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Abstract. Mitochondria are reported to be critical in in vitro maturation of oocytes and subsequent embryo development after
fertilization, but their contribution for fertilization has not been investigated in detail. In the present study, we investigate the
contribution of mitochondria to fertilization using reconstructed porcine oocytes by fusion of ooplasmic fragments produced
by serial centrifugations (centri-fusion). Firstly, we evaluated the characteristics of ooplasmic fragments. Three types of
fragments were obtained by centrifugation of porcine oocytes matured in vitro for 46 h: brownish (B), transparent (T) and
large (L) fragments containing both B and T parts in a fragment. The production efficiencies of these types of fragments were
71.7,91.0 and 17.8 fragments/100 oocytes, respectively. In experiments, L fragments were excluded because they contained
both brownish and transparent components that were apparently intermediate between B and T fragments. Observations
by confocal microscopy after staining with MitoTracker Red CMXRos® and transmission electron microscopy revealed
highly condensed active mitochondria in B fragments in contrast to T fragments that contained only sparse organelles. We
reconstructed oocytes by fusion of a karyoplast and two cytoplasts from B and T fragments (B and T oocytes, respectively).
The B oocytes showed higher sperm penetration (95.8%) and male pronuclear formation rates (94.2%) by in vitro fertilization
than T oocytes (66.7% and 50.0%, respectively). These results suggest that the active mitochondria in oocytes may be related
to their ability for fertilization.
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itochondria in oocytes play important roles in energy pro-

duction and in regulation of reactive oxygen species and
Ca?" during maturation and embryonic development [1]. As both
meiotic progression and cytoplasmic maturation consume intracellular
energy in the form of ATP, both are dependent on the activity and
distribution of mitochondria, which generate ATP [2]. ATP is also
necessary for the process of oocyte activation during fertilization
[3], and therefore, its quantity is considered to be an indicator of the
quality of preimplantation mammalian oocytes/embryos [2, 4—6].
Changes in the distribution of mitochondria and their metabolic
activity during oogenesis, maturation and embryo development have
been reported in some species, including the mouse [7, 8], hamster
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[9], cattle [10], human [11] and pig [12, 13]. In porcine oocytes
at the germinal vesicle stage, mitochondria are distributed in the
peripheral region and thereafter migrate to the inner region of the
oocyte during maturation; this phenomenon occurs both in vitro [12,
14] and in vivo [15]. This redistribution of mitochondria seems to
be necessary for the ATP burst in oocytes that supplies energy for
maturation [16]. In vitro maturation (IVM) may cause incomplete
movement of mitochondria to the inner cytoplasm; therefore, this
may affect cytoplasmic maturation [12]. Furthermore, it has been
reported that extensive relocation of mitochondria to the inner
cytoplasm during [IVM of porcine oocytes is associated with high
developmental competence [13, 17]. However, as no significant
differences in ATP content between porcine oocytes with high and
low competence have been detected, relocation of mitochondria
may not necessarily be related to changes in overall mitochondrial
activity [13]. El Shourbagy et al. [18], on the other hand, have
suggested that mitochondrial content has an important bearing on
fertilization outcome and reflects ooplasmic maturation status in
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pigs. However, the contribution of mitochondria to fertilization has
not been documented in any previous report.

Recently, we have reported a novel method for transfer of cyto-
plasm between oocytes without the use of micromanipulation. This
method, called “centri-fusion,” has been applied for reconstruction
of oocytes and embryos from cytoplasmic fragments produced by
serial centrifugation of IVM oocytes with full cytoplasmic maturity
[19-21]. The fragments have also proven to be effective for restoration
of cytoplasmic maturity in oocytes with compromised developmental
competence [22]. Using this serial centrifugation approach, two
morphologically different types of fragments (brownish and transpar-
ent fragments, B and transparent T fragments, respectively) can be
distinguished, and our preliminary evaluation suggested that the only
difference between them is in the distribution of their mitochondrial
contents (K Kikuchi & Q Y Sun 2012, unpublished observations).
However, their characteristics have not yet been evaluated in detail.
It may be possible, after the characterization of the fragments, to
reconstruct oocytes with different amounts of mitochondria.

The aim of the present study was to obtain direct evidence of the
contribution of mitochondria to fertilization. For this purpose, we
reconstructed oocytes with rich and poor mitochondria using B and T
fragments, respectively. Prior to the main fertilization experiment, we
assessed the mitochondria distribution in different types of fragments.
Then, oocytes were reconstructed from a karyoplast and cytoplasts
using either mitochondria-rich or mitochondria-poor fragments, and
then their capacities for fertilization were compared.

Materials and Methods

Preparation and characterization of ooplasmic fragments

Collection and IVM of porcine oocytes were carried out as
reported previously [23]. Briefly, porcine ovaries were obtained
from prepubertal crossbred gilts (Landrace x Large White x Duroc)
at a local slaughterhouse and transported to the laboratory at 33 C.
Cumulus-oocyte complexes (COCs) were collected from follicles
2—6 mm in diameter in Medium 199 (M199; with Hanks’ salts, Sigma
Chemical, St Louis, MO, USA) supplemented with 5% (v/v) fetal
bovine serum (Tissue Culture Biologicals, Tulare, CA, USA), 20
mM HEPES (Dojindo Laboratories, Kumamoto, Japan), 100 U/ml
penicillin G potassium (Sigma) and 0.1 mg/ml streptomycin sulfate
(Sigma). About 40 COCs were cultured for 24 h in four-well dishes
(Nunclon Multidishes; Nunc, Thermo Fisher Scientific, Roskilde,
Denmark) containing 500 pl of IVM medium, which was a modified
form of North Carolina State University (NCSU)-37 solution [24]
containing 10% (v/v) porcine follicular fluid, 0.6 mM cysteine, 50
UM B-mercaptoethanol, 1 mM dibutyryl cAMP (Sigma), 10 IU/ml
eCG (Serotropin; ASKA Pharmaceutical, Tokyo, Japan) and 10 [U/
ml hCG (Puberogen 1500 U; Novartis Animal Health, Tokyo, Japan).
They were subsequently cultured in [IVM medium without dibutyryl
cAMP and hormones for a further 22 h. Maturation culture was carried
out under an atmosphere of 5% O,, 5% CO, and 90% N, at 39 C.
Porcine follicular fluid was collected from ovaries of prepubertal
crossbred gilts by aspiration with a syringe and centrifuged at 1,800
x g for 1.5 h, and the supernatant was stored at =20 C in advance.
Then about 1 liter of the stock was thawed, mixed, centrifuged again,
and stored at —20 C as a single batch until use.

Cytoplasmic fragments were obtained by serial centrifugation
using the so-called centri-fusion method originally described by
Fahrudin et al. [19]. Briefly, oocytes with a first polar body after
IVM were transferred to 1.5-ml microcentrifuge tubes (approximately
100 oocytes per tube) and then centrifuged at 13,000 x g for 9 min
in M199 at 36 C to stratify the cytoplasm (the 1st centrifugation).
To remove the zona pellucida, the oocytes were exposed to 0.5%
(w/v) pronase (Sigma, protease P-8811) in M199 for 20-30 sec.
Those with an expanded and deformed zona pellucida were then
transferred to M 199 without pronase and freed completely from the
zona pellucida by gentle pipetting. After several washings in M199,
a group of approximately 100 zona-free oocytes was layered on a
300-pl discontinuous gradient (consisting of 100-pul layers of 7.5%,
30% and 45% solutions, from top to bottom, respectively) of Percoll
(Amersham Biosciences, Uppsala, Sweden) in M199 supplemented
with 5 pg/ml cytochalasin B (Sigma) in microcentrifuge tubes. These
gradients were then subjected to centrifugation at 6,000 x g for 4
sec (the 2nd centrifugation). The resulting cytoplasmic fragments
floating mainly on the 30% gradient were collected and then washed
several times to remove the Percoll. Cytoplasmic fragments were
selected and washed in M199. Fragments around 60—70 um in size
that were a light brownish (B fragments) or transparent (T fragments)
color and those with a large size (more than 100 um, L fragments; in
many cases, L fragments contained both brownish and transparent
parts) were selected and categorized into three groups (the B, T and
L fragment groups, respectively) (Fig. 1A—C). Lipid-containing
dark fragments were discarded. The groups were then stained
with 5 pg/ml Hoechst 33342 (Calbiochem, La Jolla, CA, USA)
for 20 min and briefly examined using a fluorescence microscope
(Olympus BX-51, Tokyo, Japan). Those with and without a set of
metaphase chromosomes were defined as karyoplasts and cytoplasts,
respectively. The numbers of each fragment type were recorded.
All types of fragments were kept separately in M199 until use. The
exact diameters of fragments in all three groups were measured from
images taken using an inverted microscope with a digital camera.
The experiments to determine the number of fragments produced
per 100 matured oocytes and the yields of cytoplasts from all the
fragments obtained, were replicated at least 8 times.

Evaluation of mitochondrial distribution in the fragments
Oocytes and B and T fragments were incubated with 200 nM
MitoTracker Red CMXRos (MTR; Molecular Probes, Eugene, OR,
USA), which selectively stains active mitochondria, for 30 min in
Dulbecco’s phosphate-buffered saline (PBS; Nissui Pharmaceutical,
Tokyo, Japan) containing 3% polyvinyl pyrrolidone (Sigma) under
culture conditions. The oocytes and fragments were washed three
times (10 min each) in pre-warmed PBS and then fixed for 20 min in
2% paraformaldehyde in PBS. The oocytes and fragments were then
washed twice in PBS, mounted carefully with PBS on glass slides
under cover slips with minimum pressure and examined immediately at
room temperature in a dark room. Oocytes and fragments in all groups
were processed simultaneously using the same batches of working
solutions under minimum room light. The distribution of mitochondria
stained with MTR was investigated in oocytes and fragments cut into
5-um sections using a laser-scanning confocal microscope (Olympus
FV-300) equipped with an argon-krypton-helium/neon ion laser
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Fig. 1.

Matured oocytes were subjected to the first centrifugation at 13,000 x g for 9 min and photographed before fixation (A), after semi-

thin sectioning (B) and after labeling of active mitochondria with MitoTracker Red CMXRos (MTR) (C). Images were taken using a
light microscope without (A) and with (B) Hoffman modulation contrast and also by laser scanning confocal microscopy (C). Under
these observation conditions, three layers (lower, middle and upper) were clearly distinguishable. The mitochondrial contents (D)
of the three layers of centrifuged oocytes are shown as means + SEM. # ¢ Significant differences (P<0.05) in relative fluorescence
intensity of active mitochondria were evident among the three layers. Three trials were performed. The data in the chart are based on
measurements of 31 oocytes. Observation using transmission electron microscopy (E) revealed a very thin additional layer (sub-upper
layer) (G). The upper layer contained predominantly lipid droplets with mitochondria clustered around them (F). The lower layer
contained condensed mitochondria (I). The sub-upper layer contained mainly membrane systems such as the endoplasmic reticulum
(G). On the other hand, the middle layer contained only sparse organelles in comparison with the other three layers (H). Scale bars

indicate 30 pm and 1 pm for plates A—C and F—I, respectively.

using a 543-nm excitation barrier filter. To measure the distribution
of mitochondria, an equatorial section image at the largest diameter
of each oocyte or fragment was taken using the same setting. The
abundance of active mitochondria in the equatorial section of the
oocyte/fragment was evaluated by measuring numbers of pixels in
inverted grayscale images using the NIH ImagelJ (v. 1.40) software
package. Relative fluorescence intensity of mitochondria expressed
as the mean number of MTR-positive pixels in the total area of the
oocyte/fragment equatorial section surface (mitochondrial fluoresce
intensity) was measured. In all experiments, the intensity of intact
oocytes that were not subjected to the centrifugation process was used

as a comparative standard value (mean = 1) for the other groups. The
experiments for mitochondrial fluorescence intensity were replicated
three times using at least 10 oocytes in each replication.

Transmission electron microscopy (TEM) analysis of the
fragments

Oocytes after the 1st centrifugation and B and T fragments after
the 2nd centrifugation were fixed in 2.5% (v/v) glutaraldehyde in
sodium cacodylate buffer (0.145 M, pH 7.2—7.4) overnight and
stored in the same solution at 4 C until processing. After postfixation
for 90 min in 1% (w/v) osmium tetroxide in the cacodylate buffer,
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specimens were dehydrated in an ethanol series (50—99%), equilibrated
with propylene oxide and finally embedded in Epon 812 Resin
(TAAB Laboratories Equipment, Berks, UK). Semi-thin sections
and continuous ultrathin sections of oocytes and fragments were
processed conventionally for TEM. Semi-thin sections for light
microscopy were stained with toluidine blue. Thereafter, ultrathin
sections were cut with a diamond knife (Sakai Electron Microscopy
Application Laboratory, Saitama, Japan), stained with 2% uranyl
acetate and 2% lead citrate and examined using a TEM (JEM-1010,
JEOL, Tokyo, Japan) at 80 kV. At least five oocytes or fragments
for each category were evaluated.

Oocyte reconstruction with a karyoplast and two cytoplasts

To produce reconstructed oocytes (B and T oocytes) in each group
of B and T fragments, one karyoplast was initially aggregated with two
cytoplasts that had been treated with 300 pug/ml phytohemagglutinin
(PHA; Sigma L-2646). Prior to electro-fusion, pairs of aggregated
complexes of the two groups were equilibrated stepwise with fusion
solution consisting of 0.28 M mannitol, 0.05 mM CaCl,, 0.1 mM
MgSO, and 1 mg/ml bovine serum albumin (BSA, Fraction V,
Sigma) [25]; the complexes in M199 were transferred sequentially
to a 2:1 mixture of M199:fusion solution for 1 min and thento a 1:2
mixture for a further 1 min before final equilibration in the fusion
solution. About ten pairs of aggregated complexes were aligned
manually in a fusion chamber and given a single DC pulse for 30
min after aggregation. They were then incubated for 1 h in the same
maturation medium. Fusion was confirmed at 1 h after stimulation
if a karyoplast formed a single mass with the aggregated cytoplasts.
Completely fused reconstructed oocytes (B and T oocytes) were
subsequently subjected to in vitro fertilization (IVF).

IVF and culture

The oocytes or reconstructed oocytes were subjected to IVF [23];
they were coincubated with frozen-thawed epididymal spermatozoa
from a Landrace boar [26] for 3 hunder 5% CO, and 5% O, at 39 C
in pig fertilization medium [27] supplemented with 2 mM caffeine and
5 mg/ml BSA. Thereafter, they were gently washed free of attached
spermatozoa. In vitro culture was carried out in IVC-PyrLac [23]
using the Well of the Well system [28]. Some oocytes were fixed at
10 h after insemination and further subjected to aceto-orcein staining
to evaluate their fertilization status. The rates of female pronucleus
(FPN) formation, monospermic fertilization (single-sperm penetration
verified by the presence of a male pronucleus (MPN) and a sperm tail
in the cytoplasm), MPN formation and normal fertilization (defined
as FPN formation and a single MPN in the ooplasm) were scored.
The experiment was replicated 5 times.

Statistical analysis

All data were expressed as means = SEM. The data for parameters
in different types of fragments were analyzed by Student’s #-test.
The data for IVF were subjected to ANOVA followed by Tukey’s
test. Percentage data were subjected to arcsine transformation before
analysis. The analyses were carried out using the GLM procedure of
the Statistical Analysis System (Ver. 9.2, SAS Institute, Cary, NC,
USA). Differences at a probability value (P) of less than 0.05 were
considered to be significant.

Results

Characterization of ooplasmic fragments

After the 1st centrifugation of matured oocytes, three layers (upper,
middle and lower) were clearly distinguishable by light microscopy
(Fig. 1A—C). Furthermore, TEM observations also revealed a very
thin additional layer containing membrane systems such as the
endoplasmic reticulum (sub-upper layer) (Fig. 1E-I). The upper layer
contained predominantly lipid droplets with mitochondria clustered
around them. The lower layer contained condensed mitochondria.
The sub-upper layer contained mainly membrane systems such as
the endoplasmic reticulum. On the other hand, the middle layer
contained only a few organelles in comparison with the other three
layers. We compared the active mitochondrial fluorescent intensity
and found that the lower layer contained a significantly larger volume
of mitochondria than those of the other layers (Fig. 1D).

After the second centrifugation, we obtained three kinds of
fragments (B, T and L fragments) that were distinguishable by
stereomicroscopy (Fig. 2A—C, Table 1). The diameter of the fragments
differed significantly among the groups (B, smallest; T, intermediate;
and L, biggest). For every 100 matured oocytes that were seri-
ally centrifuged, the number of fragments obtained in the groups
decreased significantly in the order of T > B > L. The percentages
of cytoplasts (fragments without metaphase chromosomes) also
decreased in the same order (P<0.05). In subsequent experiments, L
fragments were excluded because of their low quantity and the fact
that they contained both brownish and transparent components that
were apparently intermediate between B and T fragments. We used
both B and T fragments because the relative active mitochondrial
fluorescent intensities of B fragments were much higher than those
of T fragments (P<0.05) (Fig. 2D and E, respectively), indicating
that the former had almost five times as many mitochondria as the
latter (Fig. 2F). These characteristics were also confirmed by TEM
observations (Fig. 2G and H). Based on these observations, the
middle layer was considered to be the source of the T fragments
after the 2nd centrifugation, and it had an intermediate mitochondrial
fluorescent intensity (1.5 £ 0.1). The lower layer of the centrifuged
oocytes might have contributed to the B fragments, and it had the
highest mitochondrial fluorescent intensity (2.0 + 0.1) among the
layers (Fig. 1D).

Fertilization competence of B and T reconstructed oocytes
Sperm were able to penetrate into B and T oocytes, and an MPN(s)
was formed successfully. Fertilization events were observable directly
without any fixation or staining procedures like those in mice or
human oocytes because the reconstructed oocytes did not contain
lipid droplets (Fig. 3). To obtain solid data, however, we conducted
evaluations after fixation and staining of the oocytes. It was found
that the sperm penetration rate for B oocytes was significantly higher
than that for T oocytes (P<0.05). Almost all B oocytes formed an
MPN(s), whereas only half of the T oocytes did so, and the rate
was significantly lower than that for B oocytes (P<0.05) (Table 2).

Discussion

In our previous study, we demonstrated that fusion of ooplasmic
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Fig. 2.  After the 2nd centrifugation at 6,000 x g for 4 sec, three types of fragments — brownish (B), transparent (T) and large (L) — (A, B and C,
respectively) were obtained. The distribution after staining with MitoTracker Red CMXRos (MTR) (D, B fragment; E, T fragment) and
relative fluorescence intensities of active mitochondria in the B and T fragments are shown (F). Data for relative fluorescence intensity of
active mitochondria are given as means + SEM. P A significant difference (P<0.05) in relative fluorescence intensity of active mitochondria
was evident between the two groups. Three trials were performed. Total numbers of oocytes measured in each group are given in parentheses.
Transmission electron microscopy demonstrated that B fragments contained condensed mitochondria (G), similar to the lower layer of oocytes
after the first centrifugation (see Fig. 11), whereas T fragments had few organelles (H), suggesting that they originated from the middle layer
(see Fig. 1H). Scale bars indicate 50 pm, 10 pm and 1 um for plates A—C, D and F and G and I, respectively.

Fig. 3.  Oocytes reconstructed with B and T fragments (B and T oocytes, respectively) were in vitro fertilized and then subsequently
in vitro cultured for 10 h (A, B oocyte; B and C, T oocyte). They were examined before fixation (A and B) or after fixation and
staining (C). In a B oocyte, both male and female pronuclei (MPN and FPN, respectively) were clearly observed. In a T oocyte,
no pronuclei were observed, but it was found that the oocyte was not activated but was arrested at the metaphase-II stage (M;
metaphase chromosomes, out of focus); however, it was penetrated by a spermatozoon, which had undergone decondensation
(indicated by an arrowhead). Scale bars indicate 30 pm.
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Table 1. Comparison between brownish, transparent and large fragments produced by serial centrifugation of porcine matured oocytes*

Diameter (um) (Total

Number of fragments produced per Rate of cytoplasts

Fragment Color number of oocytes 100 porcine DO46 oocytes (Total number of
examined) (Total number of fragments/oocytes) cytoplasts/fragments)

B ish (B B 61.2+0.42 71.7+2.5% 67.6 2.4
rownish (B) Town (122) (1374/1915) (926/1374)

T - Colorl 72.1+0.6° 91.0£2.9 752 +2.0P
ransparent (T) olorless @1 (1247/1915) (935/1247)

L L Contain both brown and 148.5+1.3¢ 17.8£3.8° 38.17 £8.2°¢
arge (L) colorless arcas 25) (202/1915) (70/145)

* Qocytes were cultured with intact camulus cell layers for the full in vitro maturation period (46 h). Data are presented as means + SEM. For
diameter measurement, 3 replicated trials were carried out. For determining the number of fragments produced per 100 matured oocytes and
the rates of cytoplasts derived from the fragments, 8 to 15 replications were used. Cytoplasts were defined as fragments without metaphase
plates. For relative mitochondrial intensity, 3 replications were carried out in which images were taken at the equatorial plane of oocytes
or fragments by laser scanning confocal microscopy after labeling active mitochondria with MitoTracker Red CMXRos (MTR) at x400
magnification using the same setting, and data were compared with those for matured oocytes. Large fragments (L) were not included in this
experiment due to their low numbers. In any row, data with different superscripts are significantly different (P<0.05).

Table 2. Fertilization and pronucleus formation in oocytes* reconstructed from brownish (B) and transparent

(T) fragments after in vitro fertilization

Group of oocytes Number of reconstructed

Number (%) of oocytes

Number (%) of oocytes with

reconstructed oocytes penetrated MPN formation
B oocyte 72 69 (95.8 £2.2)* 65(94.2 £3.8)
T oocyte 24 16 (66.7 + 20.4)° 8(50.0 £ 19.1)°

* Reconstruction of oocytes was carried out with one karyoplast and two cytoplasts for each of the B and T
fragments (B and T oocytes). MPN: male pronucleus, defined by the presence of a sperm tail located nearby. In
each row, data with different superscripts are significantly different (P<0.05).

fragments to incompetent oocytes (oocytes matured in vitro for 24
h, showing low developmental ability after IVF) contributed to
enhancement of their fertilization and subsequent development [22].
However, in that study, we did not investigate the characteristics
(i.e., organelle distribution and ATP content) of the fragments,
and therefore, the cellular mechanism behind the improvement of
cytoplasmic maturity remained unknown. In the present study, three
types of fragments — brownish (B), transparent (T) and large (L) — were
identified, showing differences in appearance (color), size (diameter)
and mitochondrial content. As shown in Figs. 1 and 2, according to
the similarity in the relative mitochondrial fluorescence intensities
of the B and T fragments and those of the layers of centrifuged
oocytes, it can be inferred that the B fragments originated from the
lower layer of the centrifuged oocytes, where mitochondria were
condensed, whereas T fragments originated from the middle layer of
the oocytes, which contained very few or almost no mitochondria.
TEM observations further confirmed the origin of the B and T
fragments based on the similarity of the organelle composition of
B to the lower mitochondria-rich layer and of T to the middle layer
containing no organelles. L fragments, on the other hand, might have
been derived from cytoplasm located near the border of the middle
and lower layers. The intracellular layer structure of porcine oocytes
revealed after the 1st centrifugation at 13,000 x g in the present study
confirmed the results of previous studies using porcine and sheep
oocytes [29] and bovine oocytes [29, 30]. The sub-upper layer in
porcine oocytes could not be distinguished by light microscopy. A

vesicular layer, which was reported in cattle by Tatham ef al. [30],
was not frequently observed in our study.

The contribution of mitochondria itself to fertilization has not
been investigated well, because mitochondria have roles in many
physiological events such as energy production, regulation of reactive
oxygen species and Ca?" regulation [1]. To perform investigation in
physiological experiments, one of the methods involves use of an
inhibitor; for example, rotenone is used to reduce electron transport,
resulting in reduced ATP production [31]. However, the effect on
other mitochondrial functions cannot be investigated in this manner.
This kind of methodology sometimes causes difficulty in analysis
of physiological events. In the present study, on the other hand, we
could obtain ooplasmic fragments with rich and scare mitochondrial
contents (B and T fragments, respectively) and also reconstruct two
kinds of oocytes based on mitochondrial contents (B and T oocytes,
respectively). Using these reconstructed oocytes, we could assess
the contribution of mitochondria to fertilization directly. After IVF,
the B oocytes showed higher rates of sperm penetration and MPN
formation than the T oocytes (Fig. 3, Table 2). Our previous study
[21] demonstrated that zona-free oocytes without further manipulation
show higher rates for both categories (78.0% and 96.6% for penetration
and MPN formation rates, respectively). The MPN formation rate
especially is comparative to that for B oocytes in the present study.
El Shourbagy stated that mitochondria directly influence fertilization
outcome in the pig [18]. However, the mechanism responsible for
the different rates between types of fragments in the present study
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cannot be explained well. Mitochondria generate energy (ATP) and
contribute to events of oocyte maturation and embryonic development
[10, 11, 14]. However, to our knowledge, there have been only
limited reports showing direct evidence that mitochondria or ATP
affects fertilization potential such as by affecting sperm penetration,
oocyte activation and formation of the FPN and MPN after gamete
membrane fusion. Elevating the ATP content in bovine oocytes by
supplementation with bovine follicular fluid promoted fertilization
even when mitochondrial electron transport was blocked with rotenone
in oocytes prior to in vitro fertilization [32]. Some papers support the
positive correlation between ATP accumulation and enhancement of
fertilization in humans [33, 34]. In the present study, B cytoplasm
contained a large amount of mitochondria, whereas T cytoplasts were
proven to have only few organelles, including mitochondria. This
difference in mitochondrial content might have been responsible
for the lower fertilization potential in T oocytes. In other words,
reconstructed ooplasm containing a low number of mitochondria may
not contribute to sperm penetration and MPN formation after IVF,
thus confirming a previous study that demonstrated the importance of
mitochondria during fertilization events [34]. Mitochondria present
in oocytes have been thought to act as a relay in Ca?" signaling
at fertilization [3, 35]. On the other hand, oocyte activation has
a tremendous relationship with Ca®" release from endoplasmic
reticulum [36—38]. We consider that these organelles were located
in the sub-upper layer after the first centrifugation; however, their
fate after the second centrifugation has not yet been confirmed, even
by TEM analysis in the present study. Activation potential resulting
in completion of fertilization should be also necessary in relation to
the distribution of these organelles in both types of cytoplasts. In
addition, it has been reported that microinjection of ooplasm into
bovine oocytes does not affect their parthenogenetic development
[39, 40]. Developmental ability after fertilization of reconstructed
porcine oocytes should be checked elsewhere.

In the present study, we could generate oocytes with almost all
lipid droplets removed by the centri-fusion method. The droplets
could be polarized into a big mass after the 1st centrifugation, the
mass was automatically extruded after the 2nd centrifugation, and
finally only lipid droplet-free ooplasmic fragments were obtained.
As shown in Fig. 3, we could observe fertilization events (such as
sperm penetration and pronuclear formation) clearly in a live status
without fixation. A disadvantage of using porcine oocytes compared
with mouse or human oocytes is the inability to directly observe
the cytoplasm because of the existence of ooplasmic lipid droplets.
Using this procedure, however, we can overcome this disadvantage
for species having lipid droplet-rich oocytes such as pigs and cattle.
Another advantage of ooplasm without lipid droplets seems to be for
cryopreservation. Lipids, in general, are greatly harmed by peroxida-
tion during freezing (cryopreservation) and thawing [41]. In porcine
embryos, delipation (removal of lipid droplets by micromanipulation)
has been advantageous for porcine embryo freezing [42—44]; if we
can generate embryos from oocytes lacking lipids by this procedure,
cryopreservation efficacy may be improved. Further experiments
will be needed to check for potential advantages.

In conclusion, mitochondria-rich and mitochondria-poor ooplasmic
fragments were produced successfully by the centri-fusion method.
The results of accelerated fertilization in vitro of mitochondria-rich

oocytes suggest that the mitochondria in oocytes may be related to
their ability to be fertilized
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