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Abstract
Purpose The change of mitochondrial distribution in human
oocytes during meiotic maturation was assessed using 223
human oocytes donated from patients undergoing fertility
treatment between June 2013 and February 2016.
Methods Live cell images of fluorescence-labelledmitochondria
in human oocytes were analysed to investigate dynamic changes
in mitochondrial distribution during meiotic maturation using a
confocal microscope combined with an incubator in the presence
or absence of colchicine and cytochalasin B, inhibitors for
tubulin and actin filament, respectively. Subcellular distribution
of mitochondria in human oocytes was also assessed at various
stages using a transmission electron microscope (TEM).
Results Live cell imaging analysis revealed that the
mitochondria-occupied cytoplasmic area decreased from 83
to 77 % of the total cytoplasmic area around 6 h before ger-
minal vesicle breakdown (GVBD) and that mitochondria ac-
cumulated preferentially close to the perinuclear region. Then,
the mitochondria-distributed area rapidly increased to 85 % of
total cytoplasm at the time of GVBD. On the other hand, there
was no significant change in mitochondrial distribution before
and after polar body extrusion. Such changes in mitochondrial
localization were affected differently by colchicine and

cytochalasin B. Most of mitochondria in the cytoplasm
formed cluster-like aggregates before GVBD while they dis-
tributed homogeneously after GVBD.
Conclusions Most mitochondria localized predominantly in
the non-cortical region of the cytoplasm of GV stage-oocytes,
while the mitochondria-occupied area decreased transiently
before GVBD and increased rapidly to occupy the entire area
of the cytoplasm at GVBD by some cytoskeleton-dependent
mechanism.
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Introduction

Maturation of mammalian oocytes involves distinct events in
the nucleus and the cytoplasm [1, 2]. Although nuclear matura-
tion that involves germinal vesicle breakdown (GVBD),
chromosomal condensation and alignment, anastral spindle
formation and polar body extrusion has been studied
extensively, cytoplasmic maturation is less understood.

Mitochondria-generated ATP plays important roles in
both nuclear and cytoplasmic maturation of oocytes [3–8].
Mitochondria change their distribution in the cytoplasm
during the maturation of oocytes in human [1, 2, 7] and
mice [9–11]. Several studies suggested that the subcellular
distribution of mitochondria is one of the important factors
for oocyte maturation and embryo development [11–20].
Mitochondria in murine oocytes have been shown to form
aggregates around the GV, disperse throughout the cyto-
plasm at G2/M transition, and then distribute across the
cytoplasm of oocytes at the time of polar body extrusion
[21, 22]. In contrast, mitochondria in the cytoplasm of por-
cine oocytes took on an entirely different aspect showing
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homogeneous localization and movement towards the cen-
tral area of cells after GVBD [15]. Moreover, no marked
change in the mitochondrial distribution was observed dur-
ing bovine oocyte maturation [6]. Thus, the subcellular dis-
tribution of mitochondria during oocyte maturation seems
to differ from one species to another. Reports of mitochon-
drial behaviour in human oocytes are conflicting. Wilding
et al. [16] reported that mitochondria did not change in
their distribution during oocyte maturation, while Liu et
al. [23] showed that they spread from the juxtamembrane
area to the entire cytoplasmic area at GV stage. Thus, the
full scope of mitochondrial dynamics during the maturation
of human oocytes remains obscure.

Microtubules and microfilaments play critical roles in spin-
dle formation, chromosomal segregation, and subcellular traf-
ficking of various organelles including oocyte mitochondria

[1, 2]. It has been postulated that mitochondrial movement
during oocyte maturation is controlled by microtubules [9,
15, 23–25]. In contrast, actin filaments have been shown to
play important roles in spindle positioning and cytokinesis
[26], mitochondrial clustering in mouse oocytes [27] and their
movement in pig oocytes [28].

Although analysis of fixed cells has contributed significant-
ly to our understanding of characteristics of mammalian oo-
cytes, dynamic aspects of mitochondrial distribution and its
relation with the cytoskeleton in maturing human oocytes re-
main largely unknown. Time-lapse imaging of live oocytes
permits detailed analysis of the role of mitochondrial dynam-
ics in the maturation of human oocytes. The present work
describes the dynamics of mitochondria and their relationship
with the cytoskeleton in human oocytes during meiotic
maturation.
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Fig. 1 Live cell imaging of mitochondrial dynamics during meiotic
maturation of human oocytes. Images of first, second and third rows
show bright field, mitochondria and merged images. Numbers on the

upper left corner in each panel show elapsed times (in hour) before or
after GVBD (a). Non-labelled oocytes (b)
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Materials and methods

Oocyte collection

Donor patients were treated with controlled ovarian stimu-
lation according to their medical history as previously de-
scribed [29]. For gonadotropin-releasing hormone (GnRH)
agonist cycles, patients received oral contraceptive pills
(OC, 1 mg Norethisterone and 0.05 mg Mestranol, Aska
Pharmaceutical, Co., Ltd., Tokyo, Japan) on day 14 of the
previous cycle and continued for 10 days and GnRH ago-
nist (600 μg/day, Suprecur® nasal solution 0.15 %;
Mochida Pharmaceutical; Tokyo, Japan) on day 21 of the
previous cycle until ovulation induction. On day 3 of the
cycle, they received recombinant FSH (Gonal F, Merck
Serono Co., Ltd., Tokyo, Japan) ranging from 150 to
300 IU for 4 days followed by HMG (Ferring
Pharmaceuticals Co., Ltd., Tokyo, Japan) ranging from
150 to 450 IU administration until ovulation induction.
For GnRH antagonist cycles, GnRH antagonist (2.5 mg,
Ganirelix Acetate, MSD, Tokyo, Japan) was administered
daily after leading follicles reached 13–14 mm in diameter.
Ovulation induction was performed by human chorionic
gonadotropin (hCG) administration when at least leading
follicles reached 18 mm in diameter. Transvaginal follicle
aspiration was carried out 36 h after hCG injection.
Immature human oocytes were donated for research at the
time of insemination by intra-cytoplasmic sperm injection
(ICSI) 42 h after administration of hCG, and stained with a
fluorescent dye followed by live cell imaging or fixed for
ultrastructural analysis. Mature oocytes were obtained after

additional culture of donated immature oocytes. Oocytes
were collected between June 2013 and February 2016.

Ethical approval

This study was approved by the local ethics Institutional
Review Board of IVF Namba Clinic and by the Japan
Society of Obstetrics and Gynecology (Registry No. 144 and
146). All donor patients received a full explanation of the
experiments and provided the signed informed consent. In
Japan, the donation of oocytes which are mature 42 h after
hCG injection is not generally admitted because of ethical
reasons. Thus, in this study, we used oocytes with delayed cell
cycle.

Live cell imaging

A total of 130 GVand 58 GVBD oocytes were donated for the
live cell imaging studies at the time of insemination by ICSI
42 h after administration of hCG. Mitochondrial staining was
carried out by incubating oocytes without cumulus cells in
TCM199 Hank’s salt solution containing 0.5 μM MitoTracker
Orange CM-H2TMRos (M-7511, Life Technology, Carlsbad,
CA, USA) at 37 °C for 0.5 h. Immediately, the cells were
cultured in 5 μL IVM medium (82214010; Origio Japan,
Kanagawa, Japan) [30] on a glass-bottom dish (P35G-0-14-C;
Mat-Tek, Bratislava, Slovakia) [29].

Twenty images in the z-axis of live cell images were cap-
tured during oocyte maturation every 15 min for 40 h using a
spinning disc confocal laser microscope equipped with an
environmental chamber (excitation 561 nm, emission
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Fig. 2 Time-dependent changes of the mitochondria-occupied area
(percentage of total) of the cytoplasm in maturing oocytes. a Time-
dependent changes of the mitochondria-occupied area −420 min before
and 300 min after GVBD obtained from 16 oocytes. The occurrence of
GVBD was defined as the 0–min (A and B). b Time-dependent changes of
the mitochondria-occupied area −120min before and 120min after GVBD
obtained from 27 oocytes. c Time-dependent changes of the mitochondria-

occupied area between −120min before and 120min after polar body (PB)
extrusion obtained from 27 oocytes. The occurrence of PB extrusion was
defined as the 0 min. Data points were compared by Fisher’s PLSD test
following ANOVA. a–c, p<0.01. Characteristics of oocytes examined in
live imaging study were shown in Table 1. Data and donor age were shown
mean ±SD
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BP617/73, CellVoyager CV1000; Yokogawa Electronic,
Tokyo, Japan) [29]. This system enabled extended imaging
studies of live cells remarkably free of fluorescence
photobleaching [31]. Oocytes that were cultured in the ab-
sence of inhibitors and reached MII stage were used for the
control experiment. Mitochondrial dynamics was analysed in
the presence of either 20 μg/mL colchicine (039-03851,
Wako, Osaka, Japan) or 0.1 μg/mL cytochalasin B (C6762,
Sigma-Aldrich) to investigate the possible involvement of the
cytoskeleton in the intracellular trafficking of mitochondria
during meiotic maturation. Oocytes that required longer than
2 h for meiotic resumption after imaging were included in the
analysis of mitochondrial localization.

Electron microscopy

To assess the mitochondrial structure and distribution in oo-
cytes, 43 oocytes at various maturation stages (19 GVand 24
GVBD including 6 mature oocytes) were fixed in 1 % glutar-
aldehyde in a phosphate buffer (pH 7.4) at 4 °C for 24 h as
previously described [32]. The specimens were washed in the
same buffer overnight and post-fixed in 1 % osmium tetroxide
at 4 °C for 2 h. After dehydration using increasing concentra-
tions of ethanol, the samples were immersed twice in n-butyl
glycidyl ether at 25 °C for 10 min. Samples thus treated were
washed in a mixture of 50 % n-butyl glycidyl ether and 50 %
Epon 812 resin (TABB Laboratories, Berkshire, UK) over-
night and then embedded in Epon 812 resin. Ultra-thin sec-
tions were stained with uranyl acetate for 10 min and
Reynold’s lead citrate for 10 min and then examined using
transmission electron microscopy (TEM, JEM-1011; JEOL
Datum, Tokyo, Japan).

Analysis of mitochondrial localization in cells

To assess changes in the intracellular localization ofmitochon-
dria, the mitochondria-occupied area in the equatorial plane of
oocytes was measured using ImageJ (http://imagej.nih.gov/
ij/). Using MitoTracker-stained oocytes, the ratio of the area
of cytoplasm containing mitochondria was calculated using
and expressed as a percentage of the total cytoplasmic area.

Analysis of area ratio of mitochondria in cytoplasm
at peripheral and perinuclear regions

Area ratio of mitochondria in cytoplasm was estimated by
calculating the surface ratio of mitochondria per surface
area of the oocyte at peripheral and perinuclear regions
(10 × 10 μm2) of TEM images at ×15,000 magnification.
Surface areas of each mitochondria, oocytes were calcu-
lated using Dipp–Image version 1.0.5 (DITECT corpora-
tion, Tokyo, Japan) according to the manufacturer’s
instructions.T
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Statistical analysis

Differences between two groups were analysed using un-
paired Student’s t tests. When more than two groups were
compared, analysis of variance (ANOVA) followed by
Fisher’s protected least significant difference (PLSD) testing
was used. Data are represented as the mean±SD. Statistical
analysis was performed using StatView version 5 (SAS
Institute Inc., Cary, NC, USA), and p<0.01 was considered
significant.

Results

As nuclear maturation proceeds, the distribution of mito-
chondria markedly changed (Figs. 1 and 2). The cytoplasmic
area at equatorial section occupied by mitochondria de-
creased from 83 to 77 % between 360 and 240 min before
GVBD (n=16; Fig. 2a, Table 1). A similar pattern was
indicated in other sections. Subsequently, the mitochondria-
occupied area markedly increased to 85 % around the time
of GVBD (n=27; Fig. 2b). On the other hand, there was no
significant change before and after polar body (PB) extru-
sion (n=27; Fig. 2c). Analysis of TEM images revealed that
most mitochondria localized centrally in the cytoplasm of

oocytes before GVBD; no significant amount of mitochon-
dria was found to localize in their subcortical areas (Fig. 3,
Table 2). However, they localized homogenously in the en-
tire area of cytoplasm after GVBD. The area ratio of mito-
chondria in cytoplasm at peripheral region of GV oocytes
(0.98 %, Fig. 4a) was significantly lower (p<0.01) than
those of GVBD (3.86 %) and mature oocytes (4 %). The
area ratio of mitochondria in cytoplasm at perinuclear region
of GV oocytes (7.71 %, Fig. 4b) was significantly higher
(p<0.01) than those of GVBD (4.18 %) and mature oocytes
(4.25 %). Moreover, the area ratio of mitochondria in cyto-
plasm at peripheral region (0.98 %, Fig. 4c) was significant-
ly lower (p<0.01) than that at perinuclear region of GV
oocytes (7.71 %), but no differences in GVBD and mature
oocytes. The data obtained using confocal imaging was con-
sistent with TEM data. Mitochondria surrounding or co-
localizing chromosomes or spindle were not observed
(Fig. 1).

To test the possible involvement of the cytoskeleton in
the subcellular localization of mitochondria, oocytes were
cultured in the presence or absence of colchicine or cyto-
chalasin B, inhibitors for tubulin and actin filament, respec-
tively. In the absence of inhibitors, about 93 % of oocytes
underwent GVBD, while the presence of inhibitors de-
creased this rate to 56 % (colchicine) and 59 %
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Fig. 3 Mitochondrial distribution during meiotic maturation of human
oocytes. a TEM images of oocytes during meiotic maturation. No
significant mitochondria were found in the juxtamembrane area of GV
stage oocytes (upper image). Most mitochondria displayed a cluster-like
distribution. Mitochondria were distributed homogenously in the
cytoplasm after GVBD (lower image). b Proportions of oocytes with

homogenously distributed mitochondria before and after GVBD were
analysed morphometrically using TEM images. The numbers of
examined oocytes are shown in parenthesis. Data were compared by
student’s t test. Original magnification ×5,000. Scale bar = 5 μm.
Characteristics of oocytes used in this study were shown in Table 2.
Donor age was shown mean ± SD
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(cytochalasin B), respectively (Table 3). The maturation rate
of the GV oocytes in the absence of inhibitors was almost
70 % while no oocytes matured in the presence of either
inhibitor. Such changes in mitochondrial dynamics were
affected significantly by the presence of the inhibitors
(Fig. 5). In the presence of colchicine, the mitochondria-
occupied area rapidly increased to 90 % of the cytoplasm
at GV stage and remained unchanged during and after
GVBD. In contrast, cytochalasin B rapidly decreased the
mitochondria-occupied area of GV stage oocytes to 80 %.
Although the mitochondria-occupied area also increased
during GVBD in the presence of cytochalasin B (p<0.01;
−60 min, 75 % vs. 300 min, 87 %), it was fairly slow
compared with the oocytes cultured in the absence of the
inhibitors (Fig. 5).

Analysis using TEM revealed that mitochondria localized
predominantly as a cluster-like structure in GV stage oocytes
as shown previously [1, 2]. However, these clusters disap-
peared after GVBD and in colchicine-treated GV oocyte
(Fig. 6).On the other hand, mitochondria remained at
perinuclear region in cytochalsin B-treated oocytes after
GVBD (Fig. 6a (10)).

Taken together, the clustered mitochondria localized pre-
dominantly in the extra-subcortical region of the cytoplasm at
GV stage and occupied more than 80 % of the cytoplasmic
area. This area decreased significantly and mitochondria lo-
calized more towards the perinuclear region at 5 to 6 h before
GVBD. At GVBD, the mitochondria-occupied area rapidly
increased to 90 % of the cytoplasmic area by some
cytoskeleton-dependent mechanism(s). The ultrastructural
analysis also showed similar results.

Discussion

The present work shows that the mitochondria-occupied cy-
toplasmic area in human oocytes markedly changed during
their maturation.

Changes in mitochondrial distribution during maturation
have been mapped in murine oocytes. Studies using mouse
oocytes found that mitochondria formed aggregates around
the nucleus of immature cells [9, 21, 22]. Mitochondria dis-
persed homogenously in the entire cytoplasm around GVBD
and then they surrounded the MI spindle [22, 24]. Consistent
with previous observation using fixed human oocytes [1, 2],
the present work using confocal live imaging and TEM shows
that the subcortical region of cell membranes of GV stage
oocytes lacks mitochondria, however, it is filled with mito-
chondria following GVBD. The present work also shows that
the mitochondrial accumulation of surrounding MI spindle
was not appeared, thus, the pattern of mitochondrial distribu-
tion varies significantly depending on animal species. In ad-
dition, live cell imaging data revealed that mitochondriaT
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localized at GV stage moved towards the perinuclear region at
5 to 6 h before GVBD. The transient decrease of
mitochondria-occupied area before GVBD might reflect sim-
ilar changes in mito-ring formation observed in mice oocyte
[27].

Since mitochondria supply more than 90 % of cellular ATP
[33], they play important roles in the progression of cell cycle
[34]. During cell division, cells require additional ATP to enter
mitosis from the G2 stage [35]. In fact, mitochondria

accumulate at the perinuclear regions and spindles duringmei-
otic maturation of oocytes [27]. The movement of mitochon-
dria towards the perinuclear region might be important to lo-
cally increase the ATP supply to promote G2/M transition. In
addition, mitochondrial ATP production has been shown to be
required for maintaining a low intracellular Ca2+ and for sus-
taining sperm-triggered Ca2+ oscillations [18, 19].
Mitochondria in oocytes have been also shown to associate
characteristically with smooth endoplasmic reticulum [1, 2].
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compared by Fisher’s PLSD test
following ANOVA (a and b) and
by student’s t test (c).
Characteristics of oocytes used in
this study were shown in Table 2

Table 3 Meiotic maturation of human oocytes cultured with or without tubulin or actin filament polymerization inhibitor

No. of
examined

Oocyte stage at
the start of
imaging

Donor age Stimulation Proportion (%)

Agonist Antagonist GVBD mature

Control 58 GV 37.9 27 31 93 66

32 GVBD 40.5 12 20 – 72

+ Colchicine (20 μg/mL) 45 GV 37.1 18 27 56 0

11 GVBD 37.0 6 5 – 0

+Cytochalasin B (0.1 μg/mL) 27 GV 38.5 4 23 59 0

15 GVBD 38.5 0 15 – 0
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Recently, the distribution pattern of endoplasmic reticulum
has been shown to change during meiotic maturation in hu-
man [36]. Because the penetration of sperm across the oocyte
plasma membrane triggers Ca2+ oscillation, which are

regulated by endoplasmic reticulum and/or mitochondria, the
dynamic changes in mitochondrial localization observed in
the present study might play critical roles in the process of
fertilization and subsequent development.
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Fig. 5 Time-dependent changes
of the mitochondria-occupied area
(percentage of total) in oocytes in
the absence (open circles) or
presence of colchicine (20 μg/mL,
closed circles) or cytochalasin B
(0.1 μg/mL, open squares). Data
were compared among
experiments with and without
inhibitors and analysed by Fisher’s
PLSD test following ANOVA
(a–b, p<0.01). The arrow and
arrowhead indicate the time point
when the inhibitors were added and
the time of GVBD, respectively.
Characteristics of
oocytes used in this study were
shown in Table 1

Mitochondrial clustering during maturation (%)b

64.3 0 0

21.4 33.3 16.7

14.3 66.7 83.3

MatureGV

Highly-clustered
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GVBD

a
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20

colchicine-
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14 15 6No. of oocytes 5 3

Fig. 6 TEM images of mitochondrial clusters during oocyte maturation.
a TEM images of mitochondria before (1, 6) and after (2, 3, 7, 8) GVBD,
Colchicine-treated GV oocyte (4, 9) and cytochalasin B-treated GVBD
oocyte (5, 10). Mitochondria formed aggregates before GVBD in panels
1 and 6 but the aggregates were not present in GVBD oocytes (2, 3, 7, 8)
and colchicine-treated GV oocyte (4, 9). Mitochondrial clusters were

observed in cytochalasin B-treated GVBD oocytes (5, 10). b The
amount of mitochondrial clusters was quantitated before and after
GVBD using TEM images. Characteristics of oocytes used in this study
were shown in Table 2. Original magnification in a: ×1,200 (1 and 5),
×1,000 (2–4), ×10,000 (6–10). Scale bar= 20 μm (1–5) and 2 μm (6–10)
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Locomotion of mitochondria in oocytes during their matu-
ration has been studied using mice [21, 27], pigs [15, 28] and
human specimens [23]. Colchicine increased the
mitochondria-occupied area in cytoplasm and inhibited their
redistributions towards the perinuclear region around 6–7 h
before GVBD, suggesting that microtubules played important
roles both in the centripetal and centrifugal movements of
mitochondria at the G2/M transition. In contrast, cytochalasin
B rapidly decreased the mitochondria-occupied area and
slightly inhibited the increase observed in control oocytes at
the GVBD stage. This observation suggests that microfila-
ments also play important roles in the movement and locali-
zation of mitochondria close to the subcortical area of plasma
membranes. In this context, microfilaments have been well
documented to localize to subcortical areas along through
plasma membranes and interact with the anchoring domain
of the plus end of microtubules to form 3D network of the
cytoskeleton. Since mitochondrial traffic in cells has been
known to interact with kinesin and dynein to move along
microtubules [37], it is not surprising that the mitochondrial
movement and/or localization in human oocytes were affected
differently by colchicine and cytochalasin B (Fig. 3). It has
been shown that the pattern of mitochondrial distribution dif-
fered according to the meiotic competence [38]. Although the
distribution pattern of oocytes which reached metaphase II
was the same as obtained in live imaging study in the present
study (data not shown). Further studies should be performed
to assess the relationship with the pattern of mitochondrial
distribution of immature oocytes and their meiotic
competence.

Our observations suggest that both centripetal and centrif-
ugal movements of mitochondria in maturing human oocytes
occur along microtubules anchoring to microfilaments local-
ized at the subcortical regions. Since cytochalasin B rapidly
decreased the mitochondria-occupied cytoplasmic area, this
inhibitor would have inhibited the anchoring to disturb the
3D network formed by microtubules and microfilaments at
the subcortical regions. This notion is consistent with the pres-
ent findings that the increase in the mitochondria-occupied
area after GVBD was also affected by cytochalasin B. Since
colchicine rapidly increased the mitochondria-occupied area
and inhibited the following decrease observed with control
GV stage oocytes, this inhibitor would have disrupted the 3-
D structure of the anchoring domain of the minus end of
microtubules close to the nucleus. In this study, we used sur-
plus immature oocytes and cultured without surrounding cells
to capture confocal images. As previously suggested [39],
possible differences in the distribution of mitochondria and
other organelles between mature and immature oocytes 42 h
after hCG administration should be studied further
experiments.

Various types of mitochondrial aggregation were observed
with maturing oocytes from different animal species [5, 6,

15–17, 21]. Yu et al. [27] reported that mitochondrial cluster-
ing and dispersion occurred twice during meiotic maturation
of mouse oocytes and suggested its relationship with cellular
energy demand. The present work clearly shows that mito-
chondria in human oocytes formed aggregates at the GV stage
but distributed homogenously in the whole area of cytoplasm
at the time of GVBD.

The critical role of the redistribution of mitochondria in
human oocytes should be studied further with respect to the
change in the site(s) and properties of energy-dependent me-
tabolism required for cellular maturation. The interaction of
microtubules and microfilaments at the subcortical region of
human oocytes also requires further studies.
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