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Abstract 
 

In the bovine as in many mammalian species, successful pregnancy following 
maturation, fertilization and culture in vitro of bovine oocytes remains relatively low 
compared to their in vivo counterparts. Moreover, it is well documented that not all oocytes 
obtained when using exogenous FSH hormone stimulation have a normal final maturation. 
The objective of this study was to investigate whether such differences in the oocytes and 
blastocysts developmental competence are associated with changes in oocyte mRNA levels 
of genes related to molecular motors, spindle formation and accurate chromosomal 
segregation throughout oocyte maturation (2 h pre LH, 6 and 22 h after LH) and at the 
blastocyst stage (day 7) in vivo. These genes include, 1) kinesin family member 3A 2) 
cytoplasmic dynein intermediate chain 3) Myosin regulatory light chain, 4) Formin-2, 5) 
partitioning defective protein 3, 6) Aurora-A. For this purpose, presumptive competent 
oocytes were selected after oFSH treatment on the basis of the steroid profile in the 
enclosing follicle. Moreover, to determine the role of these transcripts in developmental 
competence, mRNA expression was compared with that of non-competent oocytes from 
preovulatory follicles of the same group of cows, and to that of cultured oocytes from 
slaughterhouse ovaries at corresponding times of maturation and in vitro derived 
blastocysts. 

Using quantitative real-time PCR, we detected for all above mentioned genes mRNA 
in the oocytes throughout the maturation process and the blastocyst stage. Formin-2 and 
Aurora-2 mRNA however, was only detected in the oocytes. Analysis of the mRNA levels 
within the oocytes scored as normal during the maturation did not reveal statistically 
differences. Relative abundance of all the mRNAs tested were significantly higher in the 
normal oocytes compared to that scored as deviant in the prematuration group. In the 
prematuration group, the mRNA for cytoplasmic dynein, Formin-2 and par-3 were 
significantly lower in the oocytes collected from slaughterhouse ovaries than those matured 
in vivo and scored as normal. At MII, Formin-2 and Aurora-A mRNA levels were 
significantly higher in the normal in vivo matured oocytes compared to the deviant or those 
matured in vitro. The level of par-3 mRNA was significantly higher (P < 0.05) in the in 
vivo derived blastocysts than in vitro produced blastocysts. The present results suggest an 
important role for these genes in spindle assembly, position and chromosome segregation. 
Furthermore it may be suggested that both the exogenous FSH induced intrafollicular 
environment and in vitro maturation and culture conditions may affect the developmental 
competence by affecting the expression of these genes.    
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Introduction  
 

Meiotic and developmental competence is acquired progressively during follicular and 
oocyte growth and is associated with a series of nuclear and cytoplasmic changes [1, 2]. 
The rate of successful pregnancy following maturation, fertilization and culture in vitro of 
bovine oocytes remains relatively low compared to their in vivo counterparts [3-5]. 
Moreover, it is well known that the hormonal environment of the follicles is altered in cows 
stimulated with exogenous gonadotrophin to a varying degree, depending partially on the 
type of protocol and the hormonal treatment used [6, 7]. Ovarian stimulation in mice has 
been shown to result in a significant increase in the frequency of oocyte spindle defects 
resulting in chromosomal errors [8-10]. Reduced fertility and pre- and post-implantation 
mortality have also been indicated as a consequence of using standard doses of 
gonadotrophins [11-15]. Clear evidence from several species indicated compromised 
developmental competence of an embryo to give rise to a viable healthy offspring, 
reflecting intrinsic oocyte defects that may include nuclear abnormality and suboptimal 
cytoplasmic maturation [16-20]. 
 

The intracellular trafficking of organelles complexes plays a major role in many cell 
and developmental processes. During maturation, oocyte ultrastructure studies have 
consistently demonstrated that translocation and transport organelle defects are likely to 
predominate in oocytes matured in vitro or obtained from animals stimulated with 
exogenous gonadotrophins [21-23]. Furthermore, the orientation and integrity of the 
meiotic spindle must be strictly controlled for proper chromosomal segregation. 
Misorientation of the spindle and errors in this process severely impairs chromosome 
segregation and may result in chromosomal aneuploidy. Therefore, the contribution of 
molecular motors and proteins involved in spindle formation and chromosome segregation 
to molecular events important for oocyte nuclear and cytoplasmic maturation and hence 
oocyte developmental competence is possible. 
 

Organelle translocations in diverse organisms have some common molecular 
requirements, namely microtubule, actin, dynein, myosin, and kinesin. The directed 
transport of cellular components along the polarized microtubule and actin arrays use three 
major classes of motor proteins, kinesins [24], dyneins [25] and myosin which each move 
unidirectionally along the microtubule and actin tracks. These motors are required for 
multiple cellular tasks, such as the transport and positioning of organelles, the assembly of 
the meiotic spindle, chromosome movement [26] and mRNA translocation [27, 28].  
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Microtubules and actin filaments, the two key components of the cellular cytoskeleton, 
play important roles in all aspects of spindle assembly [29-33]. In somatic cells, several 
microtubule-dependent motors influence chromosome movement and positioning, in 
addition to its role in organelles translocation. These include a plus end directed motor, 
kinesin (KIF) [34, 35], and a minus end directed motor, cytoplasmic dynein. KIF3A is a 
member of the kinesin superfamily of motor proteins, producing movement necessary for 
transport of vesicles [36], positioning of nuclei, and proper segregation of genetic material. 
Targeted disruption of the KIF3A gene in mice uncovered an important role for KIF3 
during development. The kif3A-/- mice do not survive beyond midgestation and exhibit 
apparent morphological abnormalities [37]. Similarly, the cytoplasmic dynein motor is a 
large complex composed of two heavy chain polypeptides, three intermediate chains and 
four light intermediate chains  [38]. The cytoplasmic dynein motor has been implicated in 
vesicle transport, the perinuclear positioning of Golgi apparatus, chromosome movement 
on the mitotic spindle, separation of the mitotic spindle poles and nuclear positioning 
during cell division [39, 40]. In mammalian cells, dynein activity is proposed to control 
spindle length by transporting the MT-depolymerizing kinesin-13 KLP10A to the spindle 
poles [41].  Although the catalytic heavy chain is responsible for force production and 
dynamic interaction with microtubules, the intermediate chains have been implicated in 
linking the motor complex to membranous organelles [42, 43]. 
 

Actin-based motor myosin is central to the molecular events leading to proper 
cytoplasmic organelle translocation [44, 45]. Cytoplasmic myosin (Myosin II) has been 
demonstrated to participate in many cellular movements [46] in addition to its well-
established role in cytokinesis [47, 48]. Myosin is a hetero-hexamer composed of two 
copies each of the heavy chain, essential light chain and regulatory light chain (MRLC) 
[49]. Biochemical and genetic studies have shown that MRLC regulates myosin activity by 
phosphorylating certain amino acids of myosin (for review see [50]) and play a direct role 
in force generating properties of myosin [46]. In Drosophila, mutations in the gene 
encoding MRLC disrupt cytokinesis in female germ cells [51] and showed defects in tissue 
movement during embryogenesis [52]. A recent study showed that in fertilized mouse 
oocytes, inhibition of myosin II or myosin light chain kinase (MLCK), which belongs to the 
family of Ca2+ /calmodulin dependent protein kinases and specifically phosphorylate 
myosin regulatory light chain inhibited second polar body formation and reduced cortical 
granules exocytosis [53]. 
 

Assembly of actin cables depend on two formin homologues, Bni1p and Bnr1p [54], 
members of a family of cytoskeletal regulatory proteins defined by conserved formin 
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homology (FH)1 and FH2 domains, for reviews, see [55]. Loss of Formin-2 (FMN2) 
function causes an oocyte maturation arrest at metaphase I, polyploidy and asymmetrical 
spindle positioning [56].  

Partitioning defective protein (PAR-3) is known as an essential regulator of egg 
polarity, and to orient and position mitotic spindles relative to the anterior axis in the C. 
elegans embryo, [57]. Recent findings in mice oocytes showed, that Par-3 asymmetrically 
localized during meiosis and that its staining intensity increased on the cortical side of the 
MI spindle after germinal vesicle breakdown, which suggests an important role in defining 
the future site of the polar body extrusion [58].  
    Aurora-A is also an important regulator of spindle formation which plays an essential 
role for accurate chromosome segregation, and is known to be involved in the induction of 
centrosome duplication-distribution abnormalities and aneuploidy in mammalian cells [59, 
60]. Mutation or disruption of the Aurora-A gene in various species leads to mitotic 
abnormalities, including centrosome separation, spindle aberrations, and chromosome 
segregation defects [61]. During maturation in mice oocytes, Aurora-A takes part in not 
only the initiation but also maintenance of meiotic spindle microtubule organization [62]. 
 

In vivo, a wide variety of growth factors, steroid and proteins are produced by 
granulosa cells in response to the LH surge [63]. Consequently, it seems logical that in vitro 
culture initiates a cascade of altered mRNA activity that leads to reduced oocyte 
developmental competence. Moreover, there is clear evidence indicating misrepresentation 
of mRNA expression being involved in molecular mechanisms of oocyte maturation [64] 
and early embryonic development due to the effect of in vitro culture conditions [65, 66]. 
Therefore, in this study, we used oocytes collected from cows stimulated with FSH 
classified as deviant and normal based on the steroid hormones profile, and oocytes 
collected from slaughterhouse ovaries and matured in vitro, to investigate whether the 
divergent culture conditions is accompanied by altered mRNA levels of the different 
selected genes playing important roles in organelles translocation and spindle integrity and 
formation. 
 
Materials and Methods 
 
Experimental design 
 

At each time point of maturation, oocyte mRNA expression was compared with that of 
non-competent oocytes from preovulatory follicles of the same group of cows and with that 
of cultured oocytes from slaughterhouse ovaries at corresponding times of in vitro 



 
 
 

 90

maturation. Secondly, mRNA expression of the competent oocytes was compared with that 
of in-vivo derived blastocysts. Finally, mRNA expression of day 7 in-vitro produced 
blastocysts was compared to in-vivo derived counterparts. 

Follicle development was stimulated in Holstein-Friesian cows using our standard 
protocol [65] with oFSH and a Crestar/GnRH-controlled LH surge. Cows were allocated at 
random to three experimental groups for ovariectomy (OVX): 1) at onset (2 h before LH), 
2) after initiation (6 h after LH), and 3) at completion (22 h after LH) of final maturation to 
determine changes in mRNA expression throughout maturation in vivo. Oocytes were 
selected on the basis of follicle size, the steroid profile in the enclosing follicle as shown in 
table 2 and, were assigned to replicates for QPCR analysis in such a way that within a 
group replicates were equivalent with regards to steroid profile and represented maximum 
numbers of cows. In vivo blastocysts were collected from superovulated cows by flushing 
the uterus at day 7 after insemination. In-vitro oocytes were produced after maturation in 
vitro (IVM) using oocytes obtained from an abattoir, while in-vitro produced blastocysts 
were collected after fertilization and culture in-vitro of the in-vitro matured oocytes till the 
blastocysts stage. The experiment was carried out as approved by the Ethical Committee of 
the Veterinary Faculty of Utrecht University. 
 
Animals and treatment 

 
Normally cyclic Holstein-Friesian cows (n=36) were selected and treated for 

superovulation using the protocol as described before [65] with oFSH (Ovagen ICP, 
Auckland, New Zealand), prostaglandin (PG; Prosolvin; Intervet International B.V., The 
Netherlands) and a timed LH surge controlled by norgestomet/GnRH (Crestar ear 
implant/Receptal; Intervet International B.V.). Cyclicity was verified by measuring the 
concentration of progesterone in peripheral plasma during at least 6 weeks before FSH-
stimulation [67] and the LH surge was monitored in plasma from 38 h after PG until OVX 
using a validated RIA with bovine LH (bLH-7981) for iodination and standards, and rabbit 
anti-bLH (8101) as antiserum [68]. Oocytes and follicular fluids were collected following 
OVX at 50, 58 and 74 h after PG corresponding with 2 h before, 6 and 22 h after the 
maximum of the LH surge, respectively.  
 
Collection and selection of in-vivo preovulatory oocytes 
 

For every treatment run with a group of 4 cows OVX was performed at 1 h intervals, 
the time needed to collect all oocytes and follicles from one cow  by laparotomy through 
flank incision under local infiltration anesthesia [69]. Ovaries were collected in 0.9% (w/v) 
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NaCl at 37oC and immediately transported to the laboratory. The contents of each follicle > 
9 mm were aspirated using an 18-ga winged infusion set needle attached to 15 ml 
polystyrene conical tube under low pressure by means of a suction pump, and were then 
immediately stored on ice at 4oC. The size of the follicles was calculated from the volume 
of follicular fluid after collection. After retrieval of the cumulus oocyte complexes (COC) 
under a stereo microscope, the follicular fluids were centrifuged 3,000 g for 10 min at 4oC 
and stored at -25oC until analysis for steroids. Collected COCs were rinsed twice in 700 µl 
PBS (Sigma-Aldrich, St. Louis, MO, U.S.A.) supplemented with 5% (w/v) polyvinyl 
alcohol (PVA; Sigma). Cumulus cells were removed by continuous pipetting after 
incubation for one minute with 100 µl 0.1% (w/v) hyaluronidase (Sigma-Aldrich, St. Louis, 
MO, U.S.A.) and denuded oocytes were checked for remaining cumulus cells and washed 
three times with PBS-PVA and stored individually in at -80°C until RNA extraction.  

For each collection group relative to the LH surge, oocytes were sub-divided on the 
basis of the concentration of steroids in the fluid of the enclosing follicle. Briefly, oocytes 
from follicles with estradiol 17β > 0.9 µmol/L before LH, > 0.5 µmol/L 6 h after LH, and 
progesterone > 0.5 µmol/L 22 h after LH were considered to be competent (Table 2). 
Oocytes from follicles with unmistakably deviating steroid concentrations were assigned to 
the respective non-competent sub-groups, that is with estradiol < 0.37 µmol/L before and 6 
h after LH, and with progesterone < 0.38 µmol/L 22 h after LH. The few oocytes that had 
heavy atretic features (expanded cumulus scattered in dark clumps in a jelly-like matrix) 
were excluded. 
 
Blood sampling 
 

Heparinized blood samples were collected from the jugular vein every day during the 
experimental cycle, every 3 h starting 12 h before removal of the second implant and every 
hour thereafter for 6 h. After immediate centrifugation at 4ºC, plasma was stored at -25ºC. 
 
RIA of steroids in follicular fluid 
 

Concentrations of  the steroid hormones estradiol 17β and progesterone in follicular 
fluid were determined in aliquots of 1 to 25 µL fluid dependent of the hormone and the size 
of the follicle by solid-phase 125I RIA methods (Coat-A-Count, Diagnostic Products 
Corporation, Los Angeles, CA, U.S.A; estradiol 17β: TKE2; progesterone: TKPG) as 
validated for blood plasma of cows [67] with slight modifications such as extraction with 
diethyl ether (BDH Laboratory Supplies, Poole, England). 
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In vitro maturation (IVM) of immature oocytes 
 

Bovine ovaries were collected from abattoirs, and transported in a thermos flask within 
3 hours of collection. After washing with water and saline solution, cumulus oocyte 
complexes (COCs) were aspirated from follicles 3-6 mm in diameter, washed in HEPES-
buffered TCM-199 (Gibco BRL, Paisley, UK), and selected on the basis of their 
morphology for in vitro maturation according to the density of their cumulus cell layers, 
and randomly allocated in groups of 50 COCs per well to a 4-well culture plate (Nunc A/S, 
Roskilde, Denmark). In vitro maturation of the COCs was performed in 500 µl TCM-199 
per well, supplemented with 10% (v/v) fetal calf serum, 4 µg FSH/ml, and 6 µg LH/ml 
(Sioux Biochemical Inc., Iowa, USA), and 0.1 mM cysteamine (Sigma Chemical Co., St 
louis, USA) for 22 h at 38.5ºC under an atmosphere of 5% CO2 in air with maximum 
humidity. At the beginning (0 h), 6 h and 22 h of the maturation, 13 oocytes from three 
different batches were denuded from their cumulus cells by vortexing and stored at -80ºC. 
 
In vitro embryo production (IVP) 
 

Procedures for in vitro maturation were performed as described previously. After 
maturation, oocytes in COCs were fertilized in vitro according to the procedure described 
by Parrish et al.[70] with minor modifications [71] using frozen-thawed semen from a bull 
of proven fertility. The presumptive zygotes were freed from cumulus cells 20 h after IVF 
by vortexing, and a maximum of ten zygotes was placed in a 20 µl droplet of synthetic 
oviductal fluid (SOF) medium [72] supplemented with essential and non-essential amino 
acids (Sigma-Aldrich, St. Louis, MO, U.S.A.), 0.1% (w/v) BSA (Sigma-Aldrich), under oil 
(Reproline medical GmBH, Rheinbach, Germany) and cultured at 39°C, in humidified air 
containing 5% CO2 and 7% O2. On day 4 after IVF the number of cells per cleaved embryo 
was scored and all cleaved embryos were transferred to fresh SOF droplets. The 
developmental stage of the embryos was assessed at day 7 after IVF. Four groups of 5 
expanded blastocysts were rinsed in PBS and stored at -80°°C until RNA extraction. 
 
Collection of in-vivo derived blastocysts 
 

Superovulation was induced using an eCG/monoclonal anti-eCG/PG treatment scheme 
[67]. Cows were inseminated with one straw into each uterine horn, 10 h after the LH peak. 
Seven days later the embryos were non-surgically recovered, embryonic developmental 
stage and general morphological appearance were assessed by stereo microscopy, once 
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qualified to those in morphological grades I and II [73], frozen for storage in liquid nitrogen 
until use. 
 
RNA isolation, precipitation  
 

Total RNA was prepared from at least three replicates at each maturation stage, except 
for 22 h normal, 6 and 22 h deviant oocytes, of which 20, 18 and 11 oocytes were collected, 
resulting in 2, 2 and 1 replicate, respectively. Each replicate containing from 9 to 13 pooled 
oocytes. Four replicates of day 7 blastocysts were used, each containing 5 blastocysts. The 
RNA was then isolated using microspin column and DNA was digested with Dnase1 to 
eliminate possible genomic DNA contamination according to manufacturer’s instruction 
(Absolutely RNA Microprep Kit, Stratagene, San Diego, CA, USA), the RNA was 
recovered by two subsequent 50-µl elutions with warmed (60°°C) elution buffer provided 
in the kit.  
RNA was then precipitated with 250 µl of 100% ethanol (EtOH) and 10 µl of 3 M sodium 
acetate pH 5.2, using 1 µl of 1 mg/ml linear acrylamide (Ambion, Austin, TX) as co-
precipitant. The mixture was chilled at -80oC for 30 min, centrifuged for 20 min at 4oC at 
16000 g. The pellet was then washed with 75% EtOH and resuspended in 15 µl of water for 
real-time PCR analysis. 
 
Real-time Polymerase Chain Reaction 
 
Reverse Transcription and primers design 
 

Total RNA was reverse-transcribed in a total volume of 20 µl using the iScript cDNA 
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, U.S.A.) containing oligo-dT and 
random hexamer primers. Reactions were incubated for 5 min at 25°°C, 30 min at 42°C, 
and 5 min at 85°C. 
Primer sets were designed by using Beacon Designer 4 software (PREMIER Biosoft 
International, Palo Alto, CA, U.S.A.), from bovine sequences from NCBI, the primers used 
in the study are shown in table 2. The specificity of the primers was confirmed by 
sequencing and confirmation of the PCR product size on a standard 2% agarose gel with 
ethidiumbromide (EtBr). The PCR products were sequenced after purification with the 
QIaquick PCR Purification Kit (Qiagen, Valencia, CA, U.S.A.) and quantification with a 
spectrophotometer (Nanodrop ND 1000, Isogen, IJsselstein, the Netherlands). PCR 
products were then diluted from 100 to 0.01 fg as standards to construct the standard curve. 
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Real-time Polymerase Chain Reaction 
 

Real-time PCR was performed on a Bio-Rad MyiQ system using the 2X iQ SYBR 
Green Supermix reagents, following the manufacturer’s protocols. Reactions were 
performed using 25 µl duplicate reactions with the quantity of diluted cDNA corresponding 
to 0.1 to 0.3 of an oocyte, depending on the mRNA abundance as determined using oocytes 
from slaughterhouse ovaries matured in vitro, and 0.5 µM of each primer. Each transcript 
was amplified from at least three different replicates. Each transcript was amplified from at 
least three different groups of pooled oocytes, except 22 h normal, 6 and 22 h deviant 
oocytes, where 2, 2 and 1 group were used, respectively (see table 2). Samples and standard 
curves were amplified on the same run with the same PCR master mix. The thermal cycling 
program starts with an initial denaturation step at 95°°C for 3 min, and is followed by 45 
PCR cycles (dissociation for 5 sec at 95oC, annealing for 5 sec at temperature showed in 
table 2, and elongation for 20 sec at 72oC), one melting cycle consisting of 5 sec at 95oC, 30 
sec at 72oC, and a step cycle up to 95oC (0.3oC/sec transition rate), and finally a cooling 
down cycle at 40oC. Amplification of the GAPDH mRNA [74, 75] was performed for each 
reverse transcribed sample as an endogenous quantification standard. These raw CT values 
were then analyzed with a modified delta-Ct method using a PCR data analysis program, 
qBase (version 1.3.2) (http://medgen.ugent.be/qbase/) to obtain relative quantification 
values. PCR product was analyzed on a 1.5% agarose gel with EtBr to confirm 
amplification. Product sizes and annealing temperatures for each gene are presented in table 
1. 
 
Statistical analysis 
 

Data are presented as the mean ± SEM. Initially, Expression analysis data of the 
oocytes from follicles with a normal profile were subjected to one-way ANOVA and LSD 
test was used as a post hoc for comparison of individual means to assess the effect of 
maturation stages (-2, 6, 22). Differences within each oocyte time group (follicles with a 
normal profile, deviant profile and oocytes matured in vitro) were analyzed using one-way 
ANOVA. Difference between in vivo and in vitro derived blastocysts was analyzed using 
Student’s t-test. Differences were considered statistically significant at the 95% confidence 
level (P < 0.05). 
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 Table 1. Information on the primers used for real-time PCR 
 

Genes GeneBank 
accession  number 

Oligos sequences Product size 
(bp) 

Annealing 
temperature (oC) 

KIF3A NM_007054 F 5’-ggtgtttgggtagtctctg -3’ 
R 5’-cggcacctaacaacaacct-3’ 

162 56 

Dynein BC015038 F 5’-gagtgaagaaggttctgtgtac-3’ 
R 5’-aggcttgttattcttagttgtcc-3’ 

198 58 

MRLC BT020978 F 5’-aaagagcaaagaccaagacc-3’ 
R 5’-cctggagcctcgttcatc-3’ 

226 
 

56 
 

FMNL2 NM_052905 F 5’-tgaccataacacgctgctg-3’ 
R 5’-cctcttctgcttgcttatatgc-3’ 

200 54 
 

Par3 AF467002 F 5’-ggcttcctcaagcagaacac-3’ 
R 5’-cgagcactgaaaggcactac-3’ 

350 
 

55 
 

Aurora-A NM_001038028 F 5’-agagacattaagccagagaa-3’ 
F 5’-atccgaccttcaatcatttcag-3’ 

152 55 

GAPDH 

 

U43284 F 5’-ccacgagaagtataacaacacc-3’ 
R 5’-gccagtagaagcagggatg-3’  

229 56 

 
KIF3A, Homo sapiens kinesin family member 3A; Dynein, Homo sapiens cytoplasmic dynein intermediate 
polypeptide 2; MRLC, Bos taurus myosin regulatory light chain 2; FMNL2, Homo sapiens formin-like 2; Par-3, 
Homo sapiens partitioning-defective 3 ; Aurora-A, Bos taurus Aurora-A; GAPDH, Bos taurus glyceraldehyde-3-
phosphate dehydrogenase 
 
 

Results 
 

The number of oocytes classified as normal and deviant based on steroid and follicle 
size is presented in table 2. 

The mRNAs for all the genes studied were amplified in all of the total RNA samples 
isolated from the oocytes. The mRNAs for Aurora-A and formin-2 were not detected at the 
blastocyst stage. DNA sequencing confirmed the PCR products are indeed from the same 
genes.  

Messenger RNA levels in Fig. 1, A represent relative values of KIF3A; QPCR analysis 
showed that KIF3A mRNA level was highly expressed during maturation but decreases 
sharply at the blastocyst stage. No significant change was observed during maturation 
between the three maturation stages. However, in the prematuration group oocytes, a 
significant lower level of mRNA was found in the oocytes scored as deviant after FSH 
stimulation compared to those scored as normal or those matured in vitro. 
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Table 2.  Steroid concentrations in follicles with presumptive competent and non-competent oocytes recovered 
during maturation in FSH-stimulated cows with a controlled LH surge 

 

 notes 2 h before LH (Pre) 6 h after LH (Post) 22 h after LH (Post) 

Normal follicles 
- number 
- estradiol 17β 
- progesterone 
- follicle diameter 
- number of cows 
 
Deviant follicles 
- number 
- estradiol 17β 
- progesterone 
- follicle diameter 
- number of cows 

[1] 
 

[2] 
 

[3] 
[4] 

 
47 

1.64 ± 0.12 
0.15 ± 0.01 

13 ± 0.4 
13 

 
 

52 
0.21 ± 0.01 

 0.09 ± 0.004 
12 ± 0.3 

7 

 
50 

0.84 ± 0.04 
0.51 ± 0.01 
13.5 ± 0.3 

9 
 
 

18 
0.23 ± 0.03 
0.58 ± 0.06 

12 ± 0.4 
7 

 
20 

0.11 ± 0.01 
0.75 ± 0.05 

13 ± 0.5 
8 
 
 

11 
0.19 ± 0.02 
0.16 ± 0.03 

12 ± 0.8 
3 

[1] competent: oocytes from functional follicles on the basis of steroid profile 
[2] steroid concentrations ± SEM in µmol/L follicular fluid 
[3] mean diameter in mm as calculated from volume of fluid of follicles from which oocytes were used 
[4] number of cows from which oocytes were retrieved 
 

Messenger RNA levels for cytoplasmic dynein (Fig. 1, B) tended to decrease during 
oocyte maturation. Low levels of mRNA were detected at the blastocyst stage. However, 
due to the large variation in the values, the decrease was not significant during maturation. 
In the prematuration group and oocytes collected 6 h after maturation, the highest levels of 
mRNA among all oocytes analyzed was found in the FSH oocytes scored as normal. 
 

Messenger RNA of the MRLC (Fig. 1, C) was detected in all stages of the oocyte 
maturation as well as at the blastocyst stage. No differences were observed between oocytes 
scored as normal during maturation. Among the prematuration group oocytes, the mRNA 
level was expressed highly in the oocytes scored as normal compared to those scored as 
deviant as well as those matured in vitro were no significant difference observed. No 
statistically significant differences (P < 0.05) were observed between the in vivo derived 
blastocysts and in vitro produced blastocysts. 
 

The oocytes express Formin-2 mRNA throughout the maturation, whereas Formin-2 
mRNA was not expressed by the day 7 blastocysts (Fig. 1, D). This expression did not 
appear to change significantly during maturation. Within the prematuration group, oocytes 
scored as normal expressed approximately 18 fold more mRNA than oocytes scored as 
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deviant. Similarly, at 22 h of maturation, normal oocytes expressed approximately 8 fold 
mRNA more than the deviant ones.  
 

The mRNA of the par-3 was present through the maturation period and at the 
blastocyst stage. However, as shown in Figure 1, E, levels of par-3 mRNA were not 
statistically different among oocytes classified as normal at different maturation stages. In 
vivo derived blastocysts showed significantly (P < 0.05) higher mRNA levels than their in 
vitro counterparts. 
 

The Aurora-A mRNA levels were detected throughout the maturation but, were not 
statistically different among oocytes classified as normal (Fig. 1, F). During the 
prematuration period, the mRNA levels for Aurora-A significantly (P < 0.05) decreased in 
the oocytes scored as deviant compared to the normal oocytes. After 22 h of maturation, the 
same pattern of mRNA expression could be seen, but a significant decrease was also 
observed in the mRNA level of the in vitro compared to deviant oocytes. 
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Figure 1. Messenger RNA levels of the molecular motors proteins and genes involved in chromosome segregation 
(A to F) in bovine oocytes collected from cows undergoing superovulation with FSH, scored as normal or deviant 
based on steroid profile and follicle sizes and oocytes collected from slaughterhouse ovaries and matured in vitro. 
a, b, c: significantly different within the time groups ( in vivo normal, in vivo deviant and in vitro oocytes) (P < 
0.05). 
* Significantly different from the oocytes 
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Fig. 1, A. KIF3A mRNA expression 
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Fig. 1, B. Cytoplasmic dynein 
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Fig. 1, C. Myosin regulatory light chain mRNA relative expression  
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Fig. 1, D. Formin 2 like mRNA expression 
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Fig. 1, E. Par3 mRNA expression 
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Fig. 1, F. Aurora-A mRNA expression 
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Discussion 
 

At present, the nuclear and cytoplasmic pathways that contribute to the developmental 
competence of the bovine oocyte during maturation have not yet been resolved. In the 
current study, the identification of mRNAs of numerous molecular motors protein and 
genes involved in organelles translocation, spindle formation and chromosomal segregation 
in the oocyte have led to the suggestion that the expression of these mRNAs are needed to 
maintain proper nuclear and cytoplasmic maturation. In vitro and in vivo studies using 
somatic cells and knockout mouse models support that these genes have a conserved 
functional obligatory requirement to support nuclear and cytoplasmic maturation. The 
existence of these mRNAs in significant amount during maturation prompts the question 
which specific task(s) each individual mRNA performs in the oocyte because most of the 
studies came from experiments using somatic cells. However, meiotic tissues exhibit 
unique subcellular movements that may require specialized motors. Chromosome behavior 
during meiosis, particularly during the first division, differs markedly from that seen during 
mitosis, alignment and disjunction of chromosomes during meiosis I occurs by orientation 
of bivalents to the pole, not sister chromatids as in mitosis [76]. Therefore, due to cell type 
differences, considerable function diversity may exist. Further identification of mRNA for 
specific proteins in the different pathways should allow a more exact assessment of the role 
of these genes in oocyte maturation. Moreover, elucidating the functions and the 
mechanism by which these genes are regulated in the mammalian oocyte may contribute to 
our understanding of the molecular mechanisms of oocyte maturation. 
 

It is well documented that not all oocytes in a stimulated cycle have a normal final 
maturation. Aberrations in cytoplasmic maturation as well as in timing of nuclear 
maturation were seen by Hyttel et al [77] in the bovine oocyte. It has been reported that 
only 72% of the oocytes collected at the end of maturation reach the MII stage of meiosis 
after exogenous gonadotrophins stimulation [78], while this percentage increases to more 
than 90% in the oocytes matured in vitro. The mechanism by which the superovulation 
techniques increase the incidence of meiotic arrest and aneuploidy is not known [14]. 
However, different possibilities can explain the higher incidence of aneuploidy in 
mammalian oocytes stimulated with exogenous gonadotrophins. Compromised follicular 
vascularity around the follicle may result in an under-developed capillary bed with reduced 
blood flow. An adequate blood supply in tissues is required to supply oxygen for aerobic 
metabolism, nutrients and hormones, and to eliminate CO2 and other metabolic byproducts. 
Follicle diameter, estradiol concentration in follicular fluid and the vascular area have been 
shown to be closely associated with each other [79] 



 
 
 

 102

In the process of oocyte maturation there is a fundamental requirement for stable 
distribution of cellular components to different specific destinations at specific times. To 
achieve this task, cells employ molecular motors and two sets of tracks: microtubules and 
actin filaments. The motor domains of kinesins and dyneins have ATP-binding and 
microtubule-binding sites [80]. 
 

Kinesins (KIFs) are responsible for intracellular trafficking of vesicles and organelles 
along microtubules and for the dynamics of chromosomes and microtubules in mitosis and 
meiosis [81, 82]. All KIFs have a globular motor domain that contains a microtubule 
binding sequence and an ATP-binding sequence [24]. Kinesin-2 family is a heterotrimeric 
complex composed of a KIF3A/3B heterodimer and kinesin associated protein 3 (KAP3) 
[83].  The importance of KIF3A mRNA expression was shown in Drosophila melanogaster 
females that were homozygous for KIF3A mutations. In these females, the sperm and 
embryo nucleus did not fuse [84] and consequently no further development could take 
place. In mammals, Marszalek and others [37] demonstrated that mouse null- embryos die 
at 10 days post coitum. KIF3A null mouse embryos apparently do have some competence, 
but fail to develop any further. Recently, immunostaining analysis of Hela cells revealed 
intense KIF3A staining localized at the centrosomes in interphase and, when chromosomes 
began to condense and the mitotic spindle was formed in prometaphase, KIF3A was 
localized mainly at the spindle microtubules and was also localized around the cellular 
cortex [34]. Our results showed that KIF3A was predominately expressed in the oocyte 
during maturation implying an important function in the molecular events which are 
important for the progression of meiosis. Moreover, within the prematuration group, 
deviant oocytes showed significantly low levels of KIF3A mRNA, as discussed previously, 
it is possible that these oocytes represent the group of the oocytes that lack the ability to 
resume meiosis. Interestingly, KIF3A has been reported to participate in neuronal cell 
polarity through the transport of the par-3-aPKC complex at the tip of the neurites [85]. The 
coexpression of KIF3A and par-3 in the oocytes of the present study may indicate that they 
are associated with each other, and thus KIF3A may play an important role in polar body 
extrusion through correct positioning of the par-3. 
 

Cytoplasmic dynein, the main microtubule minus-end-directed motor proteins, is 
involved in spindle pole organization, nuclear migration during mitosis, the positioning and 
functioning of the endoplasmic reticulum, Golgi apparatus, mRNA transport [80, 86] and 
bidirectional motion of lipid droplets [87]. In contrast to kinesin and myosin heads, dynein 
has multiple ATP binding sites in each head (for review see [80], therefore its mechanics is 
strongly altered by the ATP concentrations [88]. Homozygous C. elegans are sterile and 
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many postembryonic cell lineages undergo stochastic failed division. In the same 
experiment, using RNAi specifically to inhibit function of the dynein light intermediate 
chain 1 (DLIC-1) gene product, the majority of embryos from wild-type injections 
underwent failed pronuclear migration [89]. In the present study, cytoplasmic dynein 
intermediate chain (DIC) mRNA was decreasing during final maturation of the oocytes 
scored as normal. These results are in agreement with previous finding using cDNA array 
hybridization [90], that demonstrated a two-fold decrease in the mRNA of cytoplasmic 
dynein (light polypeptide) during in vitro maturation of bovine oocytes. Moreover, near the 
germinal vesicle breakdown during Xenopus oocyte maturation (approx. 6 h post LH surge 
in bovine), phosphorylation has been shown to increase dramatically, indicating that 
previously synthesized mRNA had been present in large quantity [91].   
A role for decreasing oocyte DIC mRNA in mitochondrial translocation is also possible. 
During maturation of mice oocytes, mitochondria translocate to the perinuclear region 
during the resumption of meiosis and formation of the first metaphase plate, cytoplasmic 
dynein has been shown to play a role in mitochondrial translocation, disruption of dynein 
function in Hela cells, which leads to the retreat of mitochondria from the cell periphery 
towards the nucleus, and the formation of long, interconnected mitochondria [92]. In vitro 
matured oocytes and vivo matured oocytes classified as deviant collected pre and 6 h after 
the LH surge have revealed significantly lower mRNA levels compared to the normal 
oocytes. In the present study, estradiol levels within the preovulatory follicles pre and 6 h 
after LH were used as the main criteria to select presumptive competent from deviant 
oocytes, in addition to follicle size. Interestingly, estrogen has been shown to induce the 
transcription and expression of DLC-1 in breast cancer cells in a dose dependent manner. 
Further, DLC-1 interacts directly with estrogen receptors (ER) and such interaction is 
required for the transactivation-promoting activity of DLC-1, suggesting an important role 
for dynein in the action of ER. Conversely, DLC-1 downregulation compromised the ER-
transactivation activity and also its nuclear accumulation [93]. Together, these data may 
explain the lower abundance of cytoplasmic dynein in the in vitro and in vivo deviant 
oocytes. Moreover, because of the complex structure of dynein, comparing to other motors, 
it’ is possible that its function requires extensive regulation. 
 

Myosin is a motor protein, which has actin-binding sites and ATP-binding sites and is 
primarily regulated by phosphorylation of the MRLC in mammalian cells [94]. The protein 
kinase responsible for phosphorylation of MRLC is Ca2+/calmodulin-dependent myosin 
light chain kinase (MLCK) [95]. Inhibition of MLCK and myosin II activity in mice 
oocytes revealed important roles in the position of the meiotic spindles, second polar body 
formation and cortical granule exocytosis [53]. Moreover, at the blastocyst stage, inhibition 
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of MLCK suggests a regulatory role in compaction, formation of the blastocyst and 
maintenance of the differentiated state during preimplantation development of mouse [96]. 
In the present investigation, the higher expression of this mRNA during bovine oocyte 
maturation and the blastocyst stages suggests important functions during both stages. 
Moreover, oocytes scored as deviant from the stimulated cows at the prematuration stage, 
had relatively low amounts of MRLC compared to those scored as normal and oocytes 
collected from the slaughterhouse ovaries and matured in vitro. Therefore, it may suggest 
that ovarian factors did not appear to be necessary for maintaining MRLC mRNA levels or, 
effect of superovulation treatment may affect the stability of the mRNA. However, as 
mammalian and non mammalian MRLC motor activity is regulated by MLCK 
phosphorylation, it is reasonable to assume that MRLC function is not regulated at the 
transcription level. 
 

Formins are a family of conserved proteins and play an important role in actin 
nucleation processes, the rate-limiting step for actin filaments assembly. All formins of 
animals, plants and fungi contain a unique, highly conserved formin homology domain, 
FH2, which interacts with actin, and a domain rich in Pro-FH1 located N terminally to the 
FH2 domain, which binds to the actin-associated protein profilin, (for review see, [55, 97]). 
Formins also participate in MT processes, although their role is less clear. During spindle 
alignment in budding yeast, actin filaments nucleated by the formin Bni1p (Bud neck 
involved) are thought to provide tracks for the transport of MTs bearing Bim1p and Kar9p 
at their plus ends to the cortex by a myosin motor, Myo2p [98]. The S. cerevisiae Bni1 
mutant, exhibit defects in cytoplasmic MT alignment and the positioning of mitotic spindle 
[99]. Recent analysis of Bni1 in C. albicans, by Li et al.[100] confirmed the role of Bni1 in 
the regulation of cell polarity. Their report shows that Bni1 is required for correct alignment 
and positioning of the mitotic spindle and that Bni1 defects correlate with the 
mislocalization of the C. albicans Kar9 homolog, the protein that can link cortical actin to 
astral microtubules. In the present study, we quantified FMNL2 which consist of FDD, FH1 
and FH2 domains [101]. Moreover, because formins, myosins and S. cerevisiae Kar9p, 
which has homology with adenomatous polyposis coli (APC) (detected in bovine oocytes, 
our unpublished results), are all identified in the oocyte in the present study, it is plausible 
that bovine oocytes have a conserved pathway for delivering MT ends to the cortex, a 
process needed for correct orientation and positioning of the spindle. It will be interesting to 
elucidate the mechanisms that ensure proper spindle position and chromosome segregation. 
In addition, the expression of formin during oocyte maturation and the lack of the 
expression at the blastocyst stage suggests a distinct regulatory role during meiosis. 
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One of the most striking findings of the present study was the lower expression of 
formin both in the oocytes scored as deviant from stimulated cows and those matured in 
vitro compared to the normal oocytes. Females Fmn2-/- mice oocytes have failed to 
progress through MI and to correctly position the MI spindle at the cortex of the oocyte. 
Fertilization of the ovulated oocytes from the formin-2 lacking mice resulted in 74% 
polyploidy embryos, with similar spontaneous abortions [56]. In contrast to the somatic 
cells, the oocytes have much larger nuclei and, chromosomes at MI have to travel longer 
distance to the spindle, therefore capture of the chromosomes by MT is likely to be 
inefficient [29]. In starfish oocytes, it has been shown that MT alone are not able to capture 
chromosomes more than 40 µm away from the centrosomes, and therefore, polymerized 
actin network is necessary for delivering chromosomes within the capture distance of 
microtubule asters, given that actin-depolymerizing or stabilizing drugs cause chromosome 
loss and aneuploid eggs [29]. Together, the lower level of formin in the present study in 
deviant oocytes from stimulated cows and in vitro matured oocytes may explain partly the 
higher incidence of aneuploidy using both systems. However, future analysis of mammalian 
oocyte actin and formin function should provide a better understanding whether a similar 
mechanism exists in mammalian oocytes. 
 

Par-3 gene is a major component of an important complex regulating cell polarity. 
Orientation and positioning of the mitotic spindle relative to the anterior-posterior axis is a 
well known function of par3-par6-atypical protein kinase C (aPKC) complex in C. elegans. 
These changes are believed to originate from asymmetric forces applied by par proteins 
through the microtubules [102, 103]. Mutations in the par3 gene affect the asymmetric 
distribution of the protein involved in cell fate determination and the orientation of mitotic 
spindles in successive cell cycles in C. elegans [104]. In mammalian oocytes, par-3 protein 
has been shown to localize to the anterior half of the mouse oocyte and, at MI and MII, par-
3 is associated with the spindle and enriched in the central subdomain of the actin cap 
overlying the meiotic spindles [58]. The findings in the present study of decreased par-3 
mRNA levels especially in oocytes classified as deviant from stimulated cows may indicate 
a disturbed function of polar body emission, because most of these oocytes defined by our 
selection criteria may not be able to resume meiosis [78].  
Results from mammalian epithelial cells have shown that par-3, par-6 and aPKC complex 
are asymmetrically localized to tight junctions (TJ)  [105], and this complex in addition to 
Cdc42 may provide an essential cue for the formation of the TJ complex [106]. During 
embryonic development, par-3, par-6 and aPKC have been shown to be localized only at 
the blastocyst stage in TJ. The same study found that par-6 and aPKC are targeted at TJ as 
soon as they become established while par-3 is targeted at them only when the blastocoels 
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appears, suggesting that par-3 is involved in the maintenance of tight junction (TJ) [107]. 
The significantly lower mRNA levels of par-3 in the in vitro produced blastocysts were the 
major finding that differed from the in vivo derived blastocysts in the current investigation. 
Cell adhesion is critically important for the cellular development as well as for the integrity 
of tissue. It is known that establishment of cell contacts during compaction in mouse 
embryo is mediated by E-cadherin, one component of TJ [108], that has been shown to 
perturbed in fragmented mouse embryos [109]. Accordingly, lower Par-3 mRNA levels in 
the in vitro produced blastocysts may contribute to the loss of TJ integrity, higher embryo 
fragmentation, defects in cell-cell adhesion and lose of the normal cellular polarity and 
probably also in the initial attachment of the embryo. Additionally, given the conserved 
function of the genes involved in polarity in eukaryotic and known conservation between 
polarization of the mammalian embryos and other cells, it seems likely that this system will 
be used in mammalian oocytes and early embryonic development [110]. 
 

The Aurora-A protein kinase, encoded by the STK15 oncogene is of major interest 
since it is located at the centrosome from S-phase to mitosis [111], involved in centrosome 
separation [112] and maturation as well as in bipolar spindle assembly and stability [113]. 
Increased levels of Aurora-A mRNA have been shown to correlate with chromosome 
instability in tumors [114]. In the mice oocytes, a higher and stable quantity of Aurora-A 
protein has been shown throughout maturation stages, which was localized to the spindle 
poles of meiotic spindle from MI to MII stage [62]. This indicates an important role for 
Aurora-A in the regulation of spindle formation and accurate chromosome segregation and 
may explain the lower levels of Aurora-A mRNA levels in MII oocytes matured in vitro. 
Moreover, in breast tumor cells, it has been shown that poly(A) tails of cyclin B1 and 
cyclin dependent kinase 1 (Cdk1) mRNA were synergistically  elongated by Aurora-A and 
cytoplasmic polyadenylation element binding protein (CPEB). Therefore, the higher level 
of Aurora-A mRNA during maturation might strongly indicate an important role in meiotic 
resumption pathway, similar to the egg maturation process in frogs [115]. 
 

In conclusion, we studied a set of important genes expected to be involved in 
developmental competence of bovine oocytes and early embryonic development. Its 
apparent expression in the oocyte indicates that these genes have an important 
developmental role. One such role may be to enhance nuclear maturation by supporting 
spindle formation and accurate chromosomal segregation, the other, by supporting proper 
cytoplasmic maturation through correct organelles translocation. The detailed physiological 
significance of mRNA expression of most of these genes is largely unknown in the oocyte.  
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