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Summary

The aim of our study was to analyse the cytoskeletal organization of prepubertal goat oocytes.
Microtubule and microfilament organization during in vitro maturation of prepubertal and adult goat
oocytes and presumptive zygotes of in vitro matured—in vitro fertilized (IVM-IVF) prepubertal goat
oocytes were analysed. Oocytes were matured in M-199 with hormones and serum and inseminated with
frozen-thawed spermatozoa. Oocytes and presumptive zygotes were treated with anti-a-tubulin
antibody and fluorescein isothiocyanate (FITC)-labelled goat anti-mouse antibody to stain the
microtubules. Microfilaments were localized by means of phalloidin 5 pg/ml conjugated with fluorescein
isothiocyanate (FITC-phalloidin). DNA was stained with propidium iodide. Stained oocytes were
observed under a confocal laser scanning microscope. At the germinal vesicle nuclear stage, micro-
filaments were distributed at the cortex of the oocytes. After in vitro maturation, 91.7% of metaphase II
(MII) oocytes from adult goats displayed microfilaments in the cortex and within the polar body and
were characterized by the presence of a microfilament thickening at the cortical region over the meiotic
spindle. In prepubertal goat MII oocytes only 5.7% of oocytes displayed microfilaments at the cortex and
within the polar body. After insemination, most of the zygotes displayed microfilaments distributed at
the cortex. An undefined microtubular network was observed in adult and prepubertal goat oocytes at
the germinal vesicle stage. After in vitro maturation, 100% of MII oocytes from adult goats displayed
microtubules on the meiotic spindle and within the polar body. This pattern of distribution was observed
in 71.6% of prepubertal goat oocytes. Undefined microtubule networks were present in most of the
zygotes analysed. In conclusion, cytoskeletal differences were found between prepubertal and adult
goat MII oocytes. Furthermore, most of the zygotes from IVM-IVF prepubertal goat oocytes displayed
cytoskeletal anomalies.
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Introduction

The cytoskeleton is a complex network of two
major elements: microtubules and microfilaments.
Microtubules and microfilaments play a significant
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role during oocyte maturation and fertilization. Micro-
filaments are a network of actin filaments that make up
the cell cortex, giving strength to the surface of the cell
and determining its shape and polarity. Microfilaments
are involved in chromosome and spindle maintenance,
in peripheral spindle localization, in polar body
extrusion (Webb et al., 1986; Kim et al., 1996a—c) and in
pronuclear apposition during fertilization in pig (Kim
et al., 1997a, b) and mouse (Maro et al., 1984) oocytes.
Microfilaments are also reported to be involved in
the distribution of mitochondria (Barnett ef al., 1997;
Boldogh et al., 1998), in Golgi complex distribution
and morphology (Valderrama et al., 1998), in ionic
regulation (Cantiello, 1997) and in mRNA positioning
(Basell et al., 1994). On the other hand, microtubules
support the structures and play a fundamental role in
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the formation of meiotic structures and migration of
cytoplasmic organelles. Microtubules are responsible
for chromosome reorganization and migration and for
mitochondrial positioning in human (Pickering et al.,
1988; Kim et al., 1998), mouse (Van Berklom, 1986;
Messinger & Albertini, 1991), cattle (Aman & Parks,
1994), pig (Sun et al., 2001) and horse (Tremoleda et al.,
2001).

In most mammalian oocytes, the distribution of
microtubules and microfilaments changes dramatically
during meiosis. Concerning their location, microfil-
aments are concentrated in the cell cortex during
meiosis, although a secondary aggregation has been
described overlying the meiotic spindle in order to
maintain the spindle and the chromosomes in a
peripheral position in human (Kim et al., 1998) and
pig (Sun et al., 2001). Microtubule distribution differs
among species. In mouse, microtubules are distributed
throughout the cytoplasm during interphase; in
metaphase they are mostly found in association
with the spindle-associated centrosomes (Messinger &
Albertini, 1991). In other mammalian species cyto-
plasmic microtubules are only detected associated with
the metaphase plate in sheep (Le Guen & Crozet, 1989),
rabbit (Yllera-Fernandez et al., 1992), pig (Kim et al.,
1996a) and human (Kim et al., 1998).

It has been shown in in vive and in vitro studies that
adverse oocyte culture conditions could affect actin
microfilament polymerization (Matsumoto et al., 1998)
and microfilament network structures (Wang et al.,
1999), consequently affecting embryonic development.
Moreover, it has been reported that in vitro aged oocytes
(Kim et al., 1996b) showed an abnormal organelle
distribution in the zygote that can impair further
embryonic development.

Oocytes from prepubertal females show lower
embryo development than oocytes from adult females
(reviewed by Armstrong, 2001). In our laboratory, the
percentage of blastocysts obtained from prepubertal
goats is low (10%) (Izquierdo et al., 1999; Rodriguez-
Gonzalez et al., 2003) compared with that obtained
from oocytes of adult goats. Thus, Cognié (1999)
obtained 36% blastocysts, Crozet et al. (1995) 26% and
Keskintepe et al. (1996) 32% using adult goat oocytes.
Armstrong (2001), comparing embryo development
of prepubertal and adult female oocytes, concluded
that calf oocytes exhibited abnormal chromatin and
microtubule configuration characterized by delayed
formation of the sperm aster and asynchronous pronu-
clear formation. Unlike the findings with calf oocytes,
no differences were seen in intracellular distribution
of organelles between oocytes from prepubertal lambs
and adult ewes. The last conclusion of this author is that
oocytes from prepubertal females are less robust and
may be less tolerant to suboptimal culture conditions
than oocytes from adult females. It has been proposed
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that inadequate culture conditions during in vitro
maturation (IVM) and in vitro fertilization (IVF) could
also impair the function of cytoplasmic organelles,
including microtubule and microfilament assembly,
which could result in abnormal pronuclear formation
and in a lower rate of early embryonic development
(Hyttel et al., 1999). Moreover, in contrast to in vivo
matured bovine oocytes, in vitro matured-in vitro
fertilized bovine oocytes showed abnormal spindle
localization and abnormal pronuclear apposition (Long
et al., 1993, 1994). As far as we know, no studies
have reported on a comparison of microtubule and
microfilament distribution during IVM of prepubertal
and adult goat oocytes.

The aim of the study was to describe microtubule and
microfilament distribution of prepubertal goat oocytes
at oocyte retrieval (Oh of IVM), after 27h of IVM and
at 20 h post-insemination.

Materials and methods

Reagents

Tissue culture plasticware was purchased from Falcon
Labware (Lincoln Park, USA) and Nunc (Roskilde,
Denmark) and all reagents were from Sigma Chemical
(St Louis, MO) unless otherwise stated. Steer serum
(Donor Bovine Serum) was from CanSera (Ontario,
Canada), ovine FSH (Ovagen) from Immuno Chemical
Products (Auckland, New Zealand), and LH was
kindly supplied by Dr ].F. Beckers (IRSIA Research
Unit, University of Liege, Belgium). Dulbecco’s
phosphate-buffered saline (PBS) and PBS modified
by the addition of 1000mg/1 glucose and 36 mg/l1
pyruvate (mPBS) were purchased from Gibco (Paisley,
UK).

Collection of adult and prepubertal goat oocytes
and in vitro maturation

Ovaries from prepubertal goats, approximately
2months old, and adult goats (more than 3years
old) were obtained from a local slaughterhouse and
transported to the laboratory within 2h of slaughter,
at 37°C in Dulbecco’s PBS containing 50 ng genta-
micin/ml. The ovaries were washed three times in
PBS, and the follicular contents recovered by aspiration
of follicles, 2-6mm in diameter, through a 19-
gauge needle under constant vacuum. The cumulus-
oocyte complexes were released into HEPES-buffered
TCM199 medium, supplemented with heparin 10 pg/
ml (170USP/mg) and 50 pug gentamicin/ml. Only
oocytes with one or more completed layers of un-
expanded cumulus cells and evenly granulated
cytoplasm were used. They were washed three times


https://doi.org/10.1017/S0967199405003229

Cytoskeleton of prepubertal goat oocytes 157

in HEPES-buffered TCM199 medium and once in
the maturation medium. Groups of 25-40 cumulus-
enclosed oocytes were transferred to 4-well tissue
plates containing 500 pl of maturation medium for
27h at 38.5°C in an atmosphere of 5% CO, in air
with maximum humidity. The maturation medium was
TCM199 medium supplemented with 10% (v/v) fetal
bovine serum (FBS), 10 pg LH/ml, 10 pg FSH/ml and
1 pg 17p-estradiol /ml. Samples of oocytes were stained
just after IVM.

In vitro fertilization

At the end of the IVM period, goat oocytes were
inseminated to investigate their fertilization compet-
ence. Sperm capacitation and oocyte insemination were
performed as described by Huneau & Crozet (1989)
and modified in our laboratory. Briefly, frozen-thawed
sperm cells from 4 males of proven fertility were pooled
and prepared by centrifugation through a 90% and
45% discontinuous Percoll gradient at 700 g for 20 min.
After centrifugation, the pellet was resuspended in
a modification of the defined medium with Hepes
(DMH), as described by Brackett & Oliphant (1975).
The sperm pellet was diluted and maintained in DMH
supplemented with 20% (v/v) steer serum for at least
1h at 38.5°C. Sperm cells were then diluted in the
fertilization medium, composed of DMH, 20% steer
serum and 7.75 mM calcium lactate, to inseminate with
a final sperm concentration of 2 x 10° sperm cells/ml.
Sperm and oocyte co-incubation was performed in
tubes at 38.5°C for 20h (the time at which two
pronuclei could be easily observed by Hoechst staining
in prepubertal goat oocytes; Velilla et al., 2002).

Immunostaining

Microtubules and microfilaments were stained as
described by Kim et al. (1996a) with some modifications.
Immunostaining of microtubules and microfilaments
were done separately because in our material triple
staining gave us a lower-quality signal and more
background. Just after oocyte collection, after 27h
of IVM and at 20h after IVE, oocytes were fixed in
4% paraformaldehyde for 30 min and permeabilized
in 25% glycerol, 50mM KCl, 0.5mM MgCl,, 0.1 mM
EDTA, 1 mM EGTA, 1 mM 2-mercaptoethanol, 50 mM
imidazole, pH 6.7, with 1% Triton X-100. After that,
oocytes were rinsed three times, 5 min each time, with
blocking medium (PBS with bovine serum albumin
(BSA) 0.1% (w/v) and glycine 7.5 mg/ml).
Microtubules were localized by use of monoclonal
anti-a-tubulin antibody (Ab, Sigma) diluted 1:50 in PBS
for 45 min. After three washes in PBS, 10 min each time,
oocytes were incubated in fluorescein isothiocyanate
(FITC)-labelled goat anti-mouse antibody (FITC
conjugate antimouse IgG, Sigma) diluted 1:150 in PBS
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for 45 min at 38 °C under dark conditions. Microfila-
ments were localized by means of phalloidin 5 pg/ml
conjugated with fluorescein isothiocyanate (FITC-
phalloidin, Sigma).

Stained oocytes were washed three times in PBS,
10 min each time. DNA was observed by exposure to
20 pg/ml propidium iodide (Sigma) and, after several
washes in PBS, the oocytes were mounted between a
polylysine-coated coverslip and a glass slide supported
by four columns of paraffin. The slide was sealed with
nail polish. The control group consists of prepubertal
goat oocytes fixed and stained with propidium iodide.
Stained oocytes were observed under a confocal laser
scanning microscope (Leica TCS 4D equipped with a
krypton-argon ion laser and P1 fluotar 16 x /0.50 IMM,
P1 fluotar 40x /1.00-0.50 OIL, P1 APO 63 /1.40 OIL, P1
fluotar 100x /1.30-0.60 OIL lenses).

Two control groups (10 oocytes per group) were used
in order to assess that no staining meant absence of
microtubules and microfilaments. In the first the
secondary antibody (FITC-labelled goat anti-mouse
antibody) for microtubules was omitted and in the
second phalloidin staining for microfilaments was
omitted.

Evaluation and classification of microfilaments:

C: Microfilaments located in the cortex.

C +P: Microfilaments located in the cortex and also
polymerized within the cytoplasm.

CC + PB: Microfilaments located in the cortex with an
actin-rich domain overlying the metaphase spindle
and within the polar body.

C + PB: Microfilaments located in the cortex and within
the polar body.

C+PN: Microfilaments located in the cortex and
around the pronuclei.

C + Z: Microfilaments located in the cortex and around
the sperm head.

Evaluation and classification of microtubules:

UN: Undefined microtubule organization.

PN: Tubulin localized around the pronuclei.

S: Microtubules localized in the spindle.

S + PB: Microtubules localized in the spindle and within
the polar body.

PB: Microtubules localized within the polar body.

Z: microtubules around the condensed sperm head.

Statistical analysis

A statistical evaluation of the differences in micro-
filament and microtubule distribution between pre-
pubertal and adult goat oocytes at 0 and after 27h of
IVM was carried out. The statistical analysis used was
Fisher’s exact test. Data were considered significantly
different at p < 0.05.
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Table 1 Microfilament organization according to nuclear stage of adult goat oocytes at 0 and 27 h after in vitro maturation

Microfilament organization

Nuclear stage Cn (%) C+Pn(%) CC+PBn(%) C+PBn(%) Unstained 7 (%)
0h of IVM (n=27)

GV 19 (704) 15 (78.9) - - - - - - 4 (21.1)
MI 7 (25.9) 7  (100.0) - - - - - - - -

Ml 1 (3.7) 1 (100.0) - - - - - - - -

27h of IVM (n=32)

GV 1 (3.1) 1 (100.0) - - - - - - - -

MI 7 (21.9) 3 (42.9) - - 4 (57.1) - - - -

MII 24 (75.0) - 2 (83) 22 (91.7) - - - -

GV, germinal vesicle; MI, metaphase I; MII, metaphase II; C, cortex; C + P, cortex and polymerized within the cytoplasm;
CC +PB, cortex with an actin-rich domain overlaying the metaphase spindle and within the polar body; C + PB, micro-
filaments located in the cortex and within the polar body.
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Figure 1 Microfilament distribution in goat oocytes. (a) MII stage adult goat oocytes. Microfilament thickening (green) is seen
around the metaphase plate (red). (b) MII stage prepubertal goat oocytes. Microfilaments are organized at the cortex and inside

the polar body.

Results Table 2 shows the results of microfilament organiz-
ation of prepubertal goat oocytes. Just after oocyte

Microfilament distribution collection, 54% of the oocytes have resumed meiosis
before culture for IVM. No difference in microfilament

Microfilament distribution at 0 and 27 h of IVM in adult distribution was observed between oocytes at GV

and prepubertal goat oocytes stage (Oh) and at metaphase II (MII) (27h of IVM).

Table 1 presents the results of microfilament distri-  Only 5.7% of MII oocytes displayed microfilaments

bution in adult goat oocytes. Most (78.9%) of the  at the cortex and within the polar body (Fig. 1b),
oocytes at the germinal vesicle (GV) stage displayed = but there was no microfilament thickening over the
microfilaments at the oocyte cortex. After 27h of  meiotic spindle as was observed in the oocytes of adult
IVM, 91.7% of oocytes at the MII stage presented  goats.

microfilaments at the cortex and within the polar Statistically significant differences between adult
body and were characterized by the presence of a  and prepubertal goat oocytes were found in the
microfilament thickening at the cortical region over the =~ microfilament distribution in the cortex of GV stage
meiotic spindle (Fig. 1a). oocytes (78.9% and 98.3%, respectively; p <0.01) and
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Table 2 Microfilament organization according to nuclear stage of prepubertal goat oocytes at 0 and 27 h after in vitro
maturation

Microfilament organization
Nuclear stage N (%) Cn (%) C + Pn (%) CC + PBn (%) C + PBn (%) Unstained # (%)
Oh of IVM (1 =129)
GV 59 (45.7) 58  (98.3) 1 (17 - - - - - -
MI 68 (52.7) 47  (69.1) 20 (29.41) - - - - 1 (1.5)
MII 2 (1.5 1 (50.0) 1 (50.0) - - - - - -
27h of IVM (n =124)
GV 7 (5.6) 7 (10000 - - - - - - - -
MI 10 (8.1) 10 (100.00 - - - - - - -
A/T 1 0.8y 1 (10000 - - - - - - - -
MII 1106 (85.5) 89 (839) 11 (104) - - 6 (6.7) - -
6

GV, germinal vesicle; MI, metaphase I; A /T, anaphase/telophase; MII, metaphase II; C, cortex; C + P, cortex and polymerized
within the cytoplasm; CC + PB, cortex with an actin-rich domain overlaying the metaphase spindle and within the polar
body; C + PB, microfilaments located in the cortex and within the polar body.

Table 3 Microfilament organization according with nuclear stage of prepubertal goat IVM-IVF-oocytes at 20 h post

insemination (n =93)

Microfilament organization

Nuclear stage 1 (%) Cn (%) C+P C +PN C+Z Unstained 1 (%)
MII 13 (14.0) 6 (46.2) 7 (53.8) - - - - - -
MIL+ Z 5 (5.4) 3 (0.6) - - - - - - 2 (0.3)
1PN 1 (11 1 (100) - - - - - - - -
1PN+Z 8 (8.6) 7 (87.5) - - - - 1 (12.5) - -
2PNs 24 (25.8) 21 (87.5) - - 3 (125 - - - -
2Pna 18 (19.3) 12 (66.7) - - 5 (27.8) - - 1 (5.5)
PS 24 (25.8) 17 (70.8) 2 (83) - - 4 (167) 1(4.2)

MII, metaphase II; MII + Z, metaphase II and a sperm head; 1PN, one pronucleus; 1PN + Z, one pronucleus and one sperm
head; 2PNs, two synchronous pronuclei; 2PNa, two asynchronous pronuclei; PS, polyspermic; C, cortex; C + P, cortex and
polymerized within the cytoplasm; C + PN, cortex and polymerized around pronuclei; C + Z, cortex and polymerized around

the sperm head.

in MII microfilament distribution CC + PB (91.7% and
0, respectively; p < 0.0001).

Microfilament distribution in zygotes of IVM-IVF
prepubertal goat oocytes

Table 3 shows the microfilament distribution of 93 pre-
pubertal goat oocytes at 20 h post-IVE. The percentage
of fertilized oocytes was 85% (79/93). Twenty-nine
per cent (24/93) of oocytes were correctly fertilized
(oocytes with two synchronous pronuclei).

Of the 79 fertilized oocytes, 60 showed microfila-
ments at the cortex, 8 showed, apart from cortical
microfilaments, some polymerized microfilaments
around pronuclei and 5 displayed cortical microfila-
ments and some polymerized microfilaments localized
around the sperm heads.
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Actin projections from cumulus cells into the oocyte
were observed in both prepubertal and adult goat
oocytes in a similar pattern.

Microtubule distribution

Microtubule distribution at 0 and 27 h of IVM in adult and
prepubertal goat oocytes

Table 4 presents the results of the analysis of micro-
tubule organization in adult goat oocytes. Just after
collection, 100% of oocytes at the GV stage showed
an undefined microtubule network. After IVM, 100%
of the oocytes at the MII stage showed microtubules,
which were distributed at the meiotic spindle and
within the polar body (Fig. 2a). The meiotic spindle was
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Figure 2 Microtubule distribution in goat oocytes. (a) Meiotic spindle detail in MII adult goat oocyte. DNA appears in red and
tubulin in green. PB, polar body. (b) GV stage goat oocyte showing an undefined tubulin network within the cytoplasm.

Table 4 Microtubule organization according to nuclear stage of adult goat oocytes at 0 and 27 h after in vitro maturation

Microtubule organization

Nuclear stage 1 (%) UN # (%) Sn (%) S + PBn (%) PB n (%)
0h of IVM (n=230)

GV 20  (66.7) 20 (100.0) - - - - - -
MII 10 (33.3) - - 3 (30.0) 6 (60.0) 1 (10.0)
27h of IVM (n=29)

GV 2 (6.9) 2 (100.0) - - - - - -
MI 5 (17.2) - - 5 (100.0) - - - -
MII 22 (75.9) - - - - 22 (100.0) - -

GV, germinal vesicle; MI, metaphase I; MII, metaphase II; UN, undefined structure; S, meiotic spindle; S+ PB, meiotic spindle
and polar body; PB, polar body.

Table 5 Microtubule organization according to nuclear stage of prepubertal goat oocytes at 0 and 27 h after in vitro maturation

Microtubule organization

Nuclear stage 1 (%) UN 7 (%) Sn (%) S + PBn (%) PB 1 (%)
0h of IVM (n=107)

GV 81 (757) 81  (100) - - - - - -
MI 26 (24.3) 2 (7.7 24 (92.3) - - -
27h of IVM (n=100)

GV 7 (7.0 7 (100) - - - - -
MI 12 (12.0) 3 (25.0) 9 (75.0) - - -
MII 81  (81.0) 4 (49) 17 (21.0) 58 (71.6) 2 (25)

GV, germinal vesicle; MI, metaphase I; MII, metaphase II; UN, undefined structure; S, meiotic spindle; S+ PB, meiotic spindle
and polar body; PB, polar body.

symmetrical, barrel-shaped, located at the periphery = was observed in adult goat oocytes, an undefined
and oriented tangentially to the cell surface. microtubule network was shown in 100% of GV oocytes

Table 5 presents the results of the analysis of micro-  (Fig. 2b). However, after 27h of IVM, a significantly
tubule organization of prepubertal goat oocytes. As  (p <0.0199) lower percentage (71.6%) of oocytes at MII
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Table 6 Microtubule organization according to nuclear stage of prepubertal goat IVM-IVF oocytes at 20 h post-insemination
(n=91)

Microtubule organization

Nuclear stage n (%) UN n (%) PN n (%) S+PBn (%) PB n (%) Z n (%)
GV 5 (5.5 5 (100) - - - - - - - -
MII 6 (6.6 - - - - 4  (66.6) 2 (33.3) - -
1PN 1 (1.1 - - 1 (100) - - - - - -
1PN+Z 6 (6.6 4 (66.6) - - - - - - 2 (33.3)
2PNs 31 (34.0) 23 (74.2) 3 (9.6) - - 5 (16.2) - -
2PNa 13 (14.3) 10 (76.9) 1 (7.7) - - - - 2 (154)
PS 22 (24.2) 12 (54.5) - - - - - - 10 (45.4)
Cells 7 (7.7) 7 (100.0) - - - - - - - -

GV, germinal vesicle; MII, metaphase II; 1PN, one pronucleus; 1IPN+Z, one pronucleus and one sperm head; 2PNs, two
synchronous pronuclei; 2PNa, two asynchronous pronuclei; PS, polyspermic; Cells, two or more cells; UN, undefined
structure; PN, pronuclei; S + PB, meiotic spindle and polar body; PB, polar body; Z, sperm head.

showed microtubules at the second meiotic spindle
and within the polar body, compared with adult goat
oocytes.

Microtubule distribution in zygotes of IVM-IVF
prepubertal goat oocytes

Table 6 presents the results of the analysis of micro-
tubule distribution in 91 prepubertal in vitro matured
oocytes at 20h post-fertilization. The percentage
of fertilization was 86.8% (79/91), and 34% (31/91)
showed two synchronous pronuclei (2PN). An un-
defined microtubular network was shown in 74.2% of
synchronic 2PN zygotes and in 76.9% of 2PN asyn-
chronous zygotes. Some microtubule polymerization
was seen around sperm heads in 45.4% of the poly-
spermic zygotes.

Discussion

In the present study, a description of microfilament and
microtubule organization of prepubertal goat oocytes
before IVM (0h), after IVM (460 oocytes) and 20 h after
IVF (184 oocytes) is provided. Moreover, a comparative
description of 118 oocytes of adult goats before and
after IVM is reported.

Global data from our study (microfilament and
microtubule oocytes studied) show that at the onset
of culture for maturation 31% (18/57) of the oocytes
from adult goats and 41% of the oocytes from
prepubertal goats had reinitiated meiosis at the time
of oocyte collection from follicles. This high percentage
of abnormally matured oocytes could be due to the
heterogeneous healthy and atretic follicles from which
the oocytes were harvested and, consequently, could
be one of the causes of the low embryo development
observed in our previous studies (Izquierdo et al., 1999;
Rodriguez-Gonzélez et al., 2003).
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Microfilament distribution study

In different species (mouse, rat, pig, human and horse),
during oocyte maturation, microfilament organization
changes from an even distribution throughout the
ooplasm during the GV stage to a concentration
in the cortical region and subsequent development
of secondary rich domains over the meiotic spindle
and around the polar body. In our study, before
IVM, microfilament distribution in GV oocytes from
prepubertal goats was similar to that in oocytes from
adult goats. Inboth types of oocytes, the microfilaments
presented a cortical distribution throughout the oocyte.
Also, in bovine oocytes at the GV stage, microfilaments
were seen in the cortex (Kim ef al.,, 2000). After
27h of IVM, microfilament distribution was shown
to be different in MII in prepubertal and adult goat
oocytes. In adult goat oocytes, an actin-rich domain
that was not observed in MII prepubertal goat oocytes
overlies the MII spindle. Microfilaments within the
polar body were not observed in the majority of the MII
prepubertal goat oocytes but were observed in oocytes
from adult goats. The lack of actin microfilaments
within the polar body could be related to a lack of
cytoplasmic actin or a lack of actin polymerization.
Our results on adult goat oocytes agree with those of
Kim et al. (2000), who observed a thick microfilament
organization overlying the metaphase plate as well
as microfilament furrows between chromatin during
polar body extrusion in bovine oocytes. These authors
stated that microfilaments were involved in the
peripheral location of chromosomes and were also
responsible for inducing polar body extrusion. Similar
microfilament organization has been observed in the
mouse (Longo & Chen, 1985). It has been hypothesized
that actin filament structures at the site of the second
meiotic spindle and polar body extrusion may play
a role in metaphase spindle rotation (Maro et al.,
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1986) and in the repair of the cytoplasmic membrane
(Terada et al., 2000). As in the mouse, the metaphase
spindle in goat oocytes is located tangentially to
the plasma membrane and its rotation is required
before polar body extrusion. Webb et al. (1986) reported
that this thick, cortical microfilament structure near
the metaphase plate disappeared during the ageing
of mouse oocytes. In such conditions, the metaphase
plate migrated towards the centre of the egg and this
may be the major cause of formation of two female
pronuclei without polar body extrusion. In our study,
prepubertal goat oocytes did not show a thick, cortical
microfilament structure; however, the metaphase
spindle was located peripherally. It has been postulated
that culture conditions (temperature, pH and ionic
stress) could affect microfilament polymerization
(Wang et al., 1999). Yang et al. (1998) found higher
levels of reactive oxygen species (ROS) in fragmented
human embryos than in normal embryos. It is known
that ROS increase membrane permeability and cause
cell damage (Aitken et al., 1989) and DNA fragment-
ation (Halliwell & Aruoma, 1991) and may also
inhibit or delay polymerization and depolymerization
of actin filaments resulting in a nucleus—cytoplasm
division synchronically causing cell fragmentation
or binucleation. Microtubules in human meiotic
spindles are highly sensitive to temperature variation
(Sathananthan et al., 1988) and some environmental
perturbances (Pickering et al., 1990) that can affect
genetic balance resulting in chromosomally abnormal
cells (Munné et al., 1994). In our study, culture condi-
tions were similar for adult and prepubertal goat
oocytes, and thus this difference in microfilament
distribution during in vitro maturation is more cor-
related with the female donor’s age than with culture
conditions. After IVF, most of the sperm-penetrated
oocytes showed a microfilament distribution in the
cortex in spite of monospermic or polyspermic penetra-
tion and pronuclear development. Actin filaments
around spermatozoa heads were observed in only
4 oocytes and microfilaments around pronuclei were
observed in only 8 oocytes. It has been postulated
that actin microfilaments do not participate in
pronuclear formation but do participate in pronuclear
migration and apposition (Kim et al., 1997b). Thus,
microfilaments tend to organize around both pronuclei
during pronuclear apposition (Kim et al., 1997a;
Wang et al., 1999). Of the prepubertal goat zygotes
with two synchronous pronuclei only 12% displayed
microfilaments around both pronuclei. We do not know
whether this nearly permanent cortical microfilament
distribution observed in prepubertal goat oocytes at a
different nuclear stage before and after sperm pene-
tration may be due to: (a) a lower amount of actin
produced by the oocyte from prepubertal goats, (2) re-
duced dynamic actin polymerization or (3) a different
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actin distribution. The different microfilament distri-
bution observed after IVM could lead to the abnormal
distribution after fertilization and, consequently, could
be one of the causes for the low incidence of embryo
development of prepubertal goat oocytes observed in
our previous studies (Izquierdo et al., 1999; Rodriguez-
Gonzalez et al., 2003). Moreover, it has been ob-
served that microfilaments are important for normal
mitochondrial distribution (Barnett et al., 1997),
mitochondrial transfer to daughter cells during cell
cleavage (Boldogh et al., 1998) and mRNA distribution
(Bassell et al., 1994), all of which could affect cellular
cleavage directly or indirectly (Matsumoto et al., 1998).

It is important to mention the presence of strands
of microfilament material across the zona pellucida
that comes from cumulus cells and contacts oocytes
(prepubertal and adult in vitro matured oocytes).
Although it was not quantified, a similar distribution
between prepubertal and adult goat oocytes was
observed.

In summary, microfilament distribution in prepu-
bertal goat oocytes presents anomalies in GV, MII
and zygotes. Velilla et al. (2004) also observed a
different cortical granule (CG) distribution in zygotes
compared with adult and prepubertal goats. It is
well known in mouse and hamster oocytes that an
intact microfilament network is required to achieve CG
exocytosis (Tahara et al., 1996, Dimaggio et al., 1997).
Adult goat fertilized oocytes that have undergone
the cortical reaction are characterized by clusters of
CGs distributed through the oocyte cortex that are
not present in prepubertal goat oocytes (Velilla et al.,
2004). Some studies have shown that actin filaments
(Sun et al., 2001) participate in CG migration during
meiotic maturation and also act as a barrier to prevent
premature exocytosis of CG inside the perivitelline
space (Nakata & Hirowaka, 1992). Hence, the lack of
actin filaments observed could be responsible, at least
in part, for the different cortical reaction observed in
prepubertal goat oocytes (Velilla ef al., 2004).

Microtubule distribution study

Prepubertal and adult oocytes at the GV stage have an
undefined microtubule organization. A similar pattern
was observed in pig oocytes (Kim et al., 1996a), where
microtubules were not detected at all at the GV stage.
In mouse (Messinger & Albertini, 1991) and horse
oocytes (Tremoleda et al., 2001) a uniform complex of
microtubules is distributed throughout the cytoplasm
of GV stage oocytes.

In vitro matured adult goat oocytes at the MII stage
have microtubules organized into a meiotic spindle in
metaphase oocytes. A furrow of microtubules among
chromatin material within the polar body was observed
in MII oocytes. The percentage of prepubertal goat
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oocytes at MII with this microtubule organization
was significantly lower than in adult goat oocytes. A
variation in microtubule organization was shown in
prepubertal goat oocytes. Five per cent of MII oocytes
after 27h of IVM showed an undefined structure of
microtubules indicating a lack of microtubule poly-
merization and in 21% tubulin was present on the
metaphase spindle without being present inside the
polar body. In cow MII oocytes, the only microtubules
present were those found in the meiotic spindle
(Navara et al., 1994), as was observed in pig (Kim et al.,
19964,c) and horse oocytes (Tremoleda et al., 2001).
This tubulin polymerization has been reported in some
other species and has been associated with oocyte de-
velopmental competence (Kim et al., 1998). In our study,
prepubertal and adult goat oocytes at MII showed
microtubules concentrated in the meiotic spindle and
inside the polar body. As in the mouse (Messinger &
Albertini, 1991), pig (Kim et al., 1996a), cow (Aman &
Parks, 1994), horse (Tremoleda et al., 2001) and human
(Pickering et al., 1988) the meiotic spindle in goat
oocytes is a symmetrical barrel-shaped structure with
two poles. Similar to rodents and in contrast to other
ungulates and primates, the goat oocyte metaphase
spindleislocated tangentially to the plasma membrane.
In the mouse, maternal centrosome material deter-
mines the organization and shape of the meiotic
spindle (Howlett et al., 1985) and several microtubule
organizing centers (MTOCs) within the cytoplasm
(Maro et al., 1986), which have not been described in
other species such as pig (Kim et al., 1996a), sheep
(Le Guen & Crozet, 1989) and human (Kim et al., 1998).
In this study, MTOCs were not been detected in goat
oocytes.

In spite of the differences observed between the
microtubule organization in prepubertal and adult goat
oocytes in this study, there were no differences in the
percentages of oocytes that reach complete nuclear
maturation.

In most mammalian species polymerized microtu-
bules are observed around both pronuclei (Simerly
et al., 1995). In contrast, in our study, an undefined
structure of microtubules was observed after fertiliz-
ation of prepubertal goat oocytes. Also, disorganized
tubulin (not organized as an aster) was observed
around condensed sperm heads in 1PN, asynchronous
2PN and polyspermic oocytes. These results are similar
to those obtained by Kim et al. (1996b) in polyspermic
pig oocytes, where multiple spermatic asters were
observed in polyspermic oocytes associated with pene-
trating spermatozoa.

The pattern of microtubule polymerization and
organization observed in IVM-IVF prepubertal goat
oocytes may indirectly alter other cellular processes
such as mitochondrial migration, meiotic spindle
formation and chromosome segregation and may also
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be responsible, in part, for chromosome abnormalities
(Villamediana et al., 2001) and embryonic arrest obser-
ved in prepubertal goat oocytes (Izquierdo et al.,1999).
In conclusion, after in vitro maturation, prepubertal
goat oocytes show a different cytoskeletal organization
to adult goat oocytes. These differences were mainly a
lack of actin thickening over the metaphase II plate and
within the polar body in prepubertal goat oocytes. In
oocytes at MII, microtubules were concentrated in the
meiotic spindle and within the polar body, in both adult
and prepubertal goat oocytes, although this pattern
was seen at a lower frequency in prepubertal oocytes.
After in vitro fertilization, zygotes from prepubertal
goat oocytes were characterized by microfilament
organization around the cortex and not around the
pronuclei, as described in most mammalian species.
Also, zygotes from prepubertal goat oocytes were
characterized by an undefined microtubule structure.

Acknowledgements

The grant sponsor for this work was MEC (grant no.
AGL2004-04737-CO3-01/GAN).

References

Aitken, R.J., Clarkson, J.S. & Fishel, S. (1989). Generation of
reactive oxygen species, lipid peroxidation, and human
sperm function. Biol. Reprod. 41, 183-97.

Aman, RR. & Parks, J.E. (1994). Effects of cooling and
rewarming on the meiotic spindle and chromosomes of
in vitro matured bovine oocytes. Biol. Reprod. 50, 103-10.

Armstrong, D.T. (2001). Effects of maternal age on oocyte
developmental competence. Theriogenology 55, 1303-22.

Barnett, D.K., Clayton, M.K,, Kimura, J. & Bavister, B.D.
(1997). Glucose and phosphate toxicity in hamster
preimplantation embryos involves distribution of cellular
organization, including distribution of active mitochon-
dria. Mol. Reprod. Dev. 48, 227-37.

Bassell, G.J., Taneja, K.L., Kislauskis, E.H., Sundell, C.L.,
Powers, C.M., Ross, A. & Singer, R.H. (1994). Actin
filaments and the spatial positioning of mRNA. In Actin:
Biophysics, Biochemistry and Cell Biology (ed. E.J. Estes & PJ.
Higgins), pp. 183-9. New York: Plenum Press.

Boldogh, 1., Vojtov, N., Karmon, S. & Pon, L.A. (1998). Inter-
action between mitochondria and the actin cytoskeletal in
budding yeast requires two integral mitochondria outer
membrane proteins MMM1P and MDM10P. J. Cell Biol. 146,
1371-81.

Brackett, B.G. & Oliphant, G. (1975). Capacitation of rabbit
spermatozoa. Biol. Reprod. 12, 260-74.

Cantiello, H E. (1997). Role of actin filament organization in
cell volume and ion channel regulation. J. Exp. Zool. 279,
425-35.

Cognié, Y. (1999). State of the art in sheep-goat embryo
transfer. Theriogenology 51, 105-16.

Crozet, N., Ahmed-Ali, M. & Dubos, M. (1995). Develo-
pmental competence of goat oocytes from follicles of


https://doi.org/10.1017/S0967199405003229

164 E. Velilla et al.

different size categories following maturation, fertilization
and culture In vitro. . Reprod. Fertil. 103, 293-8.

Dimaggio, A.J., Longergan, A. & Stewart-Savage, J. (1997).
Cortical granule exocytosis in hamster eggs requires
microfilaments. Mol. Reprod. Dev. 47, 334—40.

Halliwell, B. & Aruoma, O.L. (1991). DNA damage by
oxygen-derived species: its mechanism and measurement
in mammalian systems. FEBS Lett. 281, 183-97.

Howlett, S.K., Webb, M., Maro, B. & Johnson, M.H. (1985).
Meiosis II, mitosis I and the linking interphase. A study of
the cytoskeleton in the fertilized mouse oocytes. Cytobiology
43, 295-305.

Huneau, D. & Crozet, N. (1989). In vitro fertilization in
the sheep: effect of elevated calcium concentration at
insemination. Gamete Res. 23, 119-25.

Hyttel, P, Fair, T., Callesen, H. & Greve, T. (1999). A
comparative ultrastructural study of in vivo versus in
vitro fertilization of bovine oocytes. Anat. Embryol. 179,
435-42.

Izquierdo, D., Villamediana, P. & Paramio, M.T. (1999). Effect
of culture media on embryo development from prepubertal
goat IVM-IVF oocytes. Theriogenology 52, 847-61.

Kenkistepe, L., Luvoni, G., Rzucidlo, S. & Brackett, B. (1996).
Procedural improvements for in vitro production of viable
uterine stage caprine embryos. Small Ruminant Res. 20,
247-54.

Kim, N.H., Funahashi, H., Prather, R.S., Schatten, G. & Day,
B.N. (1996a). Microtubule and microfilaments dynamics in
porcine oocytes during meiotic maturation. Mol. Reprod.
Dev. 43, 248-55.

Kim, N.H., Moon, SJ. Prather, RS. & Day, B.N.
(1996b). Cytoskeletal alteration in aged oocytes and
parthenogenesis. Mol. Reprod. Dev. 43, 513-18.

Kim, N.H., Simerley, C., Funahashi, H., Schatten, G. & Day,
B.N. (1996c¢). Microtubule organization in porcine oocytes
during fertilization and parthenogenesis. Biol. Reprod. 54,
1397-404.

Kim, N.H., Chung, K.S. & Day, B.N. (1997a). The role and
distribution of microtubule and microfilaments during
fertilization and parthenogenesis. J. Reprod. Fertil. 111,
143-9.

Kim, N.H., Chung, K.S. & Day, B.N. (1997b). The distribution
and requirements of microtubules and microfilaments
during fertilization and parthenogenesis in pig oocytes.
J. Reprod. Fertil. 111, 143-9.

Kim, N.H., Chung, HM., Cha, K.Y. & Chung, K.S. (1998).
Microtubule and microfilaments organization in maturing
human oocytes. Hum. Reprod. 13, 2217-22.

Kim, N.H., Cho, SK., Choi, S.H., Kim, EY., Park, SP. &
Lim, J.H. (2000).The distribution and requirements of
microtubules and microfilaments in bovine oocytes during
in vitro maturation. Zygote 8, 25-32.

Le Guen, P. & Crozet, N. (1989). Microtubule and centrosome
distribution during sheep fertilization. Eur. J. Cell Biol. 48,
239-49.

Long, C.R., Pinto-Correia, C., Duby, R.T., Ponce de Leon, FA.,
Boland, M.P, Roche, J.F. & Robl, ].M. (1993). Chromatin
and microtubule morphology during the first cell cycle in
bovine zygotes. Mol. Reprod. Dev. 36, 23-32.

Long, C.R., Damiani, P., Pinto-Correia, C., MacLean, R.A,,
Duby, R.T. & Robl, J.M. (1994). Morphology and subsequent

https://doi.org/10.1017/50967199405003229 Published online by Cambridge University Press

development in culture of bovine oocytes matured in vitro
under various conditions of fertilization. |. Reprod. Fertil.
102, 361-9.

Longo, FJ. & Chen, D.Y. (1985). Development of cortical
polarity in mouse eggs: involvement of meiotic apparatus.
Dev. Biol. 107, 382-94.

Maro, B., Johnson, M.H., Pickering, S.J. & Flach, G. (1984).
Changes in actin distribution during fertilization of the
mouse egg. ]. Embryol. Exp. Morphol. 81, 211-37.

Maro, B., Johnson, M.H., Webb, M. & Flach, G. (1986).
Mechanism of polar body formation in the mouse oocyte:
an interaction between the chromosomes, the cytoskeletal
and the plasma membrane. |. Embryol. Exp. Morphol. 92,
11-32.

Matsumoto, H., Shoji, N., Umezu, M. & Sato, E. (1998).
Microtubule and microfilament dynamics in rat embryos
during the two-cell block in vitro. |. Exp. Zool. 281, 149-53.

Messinger, S.M. & Albertini, D.F. (1991). Centrosome and
microtubule dynamics during mitotic prophase. Mol.
Reprod. Dev. 25, 374-87.

Munné, S., Grifo,J., Cohen, J. & Weier, H. (1994). Chromosome
abnormalities in arrested human preimplantation em-
bryos: a multiple probe fluorescence in situ hybridization
(FISH) study. Am. ]. Hum. Genet. 55, 150-9.

Nakata, T. & Hirokawa, N. (1992). Organization of cortical
cytoskeleton of cultured chromaffin cells and involvement
in secretion as revealed by quick-freeze, deep-etching and
double-label immunoelectron microscopy. J. Neurosci. 12,
2186-97.

Navara, C.S., First, N.L. & Schatten, G. (1994). Microtubule
organization in the cow during fertilization, polyspermy,
parthenogenesis, and nuclear transfer: the role of the sperm
aster. Dev. Biol. 162, 29-40.

Pickering, S.J., Johnson, M.-H. & Braude, P.R. (1988). Cyto-
skeletal organization in fresh, aged, and spontaneously
activated human oocytes. Hum. Reprod. 3, 978-89.

Pickering, S.J., Braude, PR, Johnson, M.H., Cant, A. &
Currie, J. (1990). Transient cooling to room temperature can
cause irreversible disruption of meiotic spindle in human
oocytes. Fertil. Steril. 54, 102-8.

Rodriguez-Gonzalez, E., Lopez-Bejar, M., Izquierdo, D. &
Paramio, M.T. (2003). Development competence of
prepubertal goat oocytes selected with brilliant cresyl blue
(BCB) and matured with cysteamine supplementation.
Reprod. Nutr. Dev. 43, 179-87.

Sathananthan, A.H. & Trounson, A.O. (1982). Ultrastructure
of cortical granules release and zona interaction in
monospermic and polyspermic human ova fertilized in
vitro. Gamete Res. 6, 225-34.

Sathananthan, A.H., Ng, S.C., Trounson, A.O., Bongso, A.,
Ratnam, S.S., Ho, J., Mok, H. & Lee, M.N. (1988). The effects
of ultrarapid freezing on meiotic and mitotic spindles
of mouse oocytes and embryos. Gamete Res. 21, 385-
401.

Simerly, C., Navara, C., Wu, G. & Schatten, G. (1995).
Cytoskeletal organization and dynamics in mammalian
oocytes during maturation and fertilization. In Gametes
(ed.].G. Grudzinskas & J.L. Yavich), pp. 55-94. Cambridge:
Cambridge University Press.

Sun, Q.Y.,, Wu, G.M,, Lai, L., Park, KW.,, Cabot, R., Cheong,
H.T, Day, B.N., Prather, RS. & Schatten, H. (2001).


https://doi.org/10.1017/S0967199405003229

Cytoskeleton of prepubertal goat oocytes 165

Translocation of active mitochondria during pig oocyte
maturation, fertilization and early embryo development
in vitro. Reproduction 122, 155-63.

Tahara, M., Tasaka, K., Masomoto, N., Ikebuchi, Y. & Miyake,
A. (1996). Dynamics of cortical granule exocytosis in
hamster eggs requires microfilaments. Mol. Reprod. Dev. 47,
334-40.

Terada, Y., Simerly, C. & Schatten, G. (2000). Microfilaments
stabilization by Jasplakiolide arrest oocyte maturation,
cortical granule exocytosis, sperm incorporation cone
resorption, and cell-cycle progression, but not DNA
replication, during fertilization in mice. Mol. Reprod. Dev.
56, 89-98.

Tremoleda, J.L., Schoevers, E.J., Stout, T.A.E., Colenbrander,
B. & Bevers, M.M. (2001). Organisation of the cytoskeletal
during in vitro maturation of horses oocytes. Mol. Reprod.
Dev. 60, 260-9.

Valderrama, F., Babia, T., Ayala, I., Kok, ].W., Renau-Piqueras,
J. & Egea, G. (1998). Actin microfilaments are essential
for the cytological position and morphology of the Golgi
complex. Eur. J. Cell Biol. 76, 9-17.

Van Berklom, J. & Bell, H. (1986). Regulation of development
in the fully grown mouse oocyte: chromosome-mediated
temporal and spatial differentiation of cytoplasm and
plasma membrane. J. Embryol. Exp. Morphol. 93, 213-
38.

https://doi.org/10.1017/50967199405003229 Published online by Cambridge University Press

Velilla, E., Lopez-Bejar, M., Rodriguez-Gonzalez, E., Vidal,
F. & Paramio, M.T. (2002). Effect of Hoechst 33342 staining
on developmental competence of prepubertal goat oocytes.
Zygote 10, 201-8.

Velilla, E., Izquierdo, D., Rodriguez, E., Lopez-Bejar, M.,
Vidal, F. & Paramio, M.T. (2004). Distribution of prepubertal
and adult goat cortical granules during meiotic maturation
and fertilization: ultrastructural and cytochemical study.
Mol. Reprod. Dev. 68, 507-14.

Villamediana, P, Vidal, F. & Paramio, M. T. (2001). Cytogenetic
analysis of caprine 2- to 4-cell embryos produced in vitro.
Zygote 9, 193-9.

Wang, W.H., Abeydeera, L.R., Han, Y.M., Prather, R.S. & Day,
B.N. (1999). Morphologic evaluation and actin filament
distribution in porcine embryos produced in vitro and in
vivo. Biol. Reprod. 60, 1020-8.

Webb, M., Howletts, K. & Maro, B. (1986). Parthenogenesis
and cytoskeletal organization in aging mouse eggs.
J. Embryol. Exp. Morphol. 95, 131-45.

Yang, HW., Hwang, K.J., Kwon, H.C., Kim, H.S., Choi, K.W. &
Oh, K.S. (1998). Detection of oxygen reactive species
(ROS) and apoptosis in human fragmented embryos. Hum.
Reprod. 13, 998-1002.

Yllera-Fernandez, M.D.M., Crozet, N. & Ahmed-Ali, M.
(1992). Microtubule distribution during fertilisation in the
rabbit. Mol. Reprod. Dev. 32, 271-6.


https://doi.org/10.1017/S0967199405003229

