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Cytoskeletal organization in porcine oocytes

Cumulus cells affect distribution and function of the 
cytoskeleton and organelles in porcine oocytes
HIROYUKI SUZUKI and YOSUKE SAITO
Faculty of Agriculture and Life Science, Hirosaki University, Hirosaki, Japan 

Mammalian oocytes grow and undergo meiosis within ovarian
follicles. Oocytes are arrested at the first meiotic prophase, being
controlled or influenced by follicular somatic cells. Under the
influence of gonadotropins, immature oocytes resume meiosis.
During meiotic progression, some cytoplasmic changes occur,
so-called cytoplasmic maturation. However, porcine follicular
oocytes vary greatly in developmental competence. The present
review summarizes recent studies highlighting the importance

of cumulus cells in maintaining the developmental ability and
in reorganizing the cytoskeleton and organelles of porcine
oocytes. Factors affecting wide variation of the nuclear and
cytoplasmic maturation observed in the porcine oocytes are
discussed. (Reprod Med Biol 2006; 5: 183–194)

Key words: cortical granules, cytoskeleton, mitochondria, pig 
oocyte.

INTRODUCTION

FOLLICULAR OOCYTES RECOVERED from slaugh-
tered animal ovaries are commonly used to study

in vitro maturation (IVM) and fertilization (IVF) of the
oocytes in current animal biotechnology of domestic
animals. However, porcine follicular oocytes vary greatly
in developmental competence. The quality of the oocytes
from follicles of different sizes might be the main source
of variation in IVM results in pigs,1–4 as well as in cattle.5

Furthermore, there is a large variation in the rate of
meiotic progression of porcine oocytes in vitro.2,3,6 The
specific cause of such a wide variation is still unclear.

Several cytological and molecular events which are
closely linked to nuclear maturation are associated with
cytoplasmic maturation in mammalian oocytes.7 These
events are complex and well-orchestrated processes,
which are controlled or influenced by follicular somatic
cells that are directly coupled to the oocyte by gap junc-
tions.8 It has been reported that cytoplasmic changes
involve redistribution of chromosomes and organelles
through reorganization of the cytoskeleton.9,10 The
present review will focus on discussing the fundamental
effects of cumulus cells on the developmental ability
and cytoskeletal distribution associated with the organelle
distribution of porcine oocytes.

Cumulus cells on meiotic progression

The present study has shown the fundamental effects of
cumulus cells on the maturation of porcine oocytes.
Porcine ovaries were obtained from prepuberal gilts
and the cumulus-oocyte complexes (COC) were pooled
and graded in four categories as described previously.11

Grade 1 COC are mostly covered with more than three
cumulus layers; grade 2 COC were covered with 2–3
layers; grade 3 COC were partially covered with clumped
cumulus masses and the zona pellucida was partially
exposed; and grade 4 COC were lacking cumulus cells
and the oocyte was only enclosed by the zona pellucida.
They were incubated for 44 h as reported previously.12

The results obtained are summarized in Table 1. At
the start of maturation, almost all of the oocytes were
at the germinal vesicle (GV) stage but some of them
were at diakinesis, showing GV break down (GVBD).
After 44 h of incubation, the grade 1–2 oocytes showed
significantly higher maturation rates than the grade 3–
4 oocytes (87% and 76% vs 46% and 30%, respectively,
P < 0.05). Lower-grade oocytes showed an increased
incidence of degeneration during incubation (13% for
grade 4 oocytes).

Oocytes that were cultured denuded of the cumulus cells
(DO) showed a significant decrease in the metaphase II
(MII) rate. However, oocytes assessed as grade 1 and 2
before denudation reached the MII stage at a higher
rate than those assessed as grade 3 (60% and 51% vs
29%, respectively, P < 0.05). The inability of oocytes
lacking cumulus cells to mature in vitro has been shown
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for porcine and bovine follicular oocytes.13,14 It is believed
that some regulating molecules act through mediation
with the cumulus cells.7

Cumulus cells and GV configurations

In porcine oocytes, chromatin configurations of the GV
stages are also varied.4,15 Thus, we carried out further

experiments to classify the GV stage oocytes on the
criterion described previously.1,4,15 The results obtained
are summarized in Table 2. At 0 h of incubation, more
than half of the oocytes (57%) assessed as grade 1 were
at the GVI, whereas mean percentage of GVI oocytes
decreased significantly in lower-grade oocytes (38, 27
and 25% for grades 2, 3 and 4, respectively). In contrast,
the mean percentage of GVII–GVIV oocytes was 42% in

Table 1 Maturational stage of pig oocytes graded in four categories and cultured thereafter for 44 h with or without cumulus
investment

Grade† 
of COC

Time of 
culture (h)

No. oocytes 
examined

No. (%) oocytes at stage of:
No. (%) oocytes 
degeneratedGV D MI MII

1 0 77 77 (100)*
44 91 1 (1)***** 10 (11) 79 (87)* 1 (1)**

Denuded 44‡ 84 14 (17)**** 14 (17) 50 (60)** 6 (7)
2 0 78 77 (99)* 1 (1)

44 93 1 (1)***** 18 (20) 71 (76)* 3 (3)
Denuded 44‡ 80 21 (26)**** 1 (1) 15 (19) 41 (51)** 2 (3)
3 0 63 60 (95)* 3 (5)

44 116 21 (18)**** 37 (32) 53 (46)** 5 (4)
Denuded 44‡ 96 50 (52)*** 3 (3) 11 (12) 28 (29)*** 4 (4)
4 0 69 63 (91)** 6 (9)

44 99 41 (41)*** 15 (15) 30 (30)*** 13 (13)*

COC, cumulus-oocyte complexes; D, diakinesis stage; GV, germinal vesicle stage; MI, metaphase I stage; MII, metaphase II stage.
†See text for grade 1–4 COC.
‡The oocytes incubated for 44 h after their cumulus cells were removed.
*–*****Values with different superscripts in the same column differ significantly (P < 0.05).

Table 2 Maturational stage of pig oocytes graded in four categories and cultured thereafter for 12 or 24–28 h

Grade† 
of COC

Time of 
culture (h)

No. oocytes
examined

No. (%) oocytes at stage of:
No. (%) oocytes 
degeneratedGV0 GVI GVII-IV D MI MII

1 0 53 30 (57)* 22 (42)**,*** 1 (2)
12 31 21 (68)* 10 (32)***,****
24–28 40 1 (3)**** 2 (5)***** 30 (75)* 6 (15) 1 (3)

2 0 47 1 (2) 18 (38)** 28 (60)*,**
12 32 1 (3) 12 (38)** 18 (56)*,** 1 (3)
24–48 43 38 (88)* 3 (7)** 2 (5)

3 0 55 3 (5) 15 (27)** 34 (62)* 3 (5)
12 37 2 (5) 5 (14)***,**** 25 (68)* 3 (8) 2 (5)****
24–48 48 3 (6) 9 (19)**** 24 (50)** 8 (17) 4 (8)

4 0 51 1 (2) 13 (25)** 36 (71)* 1 (2)
12 34 2 (6) 6 (18)*** 20 (59)*,** 1 (3) 3 (9)**** 2 (6)**
24–48 78 6 (8) 16 (21)** 22 (28)***,**** 11 (14)*** 17 (22)* 6 (8)

COC, cumulus-oocyte complexes; D, diakinesis stage; GV, germinal vesicle stage; MI, metaphase I stage; MII, metaphase II stage.
†See text for grade 1–4 COC.
*–*****Values with different superscripts in the same column differ significantly (P < 0.05).
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grade 1 oocytes, but increased to 60, 62 and 71% for
grade 2, 3 and 4, respectively. Furthermore, a few
oocytes examined at 0 h (2–5%) had shown GVBD.
These observations confirm the previous studies which
reported a large variation in the process of meiotic
progression of porcine oocytes,2,3 suggesting that the
progression from GVI to GVII or later might have some
morphological correlation with the COC grading at
recovery.

In grades 1 and 2, no significant changes were noticed
in the proportion of the GVI oocytes between 0 h and
12 h of culture. In grades 3 and 4, however, the proportion
of the GVI oocytes decreased significantly compared with
that at 0 h. There was a tendency for the percentage of
the GVIII or GVIV oocytes to increase, unlike that of the
GVII oocytes in lower-grade groups (data not shown).
Although they were only cultured for 12 h, 5% (2/37)
of the grade 3 oocytes and 15% (5/34) of the grade 4
oocytes had developed to the MI stage or later, of which
6% (2/34) of the grade 4 eggs had already reached the
MII stage. After 24–28 h of culture, more than 90% of
oocytes in grades 1 and 2 proceeded to the MI stage or
later. In grades 3 and 4, however, the oocytes beyond
the MI stage decreased to 67 and 26%, respectively. The
remaining eggs were arrested at GV (25 and 57%,
respectively) or degenerated.

Grupen et al. reported that 27% of porcine oocytes
had developed to the MII stage after 24 h of incubation
and suggested that more advanced oocytes might have
aged during the maturation period for 44 h.3 On the
basis of the present results, 15% of the grade 1 oocytes,
which were at the MII stage after 24–28 h of culture,
were aged for about 20 h at the end of culture period.
Such advanced oocytes might be derived from the oocytes
reaching GVII or later at recovery, because the same
duration (18.7 h) is required to progress from GVI to
GVII stages in pigs.16

In summary, a higher proportion of the oocytes
covered with fewer cumulus cells (the grade 2–3) might
progress to the GVII stage or later compared with the
oocytes covered compactly with cumulus (the grade 1),
even if they are located in the ovarian follicles. The
oocytes at advanced GV stages might develop much
earlier to the MII stage than the GVI oocytes at the start
of incubation, resulting in the occurrence of age-related
changes.

Cumulus cells and cytoskeletal distribution

The application of multiple fluorochroming techniques
had made the analyses of the cytoskeletal elements

during oocyte maturation possible. Typical fluorescence
micrographs of the cytoskeleton in the porcine oocytes
are shown in Figure 1. As observed previously,11 most of
the grade 1 oocytes (82%, 18/22) showed a dense and
uniform distribution of the transzonal cumulus-cell
processes at 0 h of incubation (Fig. 1a). However, about
40% of the grade 2 oocytes (16/28) showed a partial
loss of these processes and the majority of the oocytes at
grade 3 and 4 (18/22 and 14/16, respectively) had already
lost a greater part of their cumulus-cell processes
(Fig. 1b). Interestingly, in the oocytes cultured without
cumulus cells, two sets of metaphase spindles were
occasionally observed (1–5%), regardless of the COC
grading (Fig. 2), suggesting that the factor deriving from
the cumulus cells might be required for the normal
reorganization of the cytoskeleton in the oocyte.

Fluorescence intensities of microfilaments and micro-
tubules in the ooplasm are summarized in Table 3. As
shown in Figure 1, matured grade 1 oocytes were
characterized by the cortical microfilaments stained
intensely and the cytoplasmic microfilaments stained
weakly but distributed evenly (Fig. 1c). The cortical
microfilaments had become strongly stained at 24 h
of culture and then declined again at 44 h of culture.
Microtubules were concentrated preferentially into the
meiotic spindle at the MI and MII stages (24 and 44 h,
respectively). The grade 2–4 oocytes showed significant
decreases in fluorescence intensities of both micro-
filaments and microtubules compared with the grade 1
oocytes (P < 0.05, Fig. 1d). In contrast, cytoplasmic
microtubules were higher in intensity in the grade 4
oocytes than in the grade 1–3 oocytes, although no
significant differences were found in the intensity of
the spindle microtubules. Interestingly, DO displayed
higher intensities of microfilaments and microtubules
in the ooplasm after incubation than the cumulus-
enclosed oocytes, regardless of the COC grading
(Table 3).

Table 4 shows the size of MI and MII spindles of the
oocytes cultured with or without cumulus investment.
The overall mean of pole distances of the MI spindle
was 10.9 µm and the width of the equatorial plane was
12.5 µm. At the MII stage, however, the size decreased
significantly to 8.6 µm in length and 9.9 µm in width
(P < 0.05), although no remarkable differences were
noted among those of the grade 1–3 oocytes. On the
contrary, DO that reached the MI and MII stage showed
extended distances of the spindle poles than the cumulus-
enclosed oocytes. The distance between the spindle
poles in DO was increased by 17% (12.7/10.9 µm)
for the MI spindle and profoundly increased by 53%
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Figure 1 Fluorescent micrographs of germinal vesicle (GV)-stage (a, grade 1; b, grade 3) and metaphase II (MII) stage
(c, grade 1; d, grade 3) pig oocytes. Left panel: Three components; microtubules are green, microfilaments are red and nuclei/
chromosomes are blue, yellow shows the overlap of microtubules and microfilaments. Middle panel: Microfilament labeling.
Right panel: Microtubules and DNA labeling. (a) A GV-stage oocyte assessed at grade 1 showing a dense and uniform
distribution of cumulus-cell processes consisting of microfilaments within the zona pellucida (double arrow). Microfilaments
and microtubules in the ooplasm are strongly stained. (b) A GV-stage oocyte assessed at grade 3. Oocyte showing partial loss of
cumulus-cell processes. Note decrease in density of microfilaments and microtubules in the ooplasm compared with (a). (c) A
MII-stage oocyte assessed at grade 1. Microfilaments are strongly stained in the cortex and on the contact surfaces of the oocyte
and PBI (arrow). The MII spindle is located peripherally with a radial axis. (d) A MII-stage oocyte assessed at grade 3 showing
decreased density of cortical and cytoplasmic microfilaments. Bar represents 50 µm in (a) and (c).
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(13.2/8.6 µm) for the MII spindle compared with those
in the cumulus-enclosed oocytes. In the grade 4 oocytes,
which had lost their cumulus at recovery, the MII
spindle was intermediate in length (10.6 µm) between
COC and DO.

Cumulus cells and cortical granule 
distribution

Pig cortical granules (CG) are able to be seen using
fluorescein isothiocyanate (FITC)-conjugated lectins.17

Figure 2 Fluorescent micrograph of an oocyte cultured and denuded of the cumulus cells showing two sets of metaphase
spindles under each microfilament dome. Left panel: Three components; microtubules are green, microfilaments are red and
nuclei/chromosomes are blue, yellow shows the overlap of microtubules and microfilaments. Middle panel: Microfilament
labeling. Right panel: Microtubules and DNA labeling. Bar represents 50 µm in the left panel.

Table 3 Fluorescence intensities of microfilaments and microtubules in pig oocytes graded in four categories and cultured
thereafter for 24–28 or 44 h with or without cumulus investment

Cumulus 
layer

Grade† 
of COC

Time of 
culture (h)

No. oocytes 
examined

Fluorescence intensities‡ of

Microfilaments Microtubules

Cytoplasm Cortex Cytoplasm Spindle

1 0 22 100*,** 136*,** 100* –
24–28 14 90*,**,*** 148* 39**** 104
44 26 84**,*** 108*** 41**** 114

2 0 28 80*** 121**,*** 99* –
Intact 24–28 25 93**,*** 144* 56***,**** 108

44 31 86**,*** 104*** 51***,**** 109
3 0 22 75*** 115**,*** 79**,*** –

24–28 15 94**,*** 151* 54***,**** 105
44 15 92*,**,*** 103*** 49***,**** 108

4 0 16 74*** 97*** 92*,** –
24–28 7 114* 140*,** 39***,**** 108
44 11 78**,*** 107*** 63*** 110

Pooled SE 1.4 (n = 232) 1.9 (n = 232) 1.8 (n = 232) 1.1 (n = 82)
1 24–28 14 119 151* 41*** 105

44 18 109 122** 69*,** 125
Denuded 2 24–28 14 123 141 41*** 98**

44 16 120 138 75*,** 118
3 24–28 8 118 147 46**,*** 105

44 13 105 120** 87* 128*
Pooled SE 3.2 (n = 83) 3.1 (n = 83) 3.2 (n = 83) 3.1 (n = 19)

COC, cumulus-oocyte complexes.
†See text for grade 1–4 COC. ‡Values were calculated mean intensities of microfilaments and microtubules in the germinal 
vesicle cytoplasm of grade-1 oocytes as 100%, respectively.
*–****Values with different superscripts in the same column differ significantly (P < 0.05).
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By labeling with FITC-peanut agglutinin, distribution
of the CG was classified into three patterns according to
the criterion by Yoshida et al.17 with minor modifications:
(i) located throughout the cortical cytoplasm (referred
to as ‘cortical’); (ii) located next to the oolemma (referred
to as ‘next to oolemma’); and (iii) ‘intermediate’ between
both fashions described above, which is the third group
we added in the present experiment (Fig. 3). In the
‘cortical’ pattern, the fluorescence spots are distributed
sparsely in the range of approximately 20 µm inside
the oolemma, whereas in the ‘next to oolemma’ pattern
the stained spots were located within 4 µm beneath the
oolemma in a linear arrangement.

Table 5 shows distribution of the CG in pig oocytes
graded into four categories and cultured for 12, 24 or
44 h. At 0 h of incubation, the majority (89–94%) of
oocytes of grades 1–3 showed a ‘cortical’ pattern, whereas
the grade 4 oocytes showed a significant decrease in
the proportion (P < 0.05), which were either ‘next to
oolemma’ or ‘intermediate’ patterns. After 12 h, no
remarkable changes were noted in the grade 1 oocytes
but in the grades 2 and 3, the percentage of oocytes
showing a ‘cortical’ pattern fell to 62 and 69%,

respectively. It was after 24 h that the grade 1 oocytes
switched over from ‘cortical’ to the other two patterns.
However, 70% of the grade 4 oocytes were still showing
a ‘cortical’ pattern at this time. After 44 h of incubation
(reaching the MII oocytes), almost all oocytes (93–100%)
showed ‘next to oolemma’ and ‘intermediate’ patterns
regardless of the COC grading.

In pig oocytes, migration of the CG occurred between
20 and 30 h post hCG in vivo.18 This is consistent with
our results on grade 1 oocytes. In contrast, 70% of the
grade 4 oocytes showed a ‘cortical’ pattern even after
24 h of culture. Furthermore, the proportion of the
oocytes showing ‘intermediate’ and ‘next to oolemma’
patterns at 0 h was higher in the grade 4 oocytes than
in the grades 1–3 oocytes. These results suggest that
migration of the CG through cytoskeletal reorganiza-
tion might not proceed normally in oocytes lacking
cumulus cells. The interaction between the cumulus
cells and the oocyte is required to stabilize the distribu-
tion of CG.19

Microfilaments play a role in the migration of CG.20

Cortical ooplasm is rich in microfilaments in mice,21,22

rats,23 hamsters,24,25 sheep26 and pigs.12,27,28 However,

Table 4 Size of meiotic apparatus in pig oocytes graded in four categories and cultured thereafter for 24–28 or 44 h with or
without cumulus investment

Grade† 
of COC

Cumulus 
layer

Stage & culture(h) 
of oocytes

No. oocytes 
examined

Distance (µm) of:

Denuded/Intact 
ratio of pole distancespindle poles

equatorial 
plane

1–3 Intact MI (24–28) 35 10.9 ± 0.2** 12.5 ± 0.3* –
1–3 Denuded MI (24–28) 9 12.7 ± 1.0* 12.1 ± 0.3* 117%
1–3 Intact MII (44) 26 8.6 ± 0.2*** 9.9 ± 0.2** –
1–3 Denuded MII (44) 10 13.2 ± 0.6* 9.5 ± 0.4** 153%
4 No‡ MII (44) 7 10.6 ± 0.5** 9.3 ± 0.4** –

COC, cumulus-oocyte complexes.
†See text for grade 1–4 COC. Group 1–3 shows pooled data of three grades, because of no significant differences among them.
‡The oocytes lacking cumulus cells at recovery.
*–***Values with different superscripts in the same column differ significantly (P < 0.05).

Figure 3 Fluorescent micrographs
showing three distribution patterns
of the cortical granules by fluorescein
isothiocyanate-conjugated peanut
agglutinin (FITC-PNA). (a) ‘Cortical’;
(b) ‘intermediate’; (c) ‘next to
oolemma’. See text for the explanation.
Bar represents 50 µm in (a).
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porcine oocytes without cumulus cells or aged after IVM
showed a decreased density of the cortical microfilaments.28

Altered distribution of the cortical microfilaments might
affect localization of the CG. Displacement of the CG
during IVM might lead to a disturbance in establishing
the block to polyspermy, otherwise premature exocytosis
of the CG might lead to an irreversible modification of
the zona characteristics.

Cumulus cells and mitochondrial 
distribution

During oocyte maturation, mitochondria are required
to provide energy/metabolites to specific regions in
oocytes29–31 which might ensure subsequent embryo
development.31–35 Translocation of mitochondria dur-
ing oocyte maturation has been reported in cows,36

pigs,37 mice,29,30,38 hamsters39 and humans.40–42 In the
present study, we examined changes in the distribution
and fluorescence intensity of the mitochondria by
MitoTracker Red (0.1 µg/mL, Molecular Probes, Eugene,
OR, USA), which are accumulated in active mitochon-
dria of live cells depending on the membrane potential.

A typical fluorescence micrograph is shown in
Figure 4. Mitochondrial distribution was classified into
two patterns; more even distribution throughout the

cytoplasm (‘even’ pattern) and less distribution in the
peripheral ooplasm (‘peripheral free’ pattern). Table 6
shows the mitochondrial distribution in the oocytes of
each grade. At 0 h of culture, the majority of oocytes in
grades 1 and 2 were ‘even’ pattern (83 and 82%, respec-
tively). However, in grades 3 and 4, the proportion of
‘even’ oocytes decreased (69 and 50%, respectively).

We next examined whether the fluorescence intensity
of the GV oocytes differ depending on the presence of a
nucleus, the mean pixel intensity of 10 × 10 pixel boxes
from the perinuclear and the cytoplasmic cortical regions
in four subregions along radii (see Fig. 5) was quanti-
tated from the raw digital images. The fluorescence
intensity of mitochondria around the GV was approxi-
mately 20% lower in grade 4 oocytes than in grade 1–3
oocytes (P < 0.05), although no remarkable changes
were found in the overall means of the fluorescence
intensity in the ooplasm (Table 7). These observations
suggest that mitochondrial transition from ‘even’ to
‘peripheral free’ patterns might begin in lower-grade
oocytes before the time of culture, thereby the number
and activity of mitochondria around the GV might
diminish in these oocytes. After 44 h of culture, more
than half of the MII oocytes (61–66%) showed the
‘peripheral free’ pattern, regardless of the COC grading
(Table 6).

Table 5 Distribution of cortical granules in pig oocytes graded in four categories and cultured thereafter for 12, 24 or 44 h

Grade† 
of COC

Time of 
culture (h)

No. oocytes
examined

No. (%) oocytes showing distribution pattern‡ of:

Cortical Intermediate Next to oolemma

1 0 35 33 (94)* 2 (6)***,**** 0 (0)
12 17 15 (88)*,** 1 (6)***,**** 1 (6)****
24 18 5 (28)***,**** 6 (33)* 7 (39)**,***
44 28 2 (7)***** 5 (18)*,**,*** 21 (75)*

2 0 35 31 (89)* 1 (3)**** 3 (9)****
12 21 13 (62)** 8 (38)* 0 (0)
24 19 2 (10)***,**** 7 (37)* 10 (53)*,**
44 24 0 (0) 5 (21)*,**,*** 19 (79)*

3 0 29 26 (90)* 2 (7)**,***,**** 1 (3)****
12 16 11 (69)** 4 (25)*,** 1 (6)****
24 14 5 (36)**,*** 2 (14)*,**,***,**** 7 (50)*,**
44 13 0 (0) 3 (23)*,**,*** 10 (77)*

4 0 30 17 (57)**,*** 10 (33)* 3 (10)****
12 15 11 (73)** 2 (13)*,**,***,**** 2 (13)***
24 20 14 (70)** 1 (5)***,**** 5 (25)**,***
44 7 0 (0) 1 (14)*,**,***,**** 6 (86)*

COC, cumulus-oocyte complexes.
†,‡See text for grade 1–4 COC and distribution pattern of cortical granules, respectively.
*–****Values with different superscripts in the same column differ significantly (P < 0.05).
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What happens in pig oocytes within the 
ovarian follicles?

Cumulus and granulosa cells synthesize some meiosis-
inhibitory factors, including cyclic adenosine mono-
phosphate or other molecules, that are transported into
oocytes through numerous gap junctions and thereby
mammalian follicular oocytes are arrested at the first
meiotic prophase.9,43–48 Disruption of the gap junctions
between the cumulus cells and the oocyte is associated
with the reinitiation of meiosis.8,9,49–51 Alternatively, the
resumption of meiosis might be mediated by positive
factor(s) able to override the arrest imposed by the
follicular environment.9,52–55 A positive hormonal stim-
ulus resulting from FSH interactions with the cumulus
cells can override the meiotic arrest mechanism. The
present observations showed lower maturation rates in
porcine DO and in lower-grade oocytes in the same

Figure 4 Fluorescent micrographs
showing two distribution patterns of
mitochondria by MitoTracker Red:
(a) ‘Even’ and (b) ‘peripheral free’.
Histograma show pixel strength of
the equatorial plane of the oocyte (a
white line in the figure). (c) ‘Even’ and
(d) ‘peripheral free’. See text for the
explanation. Bar represents 50 µm in (a).

Table 6 Distribution of mitochondria in pig oocytes graded in four categories and cultured thereafter for 44 h

Grade† 
of COC

Time of 
culture (h)

No. oocytes 
examined

No. (%) oocytes showing 
distribution pattern‡ of:

Even Peripheral free

1 0 35 29 (83)* 6 (17)***
44 35 12 (34)*** 23 (66)*

2 0 34 28 (82)* 6 (18)***
44 39 14 (36)*** 25 (64)*

3 0 26 18 (69)*,** 8 (31)**,***
44 25 9 (36)*** 16 (64)*

4 0 30 15 (50)**,*** 15 (50)*,**
44 18 7 (39)*** 11 (61)*

COC, cumulus-oocyte complexes.
†,‡See text for grade 1–4 COC and distribution pattern of mitochondria, respectively.
*–***Values with different superscripts in the same column differ significantly (P < 0.05).

Table 7 Fluorescence intensities of mitochondria in pig GV-
oocytes graded in four categories

Grade† 
of COC

No. oocytes 
examined

Fluorescence intensities 
of mitochondria‡

Cortical 
cytoplasm Around GV

1 25 100 ± 3 131 ± 3*
2 22 102 ± 3 131 ± 3*
3 18 102 ± 4 134 ± 4*
4 12 97 ± 5 109 ± 4**

COC, cumulus-oocyte complexes; GV, germinal vesicle.
†See text for grade 1–4 COC. ‡Values were calculated the 
mean intensities of cortical cytoplasm in the grade-1 oocytes 
as 100%.
*,**Values with different superscripts in the same column 
differ significantly (P < 0.05).
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culture condition. These results suggest that the oocyte
must be responding to positive factor(s) produced by
the cumulus cells surrounding it. The putative positive
factor seemed to reach the oocyte through the gap junc-
tions of the cumulus cell processes.8 The positive factor
has not been identified yet, but one possible candidate
is calcium.55,56 Calcium ions are essential second mes-
sengers in eukaryotic cells. A large variety of vital cell
functions such as actin dependent motion and contrac-
tion, cell proliferation and secretion, gene expression
and synaptic transmission depend on calcium concen-
trations.57 Recent studies have emphasized the role of
calcium on cytoskeleton assembly and mitochondrial
distribution in the somatic cells.58 The present study
has shown that the transition of organelles, such as CG
and mitochondria, might begin or proceed earlier in
lower-grade oocytes than the cumulus-enclosed oocytes
before the time of culture. Several studies of cytoskeletal
dynamics during oocyte maturation and fertilization show
that microfilaments play a role in specific processes,
including spindle rotation (in rodent eggs), polar body
emission (cytokinesis), CG exocytosis, sperm tail incor-
poration, and pronuclear migration in mouse, hamster,

ovine, porcine and bovine eggs.9–12,20–28,58–70 Microtubules
as well as microfilaments might be involved in the
mechanism of mitochondrial translocation.29,31,34,38

Cumulus and granulosa cells alter the signal transduction
pathways in the oocyte and influence the expression of
maturation promoting factor and cytostatic factor activ-
ity through a cytoskeletal-dependent mechanism.9,71,72

Further studies will be necessary to show whether calcium
mobilization that the cumulus cells stimulate can affect
reorganization of the cytoskeleton and localization of
the organelles in mammalian eggs, in addition to
exploration of other molecules acting as a positive
factor and definition of the signal transduction pathways
that link follicle cells to the oocyte to regulate meiosis.

Characteristics of oocytes from atretic 
follicles

Most porcine IVM-IVF systems utilized oocytes obtained
from the ovaries of prepuberal gilts. Oocyte meiosis is
arrested at the dictyate stage of the prophase before the
onset of puberty.43 Approximately half of the antral
follicles (3–6 mm in diameter) present in prepuberal
gilt ovaries undergo atresia, determined by pyknotic
nuclei in the granulosa cells, in pre- and postpubertal
gilts.4,73,74 During early stages of oogenesis and follicu-
logenesis, granulosa cell apoptosis might play the pri-
mary role in oocyte degeneration.75 Garrett and Guthrie
reported that an antiapoptotic protein, such as Bcl-2,
was not expressed in oocytes and that the expression
was greatest in the granulosa cells of the primordial
and preantral follicles, as well as in the stromal cells.76

Shimada et al. emphasized that the outer layers of
cumulus cells, through the synthesis of connexin-43,
function to support the communication between the
cumulus cells or between the cumulus cells and the
oocyte.77 It is suggested, therefore, that cumulus/granulosa
cells might mediate a certain critical factor between the
stromal cells and the oocyte.

It is reasonable that porcine oocytes with few or no
cumulus cells are assumed to be derived from the
atretic follicles and the characteristics of the oocytes
classified as low grade might reflect the modification in
the oocyte during the early stages of apoptosis and
follicular atresia. They include modifications in the
location and density of microfilaments, microtubules
and mitochondria, asynchronous migration of CG and
mitochondria with nuclear configurations, and changes
in spindle morphology.

There were wider variations in the progression of the
prophase in grade 2–4 oocytes than in grade 1 oocytes.

Figure 5 Schematic diagram illustrating areas for analysis of
pixel intensity for quantification of mitochondrial distribution
within a germinal vesicle (GV)-stage oocyte. Solid boxes (10 × 10
pixels) indicate areas measured within the perinuclear areas
of the oocyte and were placed adjacent to the GV. Open boxes
indicate areas measured within the peripheral area of the
oocyte and were placed four pixels from the cell membrane.
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It was found that up to 70% of lower-grade oocytes in
3–6 mm diameter follicles had shifted to the GVII or
later stages in prepubertal gilts. In pigs, follicles con-
taining the oocytes undergoing GVBD were eliminated
before the preovulatory LH surge.75 In the IVM-IVF
protocols, however, it is very difficult to distinguish the
oocytes derived from either atretic or nonatretic follicles.
To develop the technique, retrieving the oocytes from
atretic follicles might be required for an improvement
in the efficiency of current animal biotechnology.
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