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Abstract: Recently, the quality of in vitro matured (IVM)
oocytes has been improved by numerous studies using
animal models. However, the implantation rates of IVM
oocytes remain lower than those of in vitro fertilization
(IVF). Chromosome abnormalities, which mainly oc-
cur during the first meiotic division, are often observed
in IVM oocytes. To clarify how the properties of the cu-
mulus cell layers relate to chromosome abnormalities of
oocytes during IVM, we investigated the occurrence of
aneuploidy and developmental competence using two
different media in a mouse model. Maturation rates were
significantly lower in denuded oocytes at oocyte collec-
tion in both types of maturation media as compared with
those of oocytes mechanically denuded just after col-
lection of cumulus-oocyte complex. Fertilization rates
and blastocyst rates were lower in Waymouth’s MB752/1
medium than in HTF medium. The occurrence of prema-
ture chromatid separation (PCS) remarkably increased
in Waymouth’s MB752/1 medium compared to HTF me-
dium. This demonstrates that denuded oocytes at oocyte
collection have low ability to progress to nuclear matu-
ration under IVM conditions. However, the fertilization
ability and developmental competence to the blastocyst
stage of denuded oocytes were fulfilled under a suitable
culture condition. We suggest that oocytes that are al-
ready denuded, before or during oocyte collection, have
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the potential to be matured in vitro if the denuded oocytes
are cultured in a suitable culture media.
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Introduction

Assisted reproductive technology has remarkably
developed and is greatly beneficial to infertile patients.
However, some patients still suffer from the adverse ef-
fects of gonadotropin stimulation of the ovaries for the
collection of mature oocytes in vivo. In particular, patients
with polycystic ovary syndrome, who are stimulated for
oocyte retrieval, frequently develop ovarian hyperstimu-
lation syndrome. One solution to this problem is imma-
ture oocyte collection from unstimulated or minimally
stimulated ovaries, followed by maturation of the oocytes
in vitro until metaphase Il (Mll), a procedure known as in
vitro maturation (IVM).

Many studies examining IVM of mammalian oocytes
have been reported to date. Clinical pregnancy rates with
embryos derived from IVM oocytes have gradually in-
creased; however, implantation rates are still lower than
those embryos created by conventional in vitro fertiliza-
tion (IVF) [1-4]. Synchronization of nuclear and cytoplas-
mic maturation is necessary to obtain adequate oocyte
developmental competence [5, 6]. However, nuclear and
cytoplasmic maturation are not synchronized in IVM oo-
cytes [1, 7, 8]. Additionally, chromosomal abnormalities
contribute to the low rate of implantation of embryos de-
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rived from IVM oocytes [8].

Chromosomal abnormalities primarily occur during the
first meiotic division [10, 11] and more frequently occur in
IVM oocytes than in mature oocytes in vivo [12]. Nearly
all embryos with chromosomal abnormalities result in
developmental arrest, abortion, and stillbirth; however,
some result in delivery [13]. The occurrence of chromo-
somal abnormalities in human embryos is higher than
that in mouse and hamster embryos [14]. Moreover, it
is possible that offspring with chromosomal abnormali-
ties can have intellectual disabilities, malformations, or
inheritable conditions that can be passed on to future
generations. Therefore, to avoid the risk of chromosomal
abnormalities, IVM culture media and techniques need
to be improved.

Chromosomal abnormalities during IVM have been
reported to be associated with culture media, addition
of follicle stimulating hormone (FSH), culture time, and
other factors in many species, including humans [15-1S].
Shioya et al. reported that poor cumulus cell layers de-
crease oocyte maturation and embryo development
rates [20]. Furthermore, the surrounding cumulus cells
have been shown to influence oocyte respiration activ-
ity [21]. Therefore, oocytes with poor cumulus cell lay-
ers are not generally used in IVM. However, in human
IVM, spontaneous loss or mechanical loss of cumulus
cells is observed during oocyte collection. To determine
whether the surrounding cumulus cells influence oocyte
chromosomal abnormalities during IVM, we investigated
the occurrence of aneuploidy and premature chromatid
separation (PCS) in matured oocytes using two different
media in a mouse model.

Materials and Methods

Immature female imprinting control region (ICR) mice
aged 3-4 weeks were used in the experiments. The
present study was approved by the Ethics Committee
for the Care and Use of Laboratory Animals of Tohoku
University. The mice were intraperitoneally injected with
5 IU of pregnant mare serum gonadotropin (PMSG) (Tei-
kokuzohki, Tokyo, Japan). Forty-eight hours later, the
mice were euthanized, and their ovaries were removed
and transferred into Leibovitz’s L-15 medium (Invitro-
gen, Carlsbad, CA) supplemented with 5% fetal bovine
serum (FBS)(Invitrogen). Germinal vesicle (GV) oocytes
were obtained as cumulus—oocyte complexes (COCs) by
puncturing the antral follicles from the ovaries using a
29-G needle. They were then washed 3 times in Way-
mouth’s MB752/1 medium (Invitrogen) supplemented
with 5% FBS and 0.23 mM sodium pyruvate (Sigma, St.

Louis, MO), or human tubal fluid medium (HTF)(Irvine
Scientific, Santa Ana, CA) supplemented with 5% FBS.
Denuded GV oocytes were collected using a stereomi-
croscope. Additionally, artificially denuded oocytes were
created from oocytes with compact and dense cumulus
cells by removing cumulus cells by pipetting for compari-
son with denuded oocytes. After washing and classifica-
tion, 10—20 GV oocytes were cultured for 12 h in 100-pL
droplets of each culture medium overlaid with paraffin
liquid (Nacalai Tesque, Kyoto, Japan) in a humidified
atmosphere of 5% CO, in air at 37 °C. The mature oo-
cytes were then identified, based on the presence of the
first polar body extrusion, under a stereomicroscope and
then prepared for use in the experiments.

For in vitro fertilization, male ICR mice aged 8-12
weeks were euthanized, and their caudal epididymal
spermatozoa were released by puncturing in HTF me-
dium supplemented with 4 mg/mL bovine serum albumin
(BSA) (Sigma). The samples were incubated for 1.5-2 h
at 37 °C to allow for capacitation. After IVM, MIl oocytes
were inseminated with approximately 2 x 105 motile
sperm per mL for 6 h in 200-uL droplets of HTF medium
overlaid with paraffin liquid in a humidified atmosphere
of 5% CO, in air at 37 °C. After 6 h of insemination, the
oocytes were determined to be fertilized and cultured in
KSOM-aa medium (Zenith Biotech, Guilford, CT) supple-
mented with 4 mg/mL BSA. The number of embryos at
the 2-cell cleavage and blastocyst stages was recorded
at 24 and 120 h after IVF.

To investigate aneuploidy and the occurrence of PCS,
chromosome preparations were produced as described
by Yoshizawa et al. [22]. MIl oocytes were first treated
with 1% hypotonic sodium citrate for 15 min at room tem-
perature. The oocytes were then briefly fixed in fixative
(acetic acid:methanol [1:3]), dropped onto a slide, and
air-dried. The entire process was monitored under a ste-
reomicroscope. Chromosome preparations were stained
with Giemsa, and the chromosome numbers were
counted at 1,000xfinal magnification. Only preparations
in which chromosomal numbers could be unambigu-
ously counted were included in the analysis. Mll oocytes
were classified as normal if they contained 20 dyads.
Oocytes classified as 20.5 contained 20 dyads and one
chromatid. The numbers of hypoploid (n=15-19.5), hap-
loid (n=20), hyperploid (n=20.5-25), and diploid (n=40)
MIl oocytes were recorded (Fig. 1). Chi-square analysis
and the Bonferroni adjustments were used to determine
the statistical significance of the outcome measures be-
tween the groups. Statistical significance was accepted
for values of P < 0.05.
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Fig. 1.

Representative mouse metaphase II oocytes after Giemsa staining of chromosomes. (a) Euploid (n = 20).
(b) Hypoploid (n = 19). (c) Premature chromatid separation. Arrows indicate the chromatids.

Table 1. Results of in vitro maturation—in vitro fertilization using two different media

. Cumulus cell No. of o - o 2-Cell Blastocysts
Medium condition GV oocytes Matured (%)  Fertilized (%) cleavage (%) (%)
Waymouth’s MB752/1  Denuded 102 52 (51.0)° 25 (48.1)° 19 (76.0)° 7 (28.0)°
Artificially denuded 96 94 (97.9) 57 (60.6)° 55 (96.5) 25 (43.9)
HTE Denuded 109 75 (68.8)° 60 (80.0)° 55 (91.7)%® 32 (53.3)°
Artificially denuded 110 108 (98.2) 97 (89.8)° 93 (95.9)* 58 (59.8)°

#¢Values with different superscripts within each column are significantly different (P<0.05). GV, germinal vesicle; HTF, human

tubal fluid.

Table 2. Chromosomal analysis of metaphase Il oocytes matured using two different media

No. of Ploidy (%)
. Cumulus cell o
Medium condition oocytes Euploid Hypoploid ~ Hyperploid  Diploid PCS (%)
analyzed  (1=20) (m=15-195) (1=20.5-25) (n=40)

Waymouth’s MB752/1  Denuded 53 46(86.8)  1(1.9) 3(57) 3657 25@472)°
Artificially denuded 83 78 (94.0) 4(4.8) 0(0.0) 1(1.2) 42 (50.6)b

HTF Denuded 53 48(90.6)  2(3.8) 1(1.9) 2(3.8) 3(57)°

Artificially denuded 90 87(967)  2(2.2) 0 (0.0) 1(L1) 3 (3.3)°

b Values with different superscripts within each column are significantly different (P<0.005). PCS, premature chromatid separa-

tion; HTF, human tubal fluid.

Results

Maturation rates of denuded oocytes and artificially
denuded oocytes were 51.0% and 97.9%, respectively,
in Waymouth’'s MB752/1 medium and 68.8% and 98.2%,
respectively, in HTF medium (Table 1). Significant de-
creases were found in denuded oocytes compared to
artificially denuded oocytes in both maturation media.
The fertilization rates of denuded oocytes and artificially
denuded oocytes were 48.1% and 60.6%, respectively,
in Waymouth’s MB752/1 medium and 80.0% and 89.8%,
respectively, in HTF medium (Table 1). The rates of blas-
tocysts derived from denuded oocytes and artificially
denuded oocytes were 28.0% and 43.9%, respectively,

in Waymouth’s MB752/1 medium and 53.3% and 59.8%,
respectively, in HTF medium (Table 1). As significant de-
crease in the blastocyst rate was observed in denuded
oocytes in Waymouth’'s MB752/1 medium compared to
denuded oocytes and artificially denuded oocytes in HTF
medium. Compared to denuded oocytes, artificially de-
nuded oocytes showed similar rates of fertilization and
blastocysts, despite the high maturation rates observed
in both maturation media.

The occurrence rates of PCS from denuded oocytes
and artificially denuded oocytes were 47.2% and 50.6%,
respectively, in Waymouth’s MB752/1 medium and 5.7%
and 3.3%, respectively, in HTF medium (Table 2). Com-
pared to HTF medium, the occurrence rates of PCS in
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denuded oocytes and artificially denuded oocytes were
significantly increased in Waymouth’s MB752/1 medium.
Compared to denuded oocytes, artificially denuded oo-
cytes showed similar occurrence rates of PCS in both
maturation media.

Discussion

In oocyte collection from humans, oocytes with poor
cumulus cell layers are likely to be produced by aspira-
tion pressure, or by collection from atretic follicles. Al-
though it is known that the maturation competence of
oocytes that are already denuded in the follicular atretic
process is lower than that of oocytes surrounded by cu-
mulus cells [20], whether the denuded oocytes are de-
rived from atretic follicles or by the removal of cumulus
cells during aspiration cannot be determined. Thus, the
development of a maturation technique that is suitable for
both types of denuded oocytes is essential. In this study,
we demonstrated that the maturation rates of oocytes
artificially denuded after COC collection was more than
90% when the denuded oocytes were cultured in Way-
mouth’s MB752/1 medium and HTF medium (Table 1).
However, the fertilization rates and blastocyst rates of the
artificially denuded oocytes in Waymouth’s MB752/1 me-
dium were significantly lower than those of the oocytes
matured in HTF medium (Table 1). Interestingly, HTF me-
dium significantly improved not only the oocyte matura-
tion rate, but also the fertilization rate and developmental
competence of the spontaneously denuded oocytes. The
positive effect of HTF was also observed in the rate of
PCS (Table 2). Thus, if HTF medium were used as the
IVM medium for denuded oocytes, the matured oocytes
would gain developmental competence.

The morphology and distribution of microtubules in
IVM oocytes differs from those in mature oocytes in vivo
[8, 23]. Chromosomal abnormalities result from spindle
and chromosome configuration abnormalities during
meiosis [3, 24]. In fact, IVM oocytes exhibit higher chro-
mosomal abnormality rates than mature oocytes in vivo
[12]. Under the in vivo follicular condition, FSH stimulates
both granulosa cells and cumulus cells to induce follicu-
lar development [25]. During this step, metabolic activity
in cumulus cells increases to transfer the energy source
to the oocyte by gap junctional communication [26, 27].
Support from cumulus cells induces oocyte growth lead-
ing to the resumption meiosis and progression to the
metaphase |l stage with fertilization and developmental
competence [28]. The LH surge acts on granulosa cells
to induce EGF-like factor expression. The secondary fac-
tors stimulate cumulus cells to induce oocyte maturation

by disrupting the gap junctional communication [29]. In
the IVM technique, the cumulus oocyte complex is used
for culture because it is very difficult to keep granulosa
cell function under the in vitro culture condition. More-
over, in this study, we used denuded oocytes that were
not supported by cumulus cells, assuming that their
maturation competence would be lower than that of IVM
oocytes with COC.

Waymouth’s MB752/1 medium contains high concen-
trations of amino acids and vitamins, whereas HTF medi-
um does not. HTF medium only contains glucose, lactate
and pyruvate as energy sources. It has been reported
that glucose does not support meiotic maturation in de-
nuded oocytes [30, 31], and the oocyte has a TCA cycle,
but not a glycolytic pathway, for producing ATP [32, 33].
Therefore, we initially hypothesized that Waymouth’s
MB752/1 medium would be the better medium. How-
ever, the present results show that the minimum energy
condition improved oocyte maturation competence, sug-
gesting that too much energy activates the mitochondria
function increasing the risk of oxidative stress leading to
reduced oocyte quality [6]. The present data indicates
the need for care in the selection of the maturation me-
dium.

In human infertility care, low responders show low
responses to FSH stimulation, and ovarian hyperstimu-
lation syndrome is easily induced in high responders.
Treatment with FSH plays an important role in follicular
development, and FSH is also involved in the survival of
granulosa and cumulus cells by preventing follicle atresia
[34]. Thus, in both cases, the majority of oocytes are col-
lected from atretic follicles. In this study, spontaneously
denuded oocytes showed an ability to progress to meio-
sis with developmental competence when HTF medium
was used as the culture medium. These results indicate
that low quality oocytes collected from atretic follicles are
available for IVM. Thus, increased numbers of oocytes
are available for IVM culture, which will increase the
chance of successful pregnancy in human infertility care.
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