form the male and fe-
male pronuclei [31]. The Ca?* oscillation also selectively
breaks down maternal mRNA, and starts zygotic gene
transcription (zygotic activation) [32]. Marked changes
are required for the alternation from oocyte to embryo
specific functions, including cell division and metabolism
[32]. The Ca?* oscillation is induced by sperm-secreted
phospholipase C zeta (PLCZ), which produces inositol
1,4,5-triphosphate (IP3) which in turn releases Ca?* from

the ER via IP5 receptors [29, 33]. The expression level of
PLCCZ is known to differ among sperm (30), and the IP;
receptor is modified (phosphorylated) during oocyte mat-
uration [34]. Thus, low activity of PLCC or IP5 receptors in
sperm-injected oocytes may induce an insufficient Ca2*
oscillation, resulting in not only the delayed formation of
pronuclei and first mitotic cleavage, but also impairment
of the ability of fertilized eggs to develop to the blastocyst
stage.

Magli et al. reported that the rate of chromosomal ab-
normalities was significantly higher in arrested or slow-
cleaving embryos than in embryos with eight cells 62 h
after insemination [35]. Abnormal chromosome segre-
gation during the first mitotic division was observed in
26.3% of ICSI eggs in mouse oocytes. Yamagata et al.
reported that even abnormal eggs could develop into
blastocyst embryos with a normal morphology [11], which
suggests that it is difficult to determine whether abnormal
chromosome separation leads to a slow speed cleavage
or the delayed timing of mitotic division induces abnor-
mal chromosome separation. However, Yamagata et al.
also revealed that the embryo transfer of blastocysts with
abnormal chromosome copies led to a high rate of spon-
taneous abortion in the mouse [11]. In previous studies,
40-60% of blastocyst embryos were shown to be aneu-
ploid [12, 36].

Cytogenetic evaluations of sporadic spontaneous
abortions revealed that 50-70% of blastocyst embryos
were chromosomally abnormal [37, 38]. Moreover, villous
chromosome analysis was performed on eight miscar-
ried embryos derived from PN zygotes in the present
study, and all of them had chromosomal abnormalities.
Since the delayed onset of the first mitotic cleavage,
which might have been induced by the low activity of
sperm and/or oocyte, leads to abnormal chromosome
separation, monitoring the time of the first mitotic division
should be useful for selecting excellent quality embryos
for embryo transfer.
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