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Abstract. The role and interaction of microtubules and microfilaments, which are important for
progressing the events during oocyte maturation and activation, are not well understood.  This study
was designed to examine the cytoskeletal changes of the porcine oocyte activated electrically or by
sperm with relation to the effects of oocyte aging and the paternal and maternal contributions.  During
electric activation, fusion of the first polar body (PBI) into the oocyte was attempted to evaluate
changes in the cytoskeleton induced by incorporation of maternal chromatin in comparison with
penetrated sperm (paternal) chromatin.  Aged oocytes matured for 50–60 h displayed an elongated
spindle and a less dense distribution of microfilaments compared to young oocytes matured for 44 h.
Oocytes were effectively activated with double electric pulses regardless of aging (93–100%).  Fusion
of PBI into the oocyte declined with oocyte aging (from 52% to 22%).  When fusion occurred, PBI
chromatin was incorporated into the microtubule networks of the ooplasm and was frequently
transformed into one “extra” nuclear-like structure.  Young parthenotes possessed one microtubule-
rich domain including one or more pronuclei.  In aged parthenotes, however, the cortical and
cytoplasmic microfilaments decreased in density, resulting in frequent fragmentation of eggs.  In
zygotes, male and female pronuclei were included in separate domains of microtubules, respectively,
anchored by microfilaments.  The present results suggest that the instability of cytoskeleton of the
oocyte induced by aging may increase egg fragmentation and that there may be a difference between
the paternal and maternal contributions to the cytoskeletal reorganization during pronuclear
formation and migration. 
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uring mammalian oocyte maturation and
fertilization, many dynamic events occur to

ensure successful development.  These include the
resumption of meiosis, chromosome condensation,
spindle formation, polar body emission, sperm
incorporation and pronuclear formation and
migration.  Cytoskeleton organization is well
known to be important for the progression of these
events in mammals such as the mouse [1–4], rat [5],
rabbit [6], sheep [7, 8], cattle [9, 10], pig [11–15] and
human [16].  Our previous studies showed that

cytoskeletal alteration is involved in the dynamic
change of the cumulus-oocyte cell communication
during oocyte maturation, and that the cumulus
mass condition affects oocyte maturation in the pig
[17, 18]. 

Observations of the early events of fertilization
have indicated the paternal inheritance of a
microtubule-organizing center in oocytes of rabbits
[6], sheep [7], cattle [9], and pigs [12–15, 19].  In pig
oocytes, sperm aster enlarged during sperm
decondensation and extended throughout the
cytoplasm at the time of pronuclear apposition [12,
13].  Recent reports have described the origin of the
active microtubule-organizing center as paternally
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derived and its role in pronuclear migration and
apposition in cattle [9] and pigs [13, 15].  Studies on
parthenogenesis have also shown that a dense
network of microtubules appears at the pronuclear
stage after artificial activation in these species [10-
13] .   Kim e t  a l .  [12]  suggested that  sperm
contributes to the centrosome during fertilization in
the pig, but the interaction of the paternal and
maternal chromatin with the organization of
microtubules and microfilaments is not completely
understood.  For further understanding of this
issue, we examined the distribution and dynamics
of microtubules and microfilaments in porcine
oocytes matured in vitro, aged, and activated
parthenogenetically or by sperm.  Especially, we
compared the nuclear and cytoskeletal behavior
between two types of oocytes: oocytes in which the
first polar body (PBI) was electrically fused back;
and oocytes penetrated by sperm.  This approach
will help us to understand the mechanism whereby
chromatin of paternal or maternal origins is
associated with the organization of microtubules
and microfilaments of the ooplasm. 

Materials and Methods

In vitro maturation and aging of oocytes    
In vitro maturation of pig oocytes was based on

the procedures reported in our previous study [17].
Briefly, oocytes were aspirated from antral follicles
(2–5 mm in diameter) of ovaries collected from
slaughtered prepubertal gilts.  After being washed
with Dulbecco’s phosphate buffered saline
containing 0.1% polyvinyl alcohol (DPBS-PVA),
groups of 10–15 oocytes were transferred to
NCSU23 medium supplemented with 10% (v/v)
porcine follicular fluid, 10 i.u./ml eCG (Teikoku
Hormone Mfg. Co. Ltd., Tokyo, Japan) and 10 i.u./
ml hCG (Mochida Pharmaceutical Co. Ltd., Tokyo,
Japan).  The oocytes were cultured for 24 h, then
i n cu ba t ed  in  N CS U 2 3  w i t h o ut  h o rm o n a l
supplements for a total period of 44, 50 or 60 h in an
atmosphere of 5% CO2 in air at 39 C. 

Electric activation of oocytes
Matured and aged oocytes were electrically

stimulated.  Oocytes were denuded of cumulus
cells with 0.1% hyaluronidase, washed, and MII-
arrested oocytes were identified by the presence of
the PBI  under a stereomicroscope and the

maturation rate was recorded.  Before activation,
they were equilibrated for 5 min in pulse medium:
0.3 M mannitol supplemented with 0.1 mM CaCl2,
0.1 mM MgCl2 and 0.05% bovine serum albumin
(BSA).  Electric pulses were delivered with an
Electro Cell Fusion (Bex LF101L, Tokyo, Japan).
The chamber for electric stimulation was made of a
glass Petri dish (60 mm in diameter) with two
parallel platinum block electrodes spaced 1 mm
apart and half-filled with pulse medium.  One
oocyte was placed between the electrodes and the
cleavage plane of PBI was oriented perpendicularly
to the line between both electrodes.  The oocyte was
stimulated with double DC pulses (150 V/mm for
60 µsec) 1 sec apart, washed twice, and incubated in
100 µl-drops of NCSU23 medium supplemented
with 0.4% BSA under mineral oil in an atmosphere
of 5% CO2 in air at 39 C for 6 h.  Oocytes were then
stained for fluorescence and considered activated
when progressed to the pronuclear stage.  Oocytes
of each aging group, incubated for an additional 6 h
with or without mannitol treatment, were also
examined.

In vitro fertilization (IVF)
  Sperm-rich fractions of ejaculates were collected

from three Landrace boars, kept at 17 C for 20 h,
and washed three times.  Spermatozoa were
preincubated in modified Tris-buffered medium
[20] supplemented with 1 mM Caffeine and 0.1%
BSA (IVF medium) for 90 min.  Oocytes matured
for 44 h were washed three times and placed in 50-
µl droplets of IVF medium.  Sperm fraction (50 µl)
was introduced to the droplet of oocytes.  The
oocytes were then co-cultured with spermatozoa at
a final concentration of 2 × 105 cells/ml for 6 h at
39 C in an atmosphere of 5% CO2 in air.  Oocytes
were then transferred to 100-µl droplets of NCSU
medium and cultured for an additional 6 h.

Fluorescence observations
Methods for preparing samples for fluorescence

observations have been reported previously [17,
18].  Briefly, denuded oocytes were fixed in a
microtubule stabilization buffer [21] at 37 C for 1 h,
washed extensively and blocked overnight at 4 C in
the wash medium (calcium-free DPBS containing
2% BSA, 2% goat serum, 0.2% milk powder, 0.2%
sodium azide and 0.1% Triton-X).  Afterwards, the
fixed samples were then exposed overnight (at 4 C)
to anti-β tubulin primary antibodies (1:200; Sigma
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Chemical Co., MO, USA), washed, and then
incubated with fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (1:200; Sigma) at
37 C for 2 h.  After rinsing, the samples were
stained with rhodamine-phalloidin (1:1000;
Mo lecula r  Probes ,  Eug ene ,  OR ,  US A )  fo r
microfilaments for 1 h, washed again, then stained
for DNA with Hoechst 33342 (10 µg/ml) in
mounting medium containing PBS and glycerol
(1:1).  The oocytes were finally mounted on slides
and examined to assess the nuclear configuration
and the  d is t r ibut ion  of  microtubules  and
microfilaments.

The samples were viewed under an Olympus
microscope (BX-FLA, Olympus, Tokyo, Japan).  A
U-MNIBA filter set (Olympus) was used for FITC, a
U-MWIB set (Olympus) was used for rhodamine,
and a U-MWU set (Olympus) for Hoechst.  A
co o l ed  CC D  v id eo  sy s te m  ( I m a g eP o in t ,
Photometrics Ltd., Tucson, AZ, USA) was used to
obtain images on a computer and color adjustment
was performed by IPLab-Spectrum P software
(Signal Analytics Corporation, Vienna, VA, USA).

Data analysis
Data were assessed by analysis of variance with

the help of the BMDP program (BMDP Statistical
Sof tw a re ,  In c . ,  Lo s  An ge les ,  CA) .   Wh en
appropriate, percentage data were arcsined
transformed.  Differences between the means were
determined using Duncan’s multiple range test.  A
value of P<0.05 was considered to be statistically
significant.

Results

Parthenogenetic activation of aged oocytes 
Based on the presence of PBI, the overall

maturation rate of the oocytes was 89.1% in this
study.  Rates of activation after different treatments
are summarized in Table 1.  Spontaneous activation
did not occur even after incubation for as long as 66
h.  Mannitol treatment induced parthenogenetic
activation of porcine oocytes at a higher rate in the
oocytes matured for 50 and 60 h (58% and 33%,
respectively) than in those matured for 44 h (6%).
After double electric stimuli, high activation rates
were obtained irrespective of the maturational age
of the oocytes (93–100%).  However, a larger
number of pronuclear oocytes became fragmented
as the oocyte age increased. 

Table 2 shows the types of parthenotes produced.
Different types of parthenotes, which were not
previously described by Kaufman [22], were
observed in this study; namely, due to electric
f u s io n ,  t h e  ch r o ma t i n  of  P B I  o r i g i n  w a s
incorporated into the oocyte.  In the majority of the
cases (82%, 62% and 83% for 44-, 50- and 60-h
groups, respectively), an “extra” large nuclear-like
structure were formed in the ooplasm; otherwise
scattered chromosomes of PBI origin were noted.
The “extra” nucleus of PBI origin was easily
distinguishable by its size and orientation in the cell
from the pronucleus of oocyte origin.  When not
fused with PBI, the proportion of the eggs having
two pronuclei increased in the 50- and 60-h groups
(Table 2).  The fusion rate of PBI and the oocyte was
significantly reduced by oocyte aging: 52 ± 9%, 22 ±

Table 1. Pronuclear formation and fragmentation of porcine oocytes of different maturational age

Age of No. of Mean % of Mean % of activated 
Treatment* oocytes (h) oocytes activated oocytes showing**

M EP examined oocytes PPN PN Frag

– – 44 34 0 – – –
– – 50 38 0 – – –
– – 60 40 0 – – –
+ – 44 33 6 ± 6a 0 100 0
+ – 50 38 58 ± 14b 19 ± 10 64 ± 9 17 ± 9
+ – 60 39 33 ± 9ab 11 ± 11 44 ± 13 45 ± 23
+ + 44 36 100 17 ± 2 83 ± 2a 0
+ + 50 38 93 ± 5 5 ± 5 86 ± 6a 9 ± 3a

+ + 60 39 96 ± 4 0 59 ± 1b 41 ± 1b

Means from three replicates. *, M, mannitol; EP, electric pulses. **, Percentage of oocytes against acti-
vated oocytes. PPN, prepronuclear stage; PN, pronuclear stage; Frag, pronucleated, but fragmented. a,b,
Figures with different superscripts are significantly different in each treatment group.
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11% and 35 ± 6% for 44-, 50- and 60-h groups,
respectively.

Changes in the cytoskeleton organization 
During oocyte aging: At the metaphase of the

second meiotic division (MII), microtubules were

mainly located in the meiotic spindle (Fig. 1a).  The
MII spindle was located peripherally in the
ooplasm, with its long axis perpendicular to the
surface of the oocyte, and contained condensed
chromosomes at the equatorial plate.  The pole-to-
pole length of the spindle was significantly

Table 2. Types of parthenotes after electric stimulation of porcine oocytes of different maturational age

Age of  No. of Percentage of the oocytes showing*:

oocytes oocytes PBI not incorporated PBI incorporated 

(h) activated 1PN+PBII 1PN 2PN 2PN ≥3PN
+PBII -PBII +PBII -PBII

44 36 34 ± 5ab 10 ± 6 5 ± 3a 14 ± 5 18 ± 10a 0 20 ± 7a

50 36 43 ± 13a 13 ± 10 22 ± 5b 10 ± 4 5 ± 5b 3 ± 3 5 ± 3b

60 37 20 ± 12b 19 ± 8 26 ± 9b 9 ± 5 12 ± 4ab 3 ± 3 12 ± 4ab

Means from three replicates. *, PN, pronucleus(-ei); PBI, the first polar body; +/-PBII, with or without the second polar
body. a,b, Figures with different superscripts are significantly different.

Fig. 1. Metaphase II oocytes triple stained to visualize chromatin (DNA), microtubules (MT) and microfilaments (MF). Bar
represents 50 µm. The first polar body is located at the 12 o’clock position of the oocyte and the metaphase plate is on the
right side in a and b. (a) 44 h maturation. Microtubules are observed in the meiotic spindle at the cell cortex.
Microfilaments are noted mainly just under the plasma membrane of the oocyte and the polar body (arrow). (b) 60 h
maturation. Tubulin cohered to thicker filaments can be seen throughout the ooplasm. Cortical microfilaments have
decreased in staining intensity compared to Fig.1a. 
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increased in oocytes incubated for 60 h compared to
younger oocytes, although no significant difference
was found in the width of the equatorial plate
(Table 3).  Tubulin was also faintly stained
throughout the cytoplasm of the oocytes matured
for  44  h ,  whereas  in the  aged oocytes  the
cytoplasmic tubulin cohered to thick filaments in
13% (n=40) and 21% (n=38) of oocytes matured for
50 and 60 h, respectively (Fig. 1b).  Such tubulin
cohesion was more evident after an additional 6 h
maturation incubation: 42% (n=36) and 83% (n=36)
of oocytes matured for 50 and 60 h, respectively.  

Microfilaments were uniformly distributed in the
ooplasm and strongly stained in the cortex and on
the contact surfaces of the oocyte and PBI.  After
incubation for 50 or 60 h, the incidence of the
o oc y tes  w i t h  le ss  d en s e  d is t r i bu t i o n  o f
microfilaments in the ooplasm, especially the
cortex, was increased (23%, n=40 and 63%, n=38 for
50 and 60 h of culture, respectively).  In 3 (8%) out
of 38 oocytes incubated for 60 h, the microfilament
domain within the ooplasm was separated into
several aggregates of various sizes, showing
division of the microfilament domain (photo not
shown). 

After electric activation: A representative picture
of a pronuclear oocyte after electric pulses is shown
in Fig. 2a.  A dense interphase microtubule network
appeared after pronuclear formation, which was
concentrated around the pronucleus.  In electrically
activated parthenotes, one microtubule domain
included all pronuclei, irrespective of the number
o f  pro n u c l e i  fo rm ed,  a nd  t h e  co r t i ca l
microfi laments  were decreased in density
compared to those of MII oocytes.  In the aged
parthenotes, the microtubule-rich domain was
loca ted a t  the  center  o f  the  oopl asm  an d
microfilaments also concentrated around the
microtubule domain.

After fertilization: At 6 h post-insemination, the
oocyte penetrated by a spermatozoon showed two
domains of microtubules of female and male
pronuclei, respectively (Fig. 2b).  Microfilaments
were noticed between the two microtubule
domains.  When female and male pronuclei had
migrated into the center of the zygote at 12 h post-
insemination, one domain of  microtubules
included both pronuclei and microfilaments were
concentrated around the microtubule domain.
Polyspermic eggs at early stages of fertilization
were also observed, where small domains of
microtubules were evidenced by tubulin staining
around pronuclei derived from each incorporated
sperm head (Fig. 2c).  At 12 h post-insemination,
each microtubule domain in the polyspermic
zygote had not always merged and created one
large domain occupying almost all of the ooplasm.

Discussion

The present results showed that the meiotic
spindle of the porcine oocyte is peripherally located
and radially oriented with its long axis as seen in
other domestic species [6, 8, 10] and humans [16],
and no rotation of the meiotic spindle occurred
unlike in laboratory rodents [3, 5].  Further, the
meiotic spindle is barrel-shaped in the pig ([11] and
this study) and cattle [10], and is approximately 10
µm long, whereas in laboratory rodents it is much
more elongated and tapered [5, 23] with a length of
26.4 ± 0.3 µm in the mouse [23] and 16.4 ± 0.7 µm in
the hamster (our unpublished observation).  In the
present study, the pole-to-pole length of the meiotic
spindle increased significantly during oocyte aging,
as reported for the aged bovine oocyte [24].  In
contrast, the spindle length reduces in aged mouse
oocytes [23].  These differences in cytoskeletal
behavior and characteristics might reflect species-
specific differences in the nature of the meiotic
spindle [25]. 

During oocyte aging, peripheral microfilaments,
which are involved in anchorage of the spindle to
the oocyte cortex [8, 12–15, 26], drastically reduced
in density as observed here.  Kim et al.  [11]
observed that the meiotic plate was frequently
located outside of the microfilament-rich domain in
aged pig oocytes.  Similar features were also
observed in mouse oocytes [26].  Such changes in
the microfilament architecture may be related to a

Table 3. Sizes of meiotic spindle in porcine oocytes
matured in vitro

Age of No. of  Sizes of meiotic spindle*

oocytes oocytes Pole-to-pole Equator 
(h) examined length width

44 34 6.9 ± 0.2a 8.2 ± 0.3 
50 38 7.5 ± 0.4a 9.5 ± 1.2
60 40 9.0 ± 0.7b 10.8 ± 1.0

*, Mean ± s.e.m. (µm). a,b, Figures with different superscripts
are significantly different (P<0.05). 
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low incidence of PBII emission in aged eggs (Table
2), since the PB extrusion is dependent on the
cytoskeletal organization [2, 15].  The loss of
anchoring capacity for the microtubule spindle pole

and/or the instability of the microtubule assembly
in the spindle might explain the elongation of the
s pi n dl e ,  re su l t i n g  in  m a l s eg reg a t io n  o f
chromosomes in the aged oocytes. 

Fig. 2. Pronuclear oocytes triple stained to visualize chromatin (DNA), microtubules (MT) and microfilaments (MF). Bar
represents 50 µm. (a) An electrically activated oocyte of which the first polar body is fused. DNA staining shows three
(pro)nuclear-like structures: a large one is incorporated with the first polar body (out of focus, asterisk) and the other
two small ones are of oocyte origin (arrows). One microtubule domain includes all nuclei (arrow) and microfilaments are
also concentrated around the nuclei. (b) A monospermic oocyte with the second polar body (arrowhead). Female and
male pronuclei are included within different domains of microtubules (arrows). Microfilaments are located between two
microtubule domains. (c) A polyspermic oocyte penetrated by four spermatozoa (arrows). At least three domains of
microtubules are recognizable by tubulin staining around the pronuclei on this focus plane (asterisks). Microfilaments
are concentrated around the microtubule domain.
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In the present study, very high activation rates
were obtained irrespective of oocyte aging.  Hagan
et al. [27] also reported a similar result.  By contrast,
Kim et al. [11] showed that the activation rate was
higher in aged oocytes than in younger oocytes.
This discrepancy may be due to differences in the
number and strength of electric stimulations
employed.  We applied double DC pulses of 150 V/
mm for 60 µsec for activation.  Since mannitol
treatment can activate a greater number of aged
oocytes than younger oocytes, aged oocytes might
be more sensitive to high concentrations of calcium
and magnesium solution.  Together, the treatment
with double DC pulses seems to be more effective
at inducing parthenogenetic activation in young
porcine oocytes compared to the single pulse
employed by Kim et al. [11].  Unlike in cattle in
which aged oocytes are readily activated, but not
frequently fragmented [28–32], the aged pig
oocytes fragmented as oocyte age increased.  A
very similar result was obtained when aged mouse
oocytes were activated by ethanol [26].  The present
actin staining revealed that patchy aggregation of
microfilaments occurred in the ooplasm of aged
parthenotes, and is probably a phenomenon
associated with the egg fragmentation.  Recently,
Kikuchi et al. [33] have shown that a decrease in
maturation/M-phase promoting factor (MPF)
activity during prolonged culture causes increased
fragmentation in aged porcine oocytes, as well as
an increased ability for parthenogenetic activation.
In our unpublished observation, treatment with 6-
dimetylaminopurin, a protein phosphorylation
inhibitor, caused not only a high incidence of
parthenogenetic activation (80–100% for 44 h- to 60
h - in c ub a t i o n  g ro u ps )  bu t  a l s o  i n cre a se d
fragmentation in young and aged porcine oocytes
(66%, 88% and 96% for 44 h, 50 h and 60 h groups,
respectively).  Therefore, the kinase activity of MPF
may play important role(s) in preventing egg
fragmentation as suggested recently [33].  It is
suggested, therefore, that aged porcine oocytes are
not suitable for recipient cytoplasts in nuclear
t rans fer  pro gram s,  du e  to  th e i r  f requ ent
fragmentation under the present activation
procedure.

The present study shows that electric stimulation
can cause the fusion of the PBI into the oocyte,
affecting the type of parthenotes.  Interestingly, the
chromatin of PBI was easily incorporated into the
microtubule networks of the oocytes after cell

fusion, frequently transforming into one “extra”
nuclear-like structure, but very rarely two “extra”
structures (Table 2).   It  is assumed that an
interphase network of microtubules, probably
derived from the maternal centrosome retained
after the second meiotic division [12], is distributed
in the ooplasm and includes the pronucleus of the
maternal origin.  On the contrary, in the early stage
of fertilization (at 6 h post-insemination), female
and male pronuclei were incorporated in two
different domains of microtubules, respectively.
These microtubule domains were anchored to the
microfilament architecture, which was located
between them.  During polyspermy, multiple male
pronuclei were found in separated microtubule
domains, suggesting that the formation of the
microtubule domain is associated with each
incorporated sperm head and tail in the zygote.  A
similar situation was described by Szollosi and
Hunter [19] and Kim et al. [12], who reported the
formation of one sperm aster per penetrated sperm
during polyspermic fertilization in the pig.  It is
known that the paternal centrosome is active
during fertilization in the pig, sheep and cattle [7,9].
From the present observation, the sperm aster may
develop into a microtubule-rich domain including
the male pronucleus as seen in monospermic and
polyspermic zygotes.  This is the main difference
between the zygote and the parthenote.  During
pronuclear migration in the monospermic zygotes
at 12 h post-insemination, one microtubule domain
included female and male pronuclei, suggesting a
union of microtubule domains of paternal and
maternal origin.  Microfilaments were distributed
around th is  merged microtubule  domain.
Similarly, different microtubule domains in the
polyspermic zygote merged in some cases, but the
centration of multiple pronuclei did not occur.
These observations suggest that the assemblies and
interactions of microtubules and microfilaments
may be disturbed by the presence of multiple male
pronuclei, but not by the presence of multiple
female pronuclei. 

In conclusion, the instability of cytoskeleton of
the oocyte induced by aging is associated with egg
fragmentation after activation treatment.  Different
mechanism(s) are involved in the formation of the
microtubule-rich domain including the female or
male pronucleus in the early stage of fertilization.
Moreover, it is suggested that multiple pronuclei of
paternal and maternal origin may exert different
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effects on cytoskeletal reorganization during the
pronuclear formation and migration. 
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