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Abstract: A variety of physical and chemical stimuli
initiate egg activation events.  This study was designed
to investigate the rates of pronuclear formation and the
cytoskeletal organization of porcine oocytes activated by
various stimuli.  Oocytes matured for 44–60 hrs were
activated by one of the following treatments: double
electric pulses (EP, 150 V/mm for 60 µsec, 1 sec apart),
ethanol (7% for 5 min), calcium ionophore A23187 (CaA,
50 µM for 2 min), cycloheximide (CHX, 5 µg/ml for 6 hrs),
or 6-dimethylaminopurine (DMAP, 2.5 mM for 4 hrs).  EP
yielded the highest activation rate (97%).  CaA and
DMAP act ivated the oocytes in relatively higher
proportions than did ethanol and CHX (74 and 83% vs.
55 and 41%, respectively).  After CHX and DMAP
treatments, egg fragmentat ion was signif icant ly
increased (65 and 82%, respectively) and the polar body
emission was restrained.  After activation with EP,
ethanol or CaA, the pronucleated oocytes possessed a
microtubule-rich domain around the pronucleus, which
was concomitantly surrounded by microfilaments.  In
oocytes act ivated with CHX or DMAP, however,
microtubules and microfilaments did not synchronously
form a concentrated domain.  We suggest that activation
with a protein synthesis/phosphorylation inhibitor may
have affects on dist r ibut ion and funct ion of the
cytoskeleton of the oocyte different from those elicited by
treatments with EP, ethanol or CaA, which result in
higher proportions of eggs with the pronucleus restrained
in the peripheral ooplasm and greater egg fragmentation.
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Mammalian oocytes arrest at metaphase of the
second meiosis (MII) until fertilization or parthenogenetic
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activation occurs.  The activation stimulus at fertilization
induces calcium oscillation in the oocytes [1].  Various
treatments elevating intracellular calcium levels ([Ca2+]i),
e.g., ethanol [2], calcium ionophore A23187 (CaA) [3, 4],
or electric pulses (EP) [4–7], are used for artificial
activation of oocytes in mammals, including pigs.
Maintenance of the MII arrest is dependent on the
maintenance of high activities of maturation/M-phase
promoting factor (MPF) [8].  Protein synthesis inhibitors,
cycloheximide (CHX),  puromycin and H7 [1-(5-
isoquinolinesulfonyl)-2-methipiperazine, HCL], or protein
phosphorylation inhibitor, 6-dimethylaminopurine (6-
DMAP), can induce or accelerate the pronuclear
formation of oocytes in mice [9, 10], cattle [11] and pigs
[12–14].  Moreover, an age-dependent response of the
oocyte to activation stimulation is recognized in mice
and cattle, among which aged oocytes can be more
easily activated than young oocytes [15–19].  Our
previous study showed that pig oocytes are effectively
activated with double EP regardless of oocyte aging and
cytoskeletal organization is involved in the dynamic
events during normal oocyte maturation and activation
[20, 21].  However, the relationship between these
morphological changes and the underlying biochemical
events are still poorly understood and little information is
available on the dynamic changes of the cytoskeleton of
parthenogenotes stimulated by different kinds of stimuli
in the pig.  The objectives of the present study were to
investigate the cytoskeletal organization and types of
pronuclear formation in the pig oocytes treated with
different kinds of activators: namely, the stimuli elevating
[Ca2+]i, e.g., EP, ethanol and CaA, the inhibitor of protein
syn thes i s  CHX,  and  t he  inh ib i t o r  o f  p ro te i n
phosphorylation DMAP.  This study will provide a basis
for understanding the mechanism whereby the way of
act ivat ion is associated with the organization of
microtubules and microfilaments of the oocytes during
pronuclear formation.
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Materials and Methods

Maturation and aging of oocytes
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, 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 hrs, and then incubated in NCSU23
without hormones for a total period of 44, 50 or 60 hrs at
39°C in 5% CO2 in air.  This culture system allowed
about 90% maturation of oocytes [22, 23].

Activation of oocytes
At the end of culture, oocytes were denuded of

cumulus cells in NCSU23 supplemented with 0.1%
hyaluronidase.  Oocytes exhibiting the first polar body
(PBI) were allocated to one of the following treatments:
1) stimulation with double EP (150 V/mm for 60 µsec, 1
sec apart) [20, 21], 2) 100-µl droplets of NCSU23
containing 7% ethanol for 5 min, 3) 100-µl droplets of
BSA-free NCSU23 containing 50 µM CaA (Sigma, St
Louis, MO, USA) for 2 min, 4) 100-µ l  droplets of
NCSU23 containing 5 µg/ml cycloheximide (Sigma
Chemical Co., MO, USA) for 6 hrs, or 5) 2.5 mM 6-
dimetylaminopurine (Sigma) for 4 hrs.  Incubation in
NCSU23 droplets without chemicals served as a
control.  After various stimuli, oocytes were washed and
placed in 100-µl droplets of NCSU23 supplemented with
0.4% BSA under mineral oil at 39°C in 5% CO2 in air.
Twelve hours after initiation of activation, the oocytes
were processed for fluorescence staining to assess the
pronuclear formation and the cytoskeletal distribution.

Fluorescence observations
Methods for preparing samples for fluorescence

observations have been reported previously [22].
Brief ly, the oocytes were f ixed in a microtubule
stabilization buffer at 37°C for 1 hr, washed extensively
and blocked overnight at 4°C in the washing medium.
Afterwards, the f ixed samples were exposed to
monoclonal anti-β tubulin mouse antibodies (1:200;
Sigma T-4026) at 4°C overnight, washed, and then
incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse IgG antibody (1:200; Sigma
F-0257) at 37°C for 2 hrs.  After rinsing, the samples
were stained with rhodamine-phalloidin (1:1000;
Molecu la r  P robes ,  Eugene ,  OR ,  US A)  f o r
microfilaments for 1 hr, washed again, then stained for
DNA with Hoechst 33342 (10 µg/ml) in mounting
medium containing PBS and glycerol (1:1), and finally
mounted onto slides.

The samples were viewed under an Olympus
microscope (BX-FLA, Olympus, Tokyo, Japan).  For
FITC a filtered U-MWIB set was utilized, a U-WIB set
was used for rhodamine and a U-MWU set for Hoechst.
A cooled CCD video system (ImagePoint, Photometrics
Ltd., Tucson, AZ, USA) was used to obtain images on a
computer and color adjustment was performed by
IPLab-Spect rum P so f tware (S igna l  Ana ly t i cs
Corporation, Vienna, VA, USA).

Statistical analysis
Three replicate tr ials were conducted for each

treatment.  Data were assessed by analysis of variance
with the help of the BMDP program (BMDP Statistical
Sof tware,  Inc. ,  Los Angeles,  CA, USA).  When
appropriate, percentage data were arcsine transformed.
Differences between the means were determined using
Tukey’s multiple range test.  Data were represented as
the  mean ±  s .e .m.  and  the  leve l  o f  s ta t is t i ca l
significance was taken as P<0.05.

Results

Rates and types of pronuclear formation
There was no evidence of spontaneous activation

after culture up to 72 hrs.  Activation rates of pig
oocytes treated by different stimuli are summarized in
Table 1.  The highest incidence of activation was
obtained in electrostimulated oocytes with an overall
mean of 97%.  When treated with EP, ethanol and
DMAP, oocytes at different maturational ages showed
no significant differences in activation rates.  In contrast,
when oocytes were treated with CaA and CHX, the
activation rates were significantly higher in aged
oocytes than in  young ones.   Incidence of egg
fragmentation increased significantly after CHX and
DMAP treatments (65 and 82%, respectively) compared
to the other treatments (23–34%), although the eggs
were pronucleated.

Types of pronuclear formation were very different
among the treatments employed (Table 2).  Oocytes
with one pronucleus and two polar bodies (PBI and
PBII) were found as the predominant pattern in the EP,
ethanol and CaA groups.  In contrast, the frequency of
the PBII emission diminished after CHX and DMAP
treatments.  About 90% of activated oocytes (n=177) in
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the DMAP group displayed one pronucleus and PBI,
while the significantly highest incidence of oocytes
having two pronuclei and PBI was noted in the CHX
group (47%).  A limited number of the treated oocytes
(1–8%), except  for  the DMAP-t reatment group,
manifested partial activation with the release of PBII,
but the remaining chromosomes arrested at the
metaphase stage, which is known as the MIII stage.  In

Table 1. Activation rates of pig oocytes of different m

Age of No. of Mea
Treatment* oocytes oocytes oo

(h) examined acti

EP 44 62  
50 64  
60 73 1

Overall mean 97

ETOH 44 66  
50 69  
60 92  

Overall mean 55

CaA 44 99   
50 94   
60 97   

Overall mean 74

CHX 44 101    
50 136   
60 147   

Overall mean 41 

DMAP 44 69  
50 73  
60 73 1

Overall mean 83

Means from three replicates.  *, EP, electric pulses
cycloheximide; DMAP, 6-dimethylaminopurin.  **
with a pronucleus (-ei); MIII, metaphase III.  A–C, a, b,
different among treatment (P<0.01 among A–C) or 
between a and c).

Table 2. Types of pronuclear formation of pig eggs activated

No. of Per
Treatment* oocytes Pronuclear f

activated 1PN+PBII 1PN

EP 192 64 ± 4A   9 ± 2B

ETOH 132 50 ± 8AB 13 ± 2B

CaA 224 59 ± 6AB 18 ± 5B

CHX 172 35 ± 9B 14 ± 5B

DMAP 177   3 ± 2C 89 ± 2A

Means from three replicates.  *, See footnote to Table 1.  *
MIII, metaphase III.  ***, Oocytes having PBI chromatin aft
are significantly different (P<0.01 among A–C, P<0.05 betw
5% of electrostimulated oocytes, cell fusion occurred
between the oocyte and the PBI, and was observed as
an “extra” nuclear-like structure in the ooplasm as
reported previously [20].

Pronuclear migration and cytoskeletal distribution
Figs. 1a-g show representative pictures of pronuclear

oocytes af ter  d i f ferent st imul i .   Pat terns of  the

aturational age treated by different stimuli

n % of Mean % of activated
cytes oocytes showing**
vated PN PN-Frag MIII

 93 66 34 0
 98 76 24 0
00 64 33 3

 ± 1A 67 ± 4A 31 ± 4B 1 ± 1

 48 56 25 19
 49 68 32 0
 68 51 46 3
 ± 7C 58 ± 6A 34 ± 5B 7 ± 5

52b 81 11 8
88a 79 21 0
82a 59 38 3
 ± 6B 73 ± 5A 23 ± 5B 4 ± 2

  8bc 37 63 0
36b 44 56 0
81a 22 76 3
± 11C 34 ± 7B 65 ± 6A 1 ± 1

 65 34 66 0
 84 16 84 0
00   4 96 0

 ± 7B 18 ± 8B 82 ± 8A 0

; ETOH, ethanol; CaA, calcium ionophore; CHX,
, PN, pronuclear stage; PN-Frag, fragmented eggs
 Values with different superscripts are significantly
within treatment (P<0.05 between a and b, P<0.01

 by different stimuli

centage of the oocytes showing**
ormation

2PN ≥3PN MIII Others***

15 ± 4B   7 ± 1 1 ± 1 5 ± 2
19 ± 6B 11 ± 6a 8 ± 5 –
  7 ± 2B 12 ± 3A 4 ± 2 –
47 ± 7A   2 ± 1b 1 ± 2 –
  7 ± 1B   1 ± 1Bb 0 –

*, PN, pronucleus(-ei); +PBII, with the second polar body;
er electrofusion.  A–C, a, b, Figures with different superscripts
een a and b).



99Suzuki, et al.
cytoskeletal distribution are summarized in Table 3.
Pronuclear location was assessed with focusing.  It was
easily identified in relation to the focus plane of the PB’s
chromatin.  In about half of oocytes treated with EP,
ethanol and CaA (52, 46 and 45%, respectively), the
pronucleus had already migrated into the center of the
ooplasm (Figs. 1a-c), where the microtubule network
was concentrated (82, 45 and 67% for corresponding
groups, respectively, Table 3).  In these oocytes, the
microtubule and microfilament networks synchronously
deve loped  t o  f o rm  each  doma in ,  suppor t i ng
concentrically the pronucleus.  However, a very limited
number of CHX- and DMAP-treated oocytes (4 and 8%,
respectively) showed pronucleus migration into the
center ooplasm (Table 3).  In these oocytes, the
pronucleus was nearly always located in the peripheral
ooplasm even at 12 hrs after initiation of activation.
Further, development of the microfilament domain was
not synchronous with development of the microtubule
network (Fig. 1f).  In CHX-treated oocytes, large
cytoplasmic microtubule asters were frequent ly
observed, which are referred to as “partially-thickened”
in Table 3 (Fig. 1d).  A similar feature was occasionally
noted in DMAP-treated oocytes.  In addit ion, the
oocytes d isplaying several  aggregat ions of  the
microtubule-rich domain (referred to as “domain-
divided” in Table 3) were found to be the predominant
pattern in the DMAP groups (Fig. 1f).  Centration of the
microfilament domain occurred at higher incidences in
the oocytes treated with EP, CaA and CHX (57, 69 and
59%, respectively) than in those treated with ethanol
and DMAP (36 and 29%, respectively).  In the latter
treatment groups, the oocytes showing separated
aggregates of microfilaments of various sizes were
more frequently formed than in the other groups (Table
3).  Some granulated spots of microfilament staining
were typically noted in the oocytes after EP and DMAP
treatments (referred to as “partially-granulated” in Table
3, photo not shown).  Fragmented parthenogenotes,
frequently noted in CHX- and DMAP-treated oocytes,
were characterized by divided microtubule domains and
remarkably diminished microfilament architecture (Figs.
1e, g).

Discussion

The present study clearly demonstrated that the
incidence of activation of pig oocytes was highest with
EP among the treatments examined, and that CaA and
DMAP act ivated the oocytes in relatively higher
proportions than ethanol or CHX.  Cha et al. [24] found
that pig oocytes matured in vitro are less responsive to
ethanol or CaA than to EP.  Moreover, the activation
efficiency seemed to increase in an age-dependent
manner when young oocytes were activated in a
relatively low proportion, as seen in the oocytes
activated with CaA or CHX in this study.  CHX alone is
less effective on pig oocytes [13, 25], but it is very
effective in inducing activation in combination with
ethanol, CaA or EP [13, 24, 25].  Very similar results
were obtained in activated bovine [18, 26] and mouse
oocytes [27, 28].

The pronucleus usually migrated into the center of the
oocytes when treated with EP, ethanol or CaA.  In
contrast, in most of the oocytes treated with CHX or
DMAP the pronucleus was located adjacent to the PBI
or at the peripheral ooplasm relatively far away from the
PBI.  It is suggested, therefore, that the pronuclear
migration may be impaired in eggs that are treated with
CHX or DMAP.  In these eggs, microtubules and
microfilaments did not form a concentrated domain and
were segmented and scattered in the ooplasm.

It has been shown that MAP kinase is essential for the
reorganization of microtubules into the metaphase
spindle in the frog [29].  Inhibition of MAP kinase by 6-
DMAP may explain the release of the MII stage,
including the disappearance of the metaphase spindle.
Nevertheless, thick and radiating microtubule asters
were observed in CHX- and also DMAP-treated
oocytes.  Although the biological significance of such
features is not clear, it is possible that the effects of the
inhibitor are resumed after removal of the chemicals
f r om cu l t u re  med ia ,  f ac i l i t a t i ng  m i c ro tubu le
polymerization in the oocyte.  The present study
revealed that development of the microtubule network
was not  synchronous wi th  deve lopment  o f  the
microfilament domain even at 6 to 8 hrs after release
from the effect of inhibitors.  It is suggested, therefore,
that protein synthesis/phosphorylation inhibitors may
affect functional activity in the ooplasm during activation
events, including chromosome segregation, polar body
emission and pronuclear migration.  Treatment of CHX
or DMAP changed the outline of the microvilli on the cell
sur face of the bovine oocytes [30] ,  suggest ing
functional changes of the peripheral ooplasm.

Kikuchi et al. [31] have suggested that control of MPF
phosphoryla t ion af fects  somewhat  the rates of
activation and fragmentation of the pig aged oocytes.
The treatment with EP, ethanol or CaA may induce an
abrupt increase of [Ca2+]i, which is probably linked with
inactivation of MPF [8].  While a high percentage of
pronuclear formation was achievable after DMAP
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Fig. 1. Pronucleated oocytes stimulated with electric pulses (a), ethanol (b), calcium ionophore (c), cycloheximide (CHX)
(d, e) or 6-demethylaminopurin (DMAP) (f, g), triple stained to visualize chromatin (DNA), microtubules (MT) and
microfilaments (MF).  Bar represents 50 µm.  In the DNA panels, arrowheads show the polar body and arrows show
the pronucleus.  Asterisks in the MT and MF panels show the location of the pronucleus.  a–c) The oocytes activated
with stimuli elevating intercellular calcium levels were generally characterized by a well-developed microtubule
domain around the pronucleus, which was migrating into the center of the ooplasm.  Microfilaments are also
concentrated around the pronucleus.  d, f) Microtubules and microfilaments are not concentrated at the center of
ooplasm after CHX or DMAP treatment.  Note segmentation of the cytoskeletal architecture.  No migration of the
pronucleus occurs in a DMAP-treated oocyte as shown in Fig. 1f, in which the pronucleus is peripherally located
near the polar body.  e, g) Fragmented oocytes after CHX (e) or DMAP treatment (g) showing fragmentation of the
microtubule domain and decreased density of microfilaments in the ooplasm.  Note strongly stained microfilaments
at the cleavage plane of fragmented blastomeres (small arrows in the MF panel).
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treatment, most of the oocytes fragmented irrespective
of the oocyte aging.  High incidence of fragmentation
was also noted in the CHX-treated oocytes.  These
observations suggest that some of the DMAP-sensitive
kinases may play important role(s) in preventing egg
fragmentation.

In conclusion, the activation stimuli elevating [Ca2+]i

and those inhibiting protein synthesis/phosphorylation
exert different effects on the cytoskeletal organization of
the oocyte, resulting in different fashions of pronuclear
migration and polar body extrusion.  Some of the
DMAP-sensit ive k inases may be involved in the
regulation of the polymerization of microtubules and
microfilaments for chromosome segregation, polar body
emiss ion and pronuclear  migrat ion,  as  wel l  as
prevention of egg fragmentation.
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