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RESUMEN

En nuestro laboratorio siempre se ha trabajado con la finalidad de
conseguir el maximo numero de blastocistos posibles a partir de ovocitos
recuperados de cabras prepuberes sacrificadas en matadero. La poblacion
ovocitaria recuperada de estas hembras suele ser muy variable, debido
basicamente a factores fisiologicos. Por este motivo, los ovocitos deben
seleccionarse cuidadosamente con el fin de utilizar en el procedimiento de
produccion in vitro de embriones sélo aquéllos capaces de madurar in vitro,
se fecundados y mantener el desarrollo embrionario. Hasta el momento, la
seleccidn realizada en nuestro laboratorio se basaba en criterios morfolégicos,
seleccionando sélo los ovocitos de gran tamafio, con citoplasma homogéneo y
rodeados de varias capas compactas de células del cumulus. Sin embargo, el
porcentaje de blastocistos obtenidos a partir de los ovocitos seleccionados
siguiendo estos criterios ha sido bajo, y no se ha conseguido superar el 10%
(Izquierdo et al., 1999). Esta tesis, por lo tanto, nacié de la necesidad de
encontrar marcadores que pudieran indicarnos la competencia del ovocito, de
modo que podamos distinguir los ovocitos competentes para el desarrollo del
resto de ovocitos que no son capaces de desarrollarse hasta el estadio de

blastocisto.

Los dos primeros trabajos de esta tesis, que podemos englobar dentro
de un gran bloque, tiene como objetivo estudiar el papel que juegan la
expresion de las subunidades del MPF (Maturation Promoting Factor), la

Ciclina B1 y la p34°i®

, asi como su actividad kinasa, y la acumulacién de RNA
y proteinas en los ovocitos con la adquisicibn de competencia para el
desarrollo. Las técnicas utilizadas para evaluar estos parametros son técnicas
invasivas, de modo que los ovocitos analizados no pueden ser utilizados
posteriormente para continuar el desarrollo embrionario. Por lo tanto, era
necesario relacionar las caracteristicas moleculares estudiadas con un
pardmetro que nos permitiera seleccionar los ovocitos de forma visual. En
estos trabajos el parametro no invasivo escogido fue el didmetro ovocitario,

ya que en numerosas especies se ha observado que existe una relacion



positiva entre la capacidad del ovocito para dar lugar a un embrion viable y el
diametro folicular (bovino: Furher et al., 1989; caprino: Crozet et al., 1995;
porcino: Marchal et al., 2002), y éste, a su vez, se correlaciona con el
didmetro ovocitario (bovino: Arlotto et al., 1996; caprino: Crozet et al., 2000;
de Smedt et al., 1994). De este modo, los ovocitos de cabras prepuberes
recuperados de matadero fueron divididos en 4 grupos segun su tamafo: <110
um, 110-125 pm, 125-135 pm y >135 um (de Smedt et al., 1994). Estos
ovocitos fueron madurados y fecundados in vitro, y los embriones resultantes
fueron cultivados in vitro para comprobar la competencia ovocitaria de cada
grupo de tamafo. A su vez, se evalud el estadio nuclear de una muestra de
ovocitos de cada grupo antes y después de la MIV. El estudio de expresion de
las subunidades del MPF se realiz6 mediante RT-PCR y Western blot para la
p34°9°2 Ademaés, se cuantifico la cantidad de proteinas y de RNA acumulados
en ovocitos de cada grupo mediante el método de Lowry modificado y por
espectrofotometria, respectivamente. Los resultados mostraron que en el
momento de recoger los ovocitos de los foliculos, la mayoria ya habia
reanudado la meiosis, y esta proporcion era mayor a medida que aumentaba
el didmetro ovocitario. Ademas, los ovocitos de mayor tamafio fueron los que
alcanzaron mayor porcentaje de maduracién nuclear tras la MIV, tuvieron
mayor tasa de fecundacién normal, de divisiébn embrionaria a las 48 h post-
fecundacion, y dieron lugar al mayor porcentaje de blastocistos. Nuestros
resultados mostraron que los ovocitos de mayor diametro, que eran los mas
competentes, no diferian del resto de grupos estudiados en cuanto a la
expresion de ARN y ARNm de p34°“2, de ARNm de Ciclina B1 y de proteina
total, antes y después de la MIV; por el contrario, si observamos mayor niveles
de ARN total acumulado y de ARN de Ciclina B1 después de la MIV, mayor nivel
de proteina p34°®? y de actividad del complejo MPF. Por lo tanto, nuestros
resultados indicaron que la competencia para el desarrollo estaba relacionada
con el MPF, sugiriendo un posible papel de este complejo en la maduracién

citoplasmatica.

El tercer trabajo surgi6 a raiz de los resultados obtenidos en los

primeros estudios. Nos sorprendid observar que la mayoria de ovocitos



hubieran reanudado la meiosis en el momento de recuperarlos de los
foliculos. Los ovocitos sélo reanudan la meiosis en el interior de los foliculos
como respuesta al estimulo hormonal de la LH, previo a la ovulacion, o bien
debido a un proceso de degeneracidon o atresia. Nuestros estudios se realizan
en hembras prepuberes, todavia no maduras hormonalmente, de modo que
nos planteamos la posibilidad de que los ovocitos que estabamos recogiendo
estuviesen sufriendo un proceso mas o menos avanzado de atresia, que
posiblemente pudiera interferir en los resultados de desarrollo embrionario.
La realizacion del tercer estudio se realizé en la Universidad de Gante, donde
utilizaban técnicas de deteccion de apoptosis de modo rutinario, y se usaron
ovocitos bovinos debido a la imposibilidad de disponer de ovocitos caprinos.
La finalidad de este trabajo fue aprender las técnicas de tincién con Annexin
V y TUNEL mediante la realizacién de un estudio de apoptosis en ovocitos
bovinos, células del cumulus y blastocistos segun el didmetro ovocitario. Para
ello, los ovocitos recuperados de matadero se clasificaron en tres grupos de
tamafio: <110 pm, 110-120 pm y >120 um (Fair et al., 1995). Los ovocitos
fueron madurados y fecundados in vitro, y los embriones fueron cultivados
durante 6 dias mas. Una muestra de ovocitos y células del cumulus fueron
usados para evaluar apoptosis antes y después de la MIV mediante Annexin V y
TUNEL. El resto de los ovocitos fueron fecundados in vitro y continuaron el
proceso de desarrollo embrionario, y los blastocistos resultantes también
fueron evaluados con las mismas técnicas. En este estudio la capacidad para
el desarrollo embrionario se conseguia en los ovocitos >110 um. Los resultados
obtenidos indicaron que el porcentaje de ovocitos inmaduros que mostraban
signos de apoptosis disminuia en los ovocitos >110 um. Ademas, el porcentaje
de ovocitos apoptoéticos se redujo claramente durante la maduracion in vitro.
Por el contrario, la apoptosis en las células del cumulus aumenté con la
maduracion. Por ultimo, los blastocistos obtenidos mostraron menor
incidencia de apoptosis en estadio tardio en los ovocitos de mayor diametro
evaluado mediante Annexin V, pero no mediante TUNEL. A partir de estos
resultados llegamos a la conclusion que las diferencias de desarrollo

embrionario observadas entre ovocitos de diferente tamafio no podian ser



explicados Unicamente por una diferencia en la incidencia de apoptosis entre

diametros.

Por ultimo, el cuarto y quinto trabajo pretendian evaluar la apoptosis
en ovocitos caprinos de diferente didmetro mediante las dos técnicas
utilizadas en el estudio anterior. En estos trabajos quisimos introducir un
pardmetro mas a tener en cuenta, ademas del diametro ovocitario, y por ello
clasificamos nuestros ovocitos también segun criterios morfolégicos en dos
grupos: los que no mostraban signos de atresia, es decir, que presentaban el
cumulus compacto y el citoplasma homogéneo; y aquellos que presentaban
signos de atresia temprana, es decir, con el cumulus ligeramente expandido
y/0 el citoplasma del ovocito heterogéneo. Pensamos que era interesante
introducir el parametro de la morfologia porque podria ser utilizado como
criterio predictivo de la calidad de los embriones resultantes. Para ello, los
ovocitos fueron clasificados por diametro siguiendo los criterios explicados en
el primer trabajo, y por morfologia segun los parametros anteriormente
mencionados. Al igual que en el anterior estudio, la apoptosis fue evaluada en
ovocitos y células del cumulus antes y después de la maduracion, y en los
blastocistos obtenidos. En estos estudios, al igual que el realizado en bovino,
también observamos una disminucion de la apoptosis en los ovocitos y un
incremento en las células del cumulus durante la maduracion in vitro. En
general, se observo que los ovocitos de mayor didmetro y de morfologia sana
presentaban menos incidencia de apoptosis, aunque los resultados obtenidos
difirieron segun la técnica utilizada. No se detectaron diferencias en cuanto a
incidencia de apoptosis en los blastocistos obtenidos a partir de ovocitos de
diferente didmetro. Por ultimo, pudimos observar que la capacidad para el
desarrollo embrionario no dependia sélo del diametro del ovocito, sino
también de su morfologia. Por lo tanto, pudimos concluir que la apoptosis si
puede influenciar la capacidad para el desarrollo del ovocito, pero no la

calidad del blastocisto obtenido.



SUMMARY

In our laboratory, we have always worked in order to achieve as many
blastocysts as possible from oocytes obtained from slaughtered prepubertal
goats. Oocyte population recovered from these females use to be very
variable, basically due to physiological factors. For this reason, we must
select oocytes very carefully in order to use only the oocytes capable to
mature in vitro, be fertilized and maintain embryonic development. So far,
selection performed in our laboratory was based on morphological criteria,
and we only selected large oocytes that were surrounded by several layers of
compact cumulus cells and had homogeneous cytoplasm. However, the
blastocyst rate obtained using the oocytes selected with that criteria has been
low, and we have not achieved more than 10% (Izquierdo et al., 1999). This
thesis, as a consequence, was born because we needed to find some markers
of oocyte competence, so we could distinguish developmental competent

oocytes from the rest of oocytes incapable to develop until blastocyst stage.

The aim of the first two works of this thesis, which can be grouped into
one chapter, was to study the role that plays the expression of the subunits of
MPF (Maturation Promoting Factor), Cyclin B1 and p34°d°2, MPF kinase activity
and the storage of RNA and proteins in oocytes in the acquisition of
developmental competence. The methods used to evaluate these parameters
were invasive ones, and therefore the oocytes evaluated could not longer be
used to continue the subsequent embryonic development. As a consequence,
it was necessary establish a relationship between the molecular
characteristics studied with a parameter that allowed us to select the oocytes
visually. Oocyte diameter was chosen as non-invasive parameter, because a
relationship between oocyte competence to develop into a viable embryo and
follicular diameter has been observed in many species (bovine: Furher et al.,
1989; caprine: Crozet et al., 1995; porcine: Marchal et al., 2002) and the
follicular diameter has been also related to oocyte diameter (bovine: Arlotto
et al., 1996; caprine: Crozet et al., 2000; de Smedt et al., 1994). That way,

prepubertal goat oocytes recovered from the slaughterhouse were divided in



four groups depending on their diameter: <110 ym, 110-125 pm, 125-135 pm
and >135 um (de Smedt et al., 1994). These oocytes were matured and
fertilized in vitro, and the resulting embryos were cultured to evaluate the
developmental competence of each diameter group. At the same time,
nuclear stage was assessed from a sample of oocytes of each diameter group
before and after IVM. MPF subunits expression was studied by RT-PCR and
Western blot for p34°“, In addition, the protein and RNA stored were
quantified in each diameter group by the Lowry method modified and by
spectrophotometry, respectively. Results showed that, at collection time,
most of the oocytes had already resumed meiosis, and this proportion was
higher with increasing oocyte diameter. Moreover, the biggest oocytes
reached nuclear maturation after IVM in a higher percentage, they showed
higher percentage of normal fertilization, cleavage after 48 h post-
insemination, and they produced the higher blastocyst rate. Our results
showed that the largest oocytes, that were the most competent ones, did not
differ from the rest of the groups in terms of p34°®? RNA and mRNA, Cyclin B1
mMRNA and total protein before and after IVM; however, we observed higher
levels of total stored RNA and Cyclin B1 after IVM, higher level of p34°?
protein and of MPF activity. Consequently, our results indicated that oocyte
developmental competence was related to MPF, suggesting a role of this

factor in cytoplasmic maturation.

The third work was arisen due to the results obtained in the first work.
It surprised to us to observe that most of oocytes had resumed meiosis at
collection time. Oocytes can resume meiosis inside the follicle as a
consequence of the LH hormonal stimulus, prior ovulation, or due to a
degeneration process or atresia. Our works were performed in prepubertal
females, which were hormonally immature, so we raised the possibility that
we were using oocytes suffering a process of atresia, which probably could
impair our embryonic development results. The third study was conducted in
the University of Gent, where they used techniques of detection of apoptosis
in a routine way, and we used bovine oocytes due to the impossibility to

obtain caprine oocytes. The aim of this study was to learn the techniques of



Annexin V staining and TUNEL by the accomplishment of a study of apoptosis
in bovine oocytes, cumulus cells and blastocysts depending on oocyte
diameter. For this purpose, oocytes obtained from the slaughterhouse were
classified in three groups of size: <110 pum, 110-120 um y >120 um (Fair et al.,
1995). Oocytes were matured and fertilized in vitro, and the resulting
embryos were culture for additional 6 days. A sample of oocytes and cumulus
cells were used to assessed apoptosis before and after IVM by means of
Annexin V staining and TUNEL. The rest of the oocytes kept on developing,
and the resulting blastocysts were also evaluated with the same techniques.
In this study, oocyte developmental competence was achieved in oocytes
higher than 110 um. Our results showed that the percentage of immature
oocytes showing signs of apoptosis decreased in oocytes > 110 um. In addition,
the proportion of apoptotic oocytes was reduced clearly during IVM. On the
contrary, apoptosis in cumulus cells increased during maturation. Finally, the
blastocysts obtained showed less incidence of late apoptosis in the biggest
oocytes when evaluated by means of Annexin V, but not by means of TUNEL.
From these results we could conclude that differences observed in different
diameter groups in terms of embryonic development could not be explained

only because a differential incidence of apoptosis among diameter groups.

Finally, the purpose of the fourth and fifth studies was to evaluate
apoptosis in goat oocytes of different diameter by means of the two
techniques used in the previous work. We wanted to introduce a new
parameter in these studies, in addition to oocyte diameter, and so we
classified the oocytes by morphological criteria as well: the ones that did not
show any sign of atresia, that is, oocytes that had compact cumulus cells
layers and homogeneous cytoplasm, and the ones that showed early signs of
atresia, that is, oocytes with heterogeneous cytoplasm and/or cumulus cells
with initial expansion. We believed that it would be more interesting to
introduce the morphological classification because it could be use as a
predictive parameter of the quality of the resulting embryos. For that
purpose, oocytes were classified by diameter following the criteria explained

in the first work, and by morphology following the criteria explained before.



Like in the previous study, apoptosis was evaluated in oocytes and cumulus
cells before and after in vitro maturation, and in the blastocysts obtained.
Like in bovine, we also observed in this study a decrease of apoptosis in
oocytes and an increase in cumulus cells during IVM. In general, it was
observed that the biggest oocytes with healthy morphology showed fewer
incidences of apoptosis, although the results obtained differed depending on
the technique used. Finally, we could observe that oocyte developmental
competence did not only depend on oocyte diameter, but also in COC
morphology. Consequently, we could conclude that apoptosis can affect

oocyte developmental competence, but not blastocyst quality.



1. INTRODUCCION

Durante los ultimos afios ha existido un interés creciente por las
técnicas de reproduccion asistida, no solo en su aplicacion clinica en
humanos, sino también en el campo de la produccion animal. ElI avance
logrado en las técnicas de maduracion in vitro (MIV), fecundacion in vitro
(FIV) y cultivo in vitro de embriones pre-implantacionales (CIV) ha permitido
el desarrollo de otras tecnologias, como la obtencion de células madre, el
sexaje de embriones, la transgénesis o la clonacion. La obtencién de un mayor
namero de embriones a menor coste mediante la produccion in vitro de
embriones (PIV), en comparacién con la técnica MOET (Multiovulation and
Embryo Transfer), ha hecho posible el avance de las nuevas tecnologias
anteriormente mencionadas. Por otro lado también ha permitido la
recuperacion de especies en peligro de extincion, la reproduccién de animales
muertos, acortar el intervalo generacional (de interés en programas de
mejora genética) con el uso de animales prepuberes como donantes de
ovocitos, etc. En general, la mayoria de los estudios sobre MIV, FIV y CIV
realizados hasta el momento en animales de produccion se han centrado en el
bovino. Sin embargo, nuestro laboratorio ha optado por el caprino como
modelo experimental, ya que presenta diversas ventajas frente al bovino:
mayor manejabilidad, manutencién menos costosa, periodo de gestacion mas
corto y mayor prolificidad. Ademas, la posibilidad de obtener productos de
interés farmacoldgico e industrial sintetizados en glandula mamaria posibilita

que la cabra presente un alto interés en el campo de la transgénesis.

Los ovarios de cabras sacrificadas en matadero se ha convertido en la
fuente méas importante de ovocitos para la produccién in vitro de embriones,
basicamente debido a que se obtienen un gran nimero de ovocitos a un coste
mucho menor que si se utilizaran animales vivos como donantes de ovocitos.
Sin embargo, la gran mayoria de cabras sacrificadas para el consumo en
nuestro pais son prepuberes, de alrededor 1-2 meses de edad. Obtener los

ovocitos de animales prepuberes supone una desventaja respecto a las adultas



en cuanto a la eficiencia en la produccion de blastocistos (Armstrong, 2001);
no obstante, la cantidad de ovocitos obtenidos por ovario en animales
prepuberes es mayor (Baldassarre et al., 1997). Ademas producir embriones y
descendencia de animales prepuberes intensifica la respuesta a la seleccién

genética al acortar el intervalo generacional.

El trabajo de esta tesis es la continuacion del trabajo que viene
desarrollandose en nuestro laboratorio desde los afios 90. Los primeros
estudios realizados comprobaron que los ovocitos obtenidos de cabras
prepuberes eran capaces de madurar in vitro (Martino et al., 1994), ser
fecundados (Martino et al., 1995) y desarrollarse hasta blastocisto (Mogas et
al., 1997). Sin embargo, también se observaron numerosas anomalias en la
fecundacion, como la no descondensacion de la cabeza del espermatozoide o
la polispermia (Martino et al., 1995; Mogas et al., 1997), y en el desarrollo
embrionario, como la parada en el desarrollo en el momento de activacion del
genoma embrionario (Izquierdo et al., 1999) o una alta incidencia de haploidia
(Villamediana et al., 2001). Todos estos estudios indicaban que las anomalias
detectadas eran consecuencia de una deficiente maduracion citoplasmatica
de los ovocitos utilizados, de modo que los estudios posteriores trataron de
mejorarla mediante la seleccion de los ovocitos con Brilliant Cresyl Blue
(Rodriguez-Gonzalez et al., 2003a; Rodriguez-Gonzélez et al., 2002; Urdaneta
et al., 2003b), la adicion de compuestos tioles en los medios de cultivo (Mayor
et al., 2001; Rodriguez-Gonzalez et al., 2003a; Rodriguez-Gonzalez et al.,
2003b; Urdaneta et al., 2003a; Urdaneta et al., 2004), o la premaduracién
(Jiménez-Macedo et al., 2006). Estos estudios permitieron incrementar el
porcentaje de blastocistos obtenidos, aunque este porcentaje es mas bajo que
el obtenido con ovocitos de cabras adultas. El siguiente paso, englobado en el
trabajo presentado en esta tesis, ha sido el estudio de la calidad ovocitaria a
través de la busqueda de marcadores moleculares que nos permitieran la
seleccidn unicamente de los ovocitos capaces de desarrollarse hasta el estadio
de blastocisto, ya que la calidad ovocitaria es el principal factor que

determina el éxito del desarrollo embrionario (Rizos et al., 2002).



Numerosos estudios han centrado sus esfuerzos en la busqueda de
marcadores de calidad ovocitaria, tales como el contenido mitocondrial del
ovocito (Santos et al., 2006), la cantidad relativa de transcritos especificos en
el ovocito (De Sousa et al., 1998; Watson et al., 2000) o en el embrion, la
actividad transcripcional (Bilodeau-Goeseels y Panich, 2002) o la incidencia de
apoptosis en ovocitos (Liu et al., 2000; Yang y Rajamahendran, 2002; Yuan et
al., 2005), embriones (Liu et al., 2000; Pomar et al., 2005; Yang y
Rajamahendran, 2002) o células del cumulus (Corn et al., 2005; Lee et al.,
2001; Yuan et al., 2005; Zeuner et al., 2003). Sin embargo, la mayoria de
marcadores se han estudiado mediante técnicas invasivas, de modo que el
ovocito no puede utilizarse para su desarrollo posterior. Como consecuencia,
es importante relacionar estos marcadores con caracteristicas no invasivas
(ej: morfologia del cumulus, diametro folicular, diametro ovocitario). Existen
varios estudios que relacionan el diametro del foliculo con la competencia de
su ovocito para desarrollarse hasta blastocisto (bovino: Furher et al., 1989;
caprino: Crozet et al., 1995; porcino: Marchal et al., 2002); de esta forma
utilizan este criterio folicular, junto con la técnica de la aspiracion, para
seleccionar los ovocitos que se utilizaran en el proceso de produccion in vitro
de embriones. En ovarios de cabras prepuberes la textura del tejido y el
tamafio de los foliculos hacen impracticable este método de seleccion
ovocitaria. El diametro folicular ha sido relacionado de forma positiva con el
diametro ovocitario en bovino (Arlotto et al., 1996) y caprino (Crozet et al.,
2000; de Smedt et al., 1994). Consecuentemente, en el presente trabajo de
investigacion se escogié el uso del didmetro ovocitario como indicador no

invasivo.

Teniendo en cuenta las consideraciones anteriores, el objetivo de esta
tesis fue el estudio de caracteristicas moleculares en ovocitos de diferente
tamafio que nos permitieran seleccionar aquéllos con mayor capacidad para
desarrollarse hasta el estadio de blastocisto. Los posibles marcadores

seleccionados para el estudio fueron:



a) La expresion a nivel transcripcional y traduccional del Maturation
Promoting Factor (MPF), asi como su actividad. EI MPF es un heterodimero
compuesto por la p34°®? y |a Ciclina B1, y se considera el principal regulador
de la maduracién nuclear del ovocito y un posible candidato a regular la
maduracion citoplasmatica (Naito et al., 1992). La acumulaciéon de una
cantidad umbral de alguno de sus componentes ha sido descrita como el
factor limitante para la reanudacién meidtica en el ovocito (p34°®?: Chesnel y
Eppig, 1995; De Vantéry et al., 1996; de Vantery et al., 1997; Dedieu et al.,
1998; Mitra y Schultz, 1996; Ciclina B1: Levesque yd Sirard, 1996; Sun et al.,
2001). Por lo tanto, también puede jugar un papel importante en la
adquisicion de competencia ovocitaria para el desarrollo (Vigneron et al.,
2004).

b) la incidencia de apoptosis en ovocitos y células del cumulus dependiendo,
no sélo del didmetro ovocitario, sino también en la morfologia del complejo
cumulus-ovocito (COC). El uso de ovarios procedentes de matadero supone
obtener una poblacién ovocitaria muy heterogénea, donde podemos encontrar
diferentes grados de desarrollo y de atresia. De hecho, el 85% de los foliculos
presentes en un ovario estan sufriendo atresia (Kruip y Dieleman, 1982). Por
lo tanto, era necesario establecer la incidencia de la apoptosis en COC de
cabras prepuberes y de qué modo podia influenciar el desarrollo embrionario.
Para llevar a cabo este estudio se realizd un trabajo previo con ovocitos de
vaca, con la finalidad de poner a punto los métodos que se iban a utilizar
posteriormente con ovocitos de cabras prepuberes. A su vez, este estudio

también nos sirvié como comparativa entre los ovocitos caprinos y bovinos.



2. REVISION BIBLIOGRAFICA

2.1. MADURACION DEL OVOCITO

Cuando los ovocitos se forman, durante el desarrollo fetal de la
hembra, quedan parados en la profase de la primera division meiotica después
de sufrir una serie de divisiones mitdticas. En este estado los ovocitos no son
capaces de ser fecundados y dar lugar a un embrion viable; es necesario que
el ovocito crezca, junto con el foliculo, y que se produzcan una serie de
cambios morfoldgicos, ultraestructurales y moleculares que dotaran al ovocito
de capacidad para finalizar la meiosis, originando una célula haploide, ser
fecundado y dar lugar a un embriéon viable. Este conjunto de cambios se
conoce como maduracion ovocitaria, que engloba dos procesos: la maduracién

nuclear o meiotica y la maduracion citoplasmatica.

2.1.1. Maduracién nuclear o mei6tica

La maduracion nuclear en el ovocito es el proceso que tiene lugar
desde la reanudacion de la primera division meidtica hasta la parada en
metafase de la segunda division meidtica. El ovocito solamente podra
completar la meiosis cuando se dé su reactivacion mediante la fecundacion.
La maduracion nuclear in vivo se inicia con el pico de la hormona luteinizante
(LH), cuando el ovocito ya ha completado su fase de crecimiento. In vitro, los
ovocitos también son capaces de madurar cuando se les libera de su foliculo
(Pincus y Enzmann, 1935; revisado por Ponderato et al., 2001); en este caso
es necesario que el ovocito haya alcanzado el 80-90% de su tamafio final para

gue pueda reanudar la meiosis.

Al recibir el estimulo pre-ovulatorio de la LH se produce la activacién

de una cascada de reacciones en las que intervienen numerosas proteinas con
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actividad kinasa que conduciran a la ruptura de la vesicula germinal (GVBD =
Germinal vesicle breakdown). Los nucleolos desaparecen, se produce la
polimerizacion de los microtibulos, y los cromosomas se condensan y se
alinean en la placa metafasica (Metafase 1). Seguidamente se separan los
pares de cromosomas homoélogos en una division asimétrica que origina dos
células de diferente tamafio: el primer corpusculo polar PBI), y el ovocito
secundario. Al iniciarse la meiosis Il el ovocito no entra en profase y los
cromosomas permanecen condensados, en un periodo conocido como
interkinesis. El ovocito secundario, que ahora se encuentra en estadio de
metafase Il, sufre una nueva parada meiotica, y es en este estadio cuando, en
la mayoria de mamiferos, el ovocito es ovulado. S6lo se completara la meiosis
en caso de que el ovocito se active por la penetracion de un espermatozoide,

extruyendo al final el segundo corpusculo polar (PBII).




Figura 1. Diferentes estadios meioticos en el ovocito (tincién con lacmoide):
A) Vesicula germinal (GV); B) Ruptura de la vesicula germinal (GVBD); C)
Metafase | (MI); D) Metafase Il (MIl)

2.1.2. Maduracioén citoplasmatica

La maduracion citoplasmatica comprende todos los procesos que tienen
lugar en el citoplasma y que van a posibilitar que el ovocito sea capaz de
descondensar la cabeza del espermatozoide tras la fecundacion y mantener el
posterior desarrollo embrionario (Mermillod et al., 1999; Prather y Day, 1998).
A diferencia de la maduracion nuclear, que puede ser facilmente observada
con el microscopio 6ptico, la evaluacién de la maduracion citoplasmatica es
mucho mas complicada, y deberia valorarse segun la capacidad del ovocito
para dar lugar a un embrién viable, capaz de desarrollarse y dar lugar al
nacimiento de un animal vivo y sano. Sin embargo, debido a la dificultad de
llevar a cabo estos procesos a nivel experimental, generalmente se evalla la
maduracion citoplasmatica de un ovocito mediante su capacidad para llegar al

estadio embrionario de blastocisto.

La acumulacion de ARNm y proteinas en el citoplasma durante el
crecimiento del ovocito son esenciales para que éste puede mantener el
desarrollo embrionario hasta que se produzca la activacién del genoma del
embrién (Bachvarova, 1992), que tiene lugar en embriones de 2 células en
raton, de 4 células en cerdos, de 48 células en humanos, de 8 células en
conejo, y embriones de 8-16 células en vacas y ovejas (Telford et al., 1990).
En la especie caprina, igual que en los rumiantes citados, la activacion del
genoma embrionario se produce a las 8-16 ceélulas. EI almacenamiento del
ARNm en el ovocito se produce mayoritariamente por poliadenilacion
citoplasmatica selectiva (Gandolfi y Gandolfi, 2001), ya que se ha observado
que las colas poli-A son cortas cuando el ARNm materno se almacena, y se
alargan para que el ARNm sea reclutado para la traduccion (Brevini-Gandolfi
et al., 1999; Huarte et al., 1992; Temeles y Schultz, 1997). La regulacion de



la transcripcion del ARNm almacenado también se produce por
enmascaramiento de elementos especificos de determinados ARNm (Gandolfi
y Gandolfi, 2001), impidiendo asi su traduccion a proteinas. EI ARN que se
transcribe durante la maduracién citoplasmatica es muy estable, con una vida

media aproximada de 28 dias (Wassarman et al., 1996).

Al mismo tiempo, a medida que el ovocito va creciendo también se
produce la redistribucion y maduracién de organulos citoplasmaticos (Caralco,
1995; Ducibella et al., 1994; Hyttel et al., 1986). Las mitocondrias, que se
encuentran en el centro del ovocito al inicio de su crecimiento, migran hacia
la periferia a medida que aumenta el tamafio ovocitario (Cran, 1985; Fair et
al., 1995). Los granulos corticales, importantes para prevenir fenbmenos de
polispermia durante la fecundacion (Guraya, 1982), migran del centro hasta
situarse por debajo de la membrana citoplasmatica del ovocito (Assey et al.,
1994; Fair et al., 1995). El nimero de aparatos de Golgi, precursores de los
granulos corticales, también aumenta con el diametro del ovocito (Fair et al.,
1995). El Reticulo Endoplasmético se distribuye de forma dispersa por el
citoplasma, formando sacos densos que avanzan hacia la periferia con el

crecimiento ovocitario.

Pocos dias antes del pico de LH se dan en el ovocito los ultimos cambios
a nivel citoplasmatico que van a conducir a su “capacitacion”, es decir, van a
dotarle de competencia para madurar y ser fecundado correctamente, y
mantener el desarrollo embrionario posterior (Hyttel et al., 1997). Se produce
una disminucién del aparato de Golgi, y un reagrupamiento de bs granulos
corticales (Cran, 1985). Se inhibe la sintesis de ARN y proteinas, que era muy
activa durante el crecimiento del ovocito, mediante la condensacion del
nucleolo y la eliminacion de ribosomas (Fair et al., 1995; Hyttel et al., 1986,
1989). Justo antes de la ovulacion aparece entre el ovocito y la zona pellcida

el espacio perivitelino, que aumentara de volumen con el tiempo.

10



2.1.3. Papel del cumulus oophorus en la maduracién del ovocito

La union de las células del cumulus al ovocito durante la maduracion es
importante para completar con éxito no s6lo la maduracion, sino también la
fecundacion y el posterior desarrollo embrionario (Atef et al., 2005;
Wongsrikeao et al., 2005). Las células del cumulus se comunican entre ellas y
con el ovocito mediante uniones tipo gap (Eppig, 1982; Furger et al., 1996;
Moor et al., 1980), lo que permite el intercambio de moléculas entre los dos
tipos celulares, produciéndose una regulacion cumulus-ovocito reciproca
(Heikinheimo y Gibbons, 1998).

Las células del cumulus juegan un papel importante en la maduracion

del ovocito mediante la regulacién de varios procesos:

a) el mantenimiento del ovocito en parada meiética: la transferencia
directa de sustancias desde las células del cumulus al ovocito
mantienen a éste en parada meidtica. Hay varias sustancias que se
consideran inhibidoras de la meiosis, como purinas (Eppig et al.,
1985) y el AMPc (cyclic Adenosine monophosphate) (Kumar y Gilula,
1996).

b) La reanudacion de la meiosis: Una vez el ovocito ha completado su
crecimiento, la reanudacion de la meiosis in vivo se produce por la
pérdida de uniones gap entre el cumulus y el ovocito a consecuencia
de la expansion de las células del cumulus (Wert y Larsen, 1989)
inducida por el pico de LH que tiene lugar antes de la ovulacion. La
pérdida de las uniones impide el paso de sustancias inhibidoras de la
meiosis al ovocito.

c) la maduracion citoplasmatica: la presencia de células del cumulus
durante la maduracion favorece la posterior descondensacion de la
cabeza del espermatozoide y su transformacion a prondcleo
masculino, mediante el aumento de la concentracion intraovocitaria
de glutation (Calvin et al., 1986; Perreault et al., 1988; Yoshida et
al., 1993), ademas de favorecer la fecundacion monospérmica y el

desarrollo embrionario (ovejas: Staigmiller y Moor, 1984; ratas:
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Vanderhyden y Armstrong, 1989; vacas: Chian et al., 1994; cerdos:
Yamauchi y Nagai, 1999). Esta accién de las células del cumulus se
produce mediante glicosaminoglicanos, hormonas esteroideas y
otros factores que promueven la maduracion citoplasmatica en el
ovocito (Brower y Schultz, 1982; Danforth, 1995; Dode y Graves,
2002; Yamauchi y Nagai, 1999). Ademas las células del cumulus
estabilizan los granulos corticales, impidiendo que se produzca una
migracion prematura o una exocitosis parcial (Galeati et al., 1991).

d) Proteccion del ovocito: las células del cumulus también intervienen
en la proteccion del ovocito promoviendo la reduccion de la cistina
presente en el medio a cisteina, y la captura de cisteina por parte
del ovocito (Takahashi et al., 1993) de modo que aumenta la
concentracion intraovocitaria de glutation. El glutation mantiene
del estado redox de las células, protegiendo al ovocito del estrés
oxidativo (Tatemoto et al., 2000).

2.1.4. Regulacion de la maduracion ovocitaria

El AMPc es continuamente transferido desde las células del cumulus a
los ovocitos en crecimiento para mantener su parada meiotica (Dekel, 1988).
Esta ampliamente aceptado que el AMPc es la sefial inhibidora de la meiosis
ovocitaria. Concentraciones altas de AMPc en el ovocito promueve la actividad
catalitica de PKA (AMPc dependent protein kinase), que impide la activacion
del MPF (Maturation Promoting Factor, también conocido como M-phase
promoting factor) a través de la inactivacion de la fosfatasa Cdc25 y de la
inhibicién de la sintesis de Ciclina B1 (revisado por Dekel, 2005). A su vez, la
localizacion subcelular de PKA esta regulada por APAK (A kinase anchoring
proteins), que actia como un mecanismo complementario para la regulacion
de la actividad de PKA y un mejor control de la parada meidtica (revisado por
Dekel, 2005). Cuando se produce el pico de LH se genera una disminucién de
la cantidad de AMPc que llega al ovocito desde las células del cumulus, debido

a una pérdida de conexiones célula-célula. La disminucién de la concentracién
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ovocitaria de AMPc, junto con la translocacion de la PKA de su lugar de
accion, inhibe la actividad catalitica de PKA. A consecuencia, se produce la
activacion de la fosfatasa Cdc25 mediante fosforilacion. Esta fosfatasa
provocara la activaciéon del MPF que dara lugar a la reanudacion de la meiosis

y la progresion hasta MIl.

El MPF fue descrito por primera vez por Masui y Markert (1971) en
ovocitos de anfibios, y posteriormente ha sido descrito en numerosas
especies. El MPF esta compuesto por dos subunidades: la subunidad catalitica
(p34°9¢?) que presenta actividad seronina/treonina kinasa, y la subunidad
reguladora (Ciclina B1) (Gautier et al., 1990). Este heterodimero se forma
inicialmente como un pre-MPF inactivo, en el cual la subunidad catalitica
presenta los residuos Thr 161, Thr 14 y Tyr 15 fosforilados. La activacion del
complejo MPF se produce por la defosforilacién de la Thr 14 y Tyr 15 mediada
por la fosfatasa Cdc25 B (Gould y Nurse, 1989; revisado por Dekel, 2005),
quien a su vez es fosforilada por el MPF, dando lugar a una retro-alimentacion
positiva requerida para una activacion rapida del complejo (Hoffmann et al.,
1993).

La actividad del MPF sigue un patrén oscilatorio, que ha sido
demostrado en muchas especies: se produce un aumento de la actividad de
MPF justo antes de la GVBD, alcanza un pico maximo en MI, disminuye su
actividad durante la anafase-telofase para que puedan separarse los
cromosomas, y aumenta de nuevo para alcanzar un nuevo pico mMaximo en
estadio de MIl (Raton: Choi et al., 1991; Fulka et al., 1992; Cerdo: Naito y
Toyoda, 1991; Bovino: Collas et al., 1993; Conejo: Jelinkova et al., 1994;
Cabra: Dedieu et al., 1996). Entre la meiosis | y Il, aunque la actividad del
MPF disminuye, se mantiene a un nivel basico para impedir la replicacion del
ADN.
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Figura 2. Representacion esquematica de la actividad de MPF a lo largo de la
maduracion del ovocito, fecundacién y primeros estadios de desarrollo

embrionario (www.med.yale.edu).
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La activacion del MPF da lugar a la ruptura de la envoltura nuclear
(GVBD), la condensacion de los cromosomas, su disposicion en la placa
metafasica y la poliadenilacion del ARNm mos para promover su traduccion.
Niveles elevados de MPF activo inhiben la interfase y la extrusion del primer
corpUsculo polar. La actividad de p34°°? controla el complejo APC/C, que es
el responsable de la degradacién de la Qclina B1, de manera que el MPF
activo induce su propia inactivacion a través de la degradacion de la Ciclina
B1 para salir de la primera divisién meidtica (Frank-Vaillant et al., 2001) y
para que se libere el primer corpusculo polar. Debe darse acumulacion de
Ciclina B1 para que aumente de nuevo la actividad de MPF. La actividad
maxima de MPF se alcanza en MIl, y s6lo disminuird en caso de que se
produzca la fecundacion del ovocito. La disminucién de la actividad del MPF
se produce por la disociacion del heterodimero y la degradacion proteosomal
de la Ciclina B1 (Josefsberg et al., 2000).

Aunque el MPF ha sido ampliamente estudiado, se conocen pocos
sustratos sobre los que actla. La histona H1 es el clasico sustrato del MPF, y
su fosforilacion por parte del complejo da lugar a la condensacion de los

cromosomas. Las lamininas nucleares también son fosforiladas por el MPF, asi

14



como la proteina kinasa MELK, que interviene en el control del ciclo celular,
la proliferacion celular y el splicing de ARNm (Badouel et al., 2006). Ademas,
se ha sugerido una regulacion por parte del MPF de la actividad de la pp60c-
src y ARN polimerasa Il, que conduciria a reorganizaciones del citoesqueleto y
a la inhibicién de la transcripcion que tiene lugar durante la division celular,

respectivamente (revisado por Heikinheimo y Gibbons, 1998).

El MPF se considera el principal regulador de la maduracion nuclear,
pero no es la Unica molécula que interviene en este proceso. Otros factores
gue juegan un papel importante son las proteinas ERK-1 y ERK-2 (Extracellular
signal-regulated kinases), que forman parte de la familia de las MAPK
(Mitogen activated Protein kinase) (Lazar et al., 2002). EI MPF regula la
poliadenilacion del protooncogen mos, de modo que cuando el MPF estd
activo se produce sintesis de proteina mos. Mos da lugar a la activacion de
MEK Kinasa, quien a su vez regula la actividad de MEK, la proteina kinasa que
activa la proteina MAPK. La expresion del protooncogen mos, y por lo tanto,
la actividad de MAPK, estan reguladas por las concentraciones intraovocitarias
de AMPc (Lazar et al., 2002), a través de la actividad de MPF (Lazar et al.,
2004). A su vez, la activacion de MAPK también conduce a la activacion del
MPF, a través de la inhibicion de la degradacion de la Ciclina B1, lo que da
lugar a la acumulacion de la subunidad reguladora durante el paso de meiosis
| a meiosis Il, y mantiene los niveles de MPF elevados durante la parada
meidtica en metafase Il (revisado por Heikinheimo y Gibbons, 1998). Aunque
se ha visto que en ovocitos de Xenopus la expresion de mos es necesaria para
la reanudacion de la meiosis (revisado por Roy et al., 1996), en algunos
mamiferos se ha observado que la reanudacion de la meiosis es un proceso
independiente de MAPK (Lazar et al., 2002). La principal funcién de MAPK en
el proceso meiotico es mantener la parada en estadio de metafase Il (Colledge

et al., 1994; Hashimoto et al., 1994) hasta que se produzca la fecundacion.
Debido al importante papel que juega el MPF en la maduracién nuclear

del ovocito, numerosos autores han hipotetizado que la deficiencia en la

sintesis de alguna de las dos subunidades del complejo, o de su actividad,
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podian ser las causas de la incompetencia de los ovocitos para reanudar la
meiosis. Se ha observado que las posibles causas de la incompetencia meidtica
ovocitaria varia entre especies:

? En ratdén, la adquisicion de competencia meidtica se asocia en parte
con la sintesis de p34°d? (Chesnel y Eppig, 1995; de Vantéry et al.,
1996, 1997; Mitra and Schultz, 1996), y no con la de Ciclina B1 (Chesnel
y Eppig, 1995; de Vantéry et al., 1996).

? En cabras, mientras que la Ciclina B1 en forma de ARNm y proteina se
detecta en ovocitos competentes e incompetentes (Hue et al., 1997),
la p34°®°2 slo se encuentra en ovocitos meidticamente competentes
(Dedieu et al., 1998). Esto indica que, en esta especie, la incapacidad
de los ovocitos incompetentes para reanudar la meiosis podria deberse
a la ausencia de p34°“? en estos ovocitos, necesitandose de esta
manera una concentracion minima de esta proteina para dar lugar a la
ruptura de la vesicula germinal (Crozet et al., 2000; Dedieu et al.,
1998). Ademas Dedieu et al. (1998) hipotetizan que la cantidad de
p34°9°2 en ovocitos parcialmente competentes no es suficiente para
reanudar la meiosis espontaneamente en el momento adecuado,
produciéndose un retraso en la maduracién.

? En cerdos, al contrario, los 2 componentes del MPF se encuentran en
los ovocitos inmaduros, sugiriendo que en esta especie la parada
meiotica se controla por otros mecanismos (Christmann et al., 1994).
Sin embargo, estudios posteriores han determinado que la sintesis de
Ciclina B1 es necesaria para reanudar la meiosis (Sun et al., 2001).

? En bovino, la proteina Ciclina B1 no se detecta en el estadio de vesicula
germinal (Levesque y Sirard, 1996) pero si se detecta su ARNm, cuyos
niveles disminuyen durante el crecimiento folicular (Robert et al.,
2002). La reanudacion de la meiosis en bovino se inicia con la

acumulacion de proteina ciclina B1 (Levesque y Sirard, 1996).
La regulacion de la maduracion citoplasmatica, al contrario que la

regulacion de la maduracion nuclear, es bastante desconocida; sin embargo,

se cree que el MPF y la maduracién citoplasmatica podrian estar relacionados
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de algin modo, ya que se ha observado que ovocitos con baja actividad MPF
en metafase Il son incapaces de formar el prondcleo masculino después de la
fecundacién (Naito et al., 1992), debido a una incapacidad para eliminar la
membrana nuclear del espermatozoide (Peter et al., 1990). Niveles bajos de
MPF en la segunda parada meiética no serian suficientes para activar la
degradacion de la Ciclina B1, y por lo tanto, la disociacion del MPF que se

produce tras la fecundacién.

2.2. APOPTOSIS

2.2.1. Conceptos generales

La apoptosis es el mecanismo que permite regular procesos biolégicos,
como la morfogénesis y la homeostasis tisular, mediante la eliminacién de
células defectuosas 0 que ya no son necesarias (Steller, 1995). Es un tipo de
muerte celular programada totalmente controlada por la expresion de
determinados genes, y caracterizada por una serie de cambios morfolégicos y
bioquimicos (Wyllie et al., 1980).

Existen 2 rutas principales de sefalizacion de la apoptosis: la
dependiente de receptor y la dependiente de mitocondria (Ashkenazi y Dixit,
1998; Green y Reed, 1998; Nagata, 1997; revisado por Hussein, 2005). En la
primera, la unién de diferentes ligandos, como TNF (tumor necrosis factor),
TRAIL (TNF- related apoptosis-inducing ligand), Fas o APO3L, a sus receptores
desencadena una cascada de reacciones que tendra como consecuencia final
la activacion de caspasas efectoras y la muerte de la célula. Esta ruta esta
regulada por Flip FLICE inhibitory protein), que previene la activacion de
caspasas iniciadoras, y por IAP (inhibitor of apoptosis) (Hussein et al., 2003).
En la ruta dependiente de mitocondria, factores inductores de la apoptosis,
como la irradiacién, la presencia o la ausencia de citokinas o determinados
factores de crecimiento, inducen la desestabilizacion de la membrana
mitocondrial y, por consiguiente, la liberacion de citocromo-c al citosol, que

se unira al Apaf-1 (apoptotic protease-activating factor 1) (Robles et al.,
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1999; Zou et al., 1997). Este complejo se une a la pro-caspasa-9, la activay
se inicia la activacion de caspasas efectoras, como la caspasa-3 (Grutter,

2000; Wang, 2001), dando lugar a la muerte celular.

Figura 3. Representacién de las dos rutas que intervienen en la activacion y

ejecucion de la apoptosis (Hussein, 2005).
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2.2.2. Métodos de deteccidn de la apoptosis

2.2.2.1. Evaluacion morfoldgica

La apoptosis fue descrita por primera vez por Kerr et al. (1972),
quienes describieron las distintas fases morfologicas que permiten distinguir
una célula que esta sufriendo un proceso apoptotico: inicialmente se produce
la condensacion nuclear debido a la redistribucion de la cromatina junto a la
membrana nuclear, el citoplasma se condensa dando lugar a la pérdida de
volumen celular, y las membranas nuclear y citoplasméatica pierden
integridad. Seguidamente el ADN se fragmenta, y se forman unas vacuolas
rodeadas de membrana que contienen parte del citoplasma, organulos

celulares y fragmentos nucleares, conocidos como cuerpos apoptéticos o
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picnéticos, que seran fagocitados por las células vecinas. La apoptosis,
ademas, se caracteriza porque no lleva asociada una respuesta inflamatoria,

al contrario que sucede con la necrosis (Kerr et al., 1994).

Figura 4. Representacion esquematica de las principales caracteristicas

morfoldgicas y bioquimicas de la apoptosis. (Hardy, 1999)
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Sin embargo, estudios posteriores observaron que algunas de las
caracteristicas morfologicas presentes en estadios iniciales de la apoptosis
también se observaban en el inicio de la necrosis (Columbano, 1995;
Lemasters et al., 1998; Rosales-Torres et al., 2000; Zamai et al., 1996;
Zamzami et al., 1997). Se ha postulado que la apoptosis y la necrosis se
inician con una alteracién de la integridad de la membrana mitocondrial
(Columbano, 1995; Lemasters et al., 1998; Zamzami et al., 1997), pero el tipo
de muerte celular que se llevara a cabo viene determinado segun el contenido
energético de la célula (Vayssiere et al., 1994; Zamzami et al., 1995): si los
niveles de ATP son altos se desencadenara la apoptosis (Ankarcrona et al.,
1995; Leist et al., 1997), mientras que si son bajos se producira la necrosis
(Ankarcrona et al., 1995). Ademas, la apoptosis se inicia antes de que las

sefiales morfoldgicas de degeneracion sean visibles (Asselin et al., 2000). Todo
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ello, unido a la dificultad de detectar células apoptoticas mediante un
microscopio éptico, hace necesario combinar la evaluacién morfologica de las

células con otras técnicas para poder identificar la apoptosis.

2.2.2.2. Expresion de proteinas

En la regulacién y ejecucién de la apoptosis intervienen numerosas
proteinas y factores, cuya expresion puede servir para evaluar la incidencia
de apoptosis en una célula determinada. Entre estos factores podemos

destacar los siguientes:

? Familia Bcl2 (B-Cell lymphoma-leukemia-2): contiene proteinas
inductoras (Bax, Bak, Bok) e inhibidoras de la apoptosis (Bcl-2, Bcl-x,)
(revisado por Guthrie et al., 2000). La proteina Bcl2 (anti-apoptotica)
previene la apoptosis manteniendo la integridad de la membrana
mitocondrial (Yang et al., 1997). En cambio, cuando Bax (pro-
apoptotica) se sobre-expresa, forma heterodimeros con Bcl-2,
contrarrestando de esa manera los efectos de esta molécula en la
supervivencia de la célula (Oltvai et al., 1993). Por lo tanto, h ratio
Bcl-2/Bax es determinante en la supervivencia o muerte de la célula
(Oltvai et al., 1993).

? Citocromo c: la activacion de la apoptosis compromete la integridad de
la membrana mitocondrial, dando lugar a la liberacion al citosol del
citocromo c¢, que se encontraba en el interior de la mitocondria
(Kelekar y Thompson, 1998).

? Caspasas: son cisteina-proteasas que intervienen en el proceso de
apoptosis. Encontramos dos tipos de caspasas, las iniciadoras (caspasa-
2, caspasa-8, caspasa-9, caspasa-10) que responden a un estimulo
proapoptdtico dando lugar a la activacién del otro tipo de caspasas, las
efectoras (caspasa-3, caspasa-6, caspasa-7), que se encargan de

ejecutar la muerte celular.
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? Proteina p53: es un factor de transcripcion que controla la
proliferacion celular. Esta proteina regula la apoptosis a nivel genético
cuando hay dafio irreparable en el ADN de la célula, induciendo la
transcripcion de Bax e inhibiendo la  transcripcion de Bcl-2 y
promoviendo asi su muerte (Ding y Fisher, 1998; Evan vy Littlewood,
1998; Ko y Prives, 1996).

2.2.2.3. Tincién con Annexin V

Las células viables mantienen una asimetria entre la cara externa e
interna de la membrana plasmatica (Bretscher, 1972), de modo que la
fosfatidilcolina y la esfingomielina se encuentran en la cara externa, mientras
gue kb fosfatidilserina y la fosfatidiletanolamina se observan s6lo en la cara
interna. Esta asimetria de membrana se mantiene por la accién de unas
proteinas denominada flipasas (Higgins, 1994; revisado por Diaz y Schroit,
1996). Las células tienen la habilidad de translocar la fosfatidilserina a la cara
externa de la membrana citoplasmatica en determinadas condiciones (Fadok
et al., 1992, 1993), sirviendo como diana de reconocimiento especifica para
los macrofagos que deben fagocitar a las células en degeneracion. Durante la
apoptosis se produce la activacion de unas proteasas que degradan la fodrina,
responsable del ancoraje de la fosfatidilserina en la cara interna de la
membrana celular (revisado por van Engeland et al., 1998). De este modo, la
deteccion de la fosfatidilserina en la cara externa de la membrana puede

servir como indicador de apoptosis.

La annexin V es una molécula que se une especificamente a la
fosfatidilserina en presencia de calcio (Andree et al., 1990; Tait et al., 1989).
La combinacion de la annexin V con biotina o fluorocromos permite su
deteccion mediante reacciones colorimétricas, citometria de flujo o
microscopia de fluorescencia, lo que facilita la deteccion de células
apoptoticas. La annexin V no es capaz de atravesar la membrana plasmatica

en las células viables; sin embargo, en células muertas, que han perdido la
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integridad de membrana, la annexin V puede atravesar la bicapa lipidica y
unirse a la fosfatidilserina que se encuentra en la cara interna de la
membrana. Para discriminar entre células muertas y células apoptoéticas, es
necesario combinar la técnica con una tinciéon de ADN impermeable a la
membrana, como el yoduro de propidio (revisado por van Engeland et al.,
1998). Esta molécula sélo podra entrar en las células cuando su membrana
haya perdido su integridad, que se da cuando la célula estd muerta o en las
altimas fases de apoptosis (Collins et al., 1997; Martin et al., 1995). La
pérdida de asimetria de membrana y, en consecuencia, la exposicién de
fosfatidilserina en la cara externa sucede en estadios iniciales de la apoptosis,
gue se inicia como consecuencia de la activacion de la cascada de caspasas
pero antes de que se produzca la fragmentacion del ADN (revisado por van
Engeland et al., 1998).

Figura 5. Representacion esquemdtica de la pérdida de asimetria de la
membrana plasmatica durante la apoptosis, y su deteccion mediante annexin
V (van Engeland et al., 1998).
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2.2.2.4. Visualizacion de escalera de ADN

Una de las caracteristicas bioquimicas asociadas a la apoptosis es la

pérdida de integridad del ADN mediante su fragmentacion por la accion de
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una endonucleasa (Williams et al., 1974). La fragmentacion se produce a nivel
internucleosomal, de modo que los fragmentos de ADN que se originan tienen
una longitud multiple de 180-200 pb. Este patrén en la fragmentacion de ADN
puede ser facilmente evaluado mediante electroforesis en un gel de agarosa
(Wyllie et al., 1980) a través de la aparicion de “escaleras de ADN”
correspondientes a los oligonucleosomas. Sin embargo, es posible que se
produzca apoptosis sin la formacion de estas “escaleras de ADN” (Cohen et
al., 1992; Collins et al., 1992), lo que limitaria la eficiencia de esta técnica
para la identificacion de la apoptosis. Por otro lado, la necesidad de disponer
de gran cantidad de ADN para poder visualizarlo en un gel de agarosa hace
imposible el anélisis cuando el ndmero de células es limitado, como en los

embriones.

2.2.2.5. TUNEL (Tdt-mediated dUTP nick-end labelling)

La t®cnica de TUNEL fue desarrollada por Gavrieli et al. (1992) para
poder identificar células apoptoticas. Se basa en el uso de una enzima, la
terminal deoxynucleotidyl transferase (Tdt), que cataliza la adicién de dUTPs
marcados con biotina o fluorocromos a los extremos 3’-OH presentes en el
ADN fragmentado. De ese modo, el nucleo de las células apoptoticas podra
visualizarse mediante una reaccion colorimétrica, o mediante el microscopio
de fluorescencia. La ventaja de esta técnica respecto a la anterior es que
permite el analisis de células individualizadas, de modo que se puede localizar

y cuantificar el porcentaje de células que estan sufriendo apoptosis.

La técnica de TUNEL tiene la desventaja de que no permite distinguir
las células apoptoticas de las necréticas, debido a que en los dos procesos se
produce fragmentacion de ADN, lo que hace necesaria combinar el analisis
con algunos de los métodos descritos anteriormente, como la Annexin-V o la
deteccion de actividad caspasa. Aun asi, es una técnica validada y ha sido
utilizada en la deteccion de apoptosis en ovocitos y embriones de numerosas

especies (bovino: Warzych et al., 2006; Yuan et al., 2005; Zeuner et al., 2003;
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murino: Brison and Schultz, 1997; humano: Corn et al., 2005; Jurisicova et al.,
1998; porcino: Kidson et al., 2004).

2.2.3. Apoptosis en el ovario

2.2.3.1. En el periodo pre-natal

En la mayoria de vertebrados las células germinales primordiales Illegan
a la cresta genital donde, después de sufrir una serie de divisiones mitéticas,
inician la meiosis y quedan parados en la primera profase. Durante este
periodo, la degeneracion de las ovogonias se produce basicamente en dos
etapas: en el estadio de paquiteno de la meiosis y durante la formacion de los
foliculos primordiales (Baker, 1963). Como resultado de esta muerte celular
sélo alrededor del 20-30% de las ovogonias son incluidas en un foliculo
primordial (revisado por Tilly, 1996; revisado por Lévy, 2005), y constituiran
la reserva ovérica de la hembra. Aunque se desconoce cuéles son los factores
gue determinan la supervivencia o muerte de las ovogonias, parece ser que el
SCF (Stem cell growth factor), el LIF (Leukaemia inhibitory factor) y la
activacion del receptor de &cido retinoico podrian jugar un papel importante
(revisado por Tilly, 1996). Por otro lado, parece ser que la calidad de las
mitocondrias del ovocito también tendrian un papel importante en la decision
de supervivencia o muerte del ovocito durante este periodo (revisado por
Hussein, 2005).

2.2.3.2. En el periodo post-natal

Una vez establecido el pool de foliculos primordiales, la atresia
ovocitaria después del nacimiento se puede producir a consecuencia de la
degeneracion de los foliculos que no se seleccionan para ser ovulados
(Hirshfield, 1991; Tsafriri y Braw, 1984), o bien debido a la desaparicion de

foliculos primordiales de la reserva o de foliculos preantrales (revisado por
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Reynaud y Driancourt, 2000). Mientras que se considera que la atresia
folicular en foliculos antrales y pre-antrales se inicia con la apoptosis de
células de la granulosa, la causa de atresia en foliculos primordiales es la
muerte del ovocito (revisado por Reynaud y Driancourt, 2000). Parece ser que
esta diferencia podria deberse a la desaparicion de ADNasa | en el ovocito

(Boone y Tsang, 1997), que coincide con la aparicion del antro en el foliculo.

En los animales que han alcanzado la pubertad, en cada ciclo se
produce el reclutamiento folicular, pero sélo uno de los foliculos reclutados se
selecciona para ser dominante, mientras que el resto degenera en un proceso
conocido como atresia (Ginther et al., 2001). La atresia en la mayoria de
foliculos se da durante la ultima etapa del periodo preantral y la primera del
periodo antral, cuando el crecimiento folicular todavia es dependiente de
gonadotropinas (Dalin, 1987); revisado por Tilly, 1996), lo que sugiere una
regulacién hormonal de la apoptosis. La FSH y la LH inhiben la apoptosis que
ocurre en las células de la granulosa de los foliculos que degeneran tanto in
vivo (Billig et al., 1994) como in vitro (Chun et al., 1994; Kaipia y Hsueh,
1997; Tilly y Tilly, 1995). En la mujer, cuando se inicia el ciclo menstrual los
niveles de FSH son altos, lo que permite que algunos foliculos empiecen a
crecer. Entre estos foliculos se encuentra el dominante, que produce gran
cantidad de estrégenos que van a inhibir la secrecion de FSH, provocando que
el resto de foliculos en crecimiento inicien la apoptosis (Hughes y Gorospe,
1991; Tilly et al., 1991; revisado por Hussein, 2005).

En hembras prepuberes, al igual que en las adultas, también se produce
reclutamiento de foliculos para su crecimiento, pero todos degeneran por
atresia debido a la falta de la sefial hormonal adecuada (Tilly y Tilly, 1995).
En hembras de edad avanzada, en cambio, la apoptosis no sélo se encarga de
la eliminacion de los foliculos reclutados que no llegan a ser pre-ovulatorios,
sino también de la eliminacion de ovocitos defectuosos debido a la edad

materna (revisado por Lévy, 2005).
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Los primeros signos de atresia en los foliculos antrales es la
degeneracion de la células de la granulosa murales y su pérdida de actividad
aromatasa (Irving-Rodgers et al., 2001) seguido de la hipertrofia de las células
de la teca y la disminuciéon de la produccién de androsterona (Driancourt et
al., 1998). Esta degeneracion de las células de la granulosa se produce
mediante la apoptosis (Hughes y Gorospe, 1991). Las células del cumulus y el
ovocito son los ultimos compartimentos de foliculo en sufrir atresia
(Driancourt et al., 1991; Tajima et al., 2002; Yang y Rajamahendran, 2000).
Parece ser que el progreso espacial o temporal de la atresia folicular no se
produce de forma lineal, sino que es necesario que se alcance un nivel umbral
de células apoptéticas en el foliculo para que el ovocito se vea afectado
(Zeuner et al., 2003).

Se ha observado que los foliculos subordinados en estadios tempranos
de atresia contienen ovocitos con capacidad para dar lugar a embriones
viables (Vassena et al., 2003), posiblemente debido a la existencia de sefiales
de maduracion similares en el foliculo dominante maduro y los foliculos en
etapas tempranas de atresia (Sirard et al., 1999). Se ha sugerido que cambios
apoptdticos moderados en el foliculo podrian inducir cambios similares a la
premaduracion que tiene lugar en los ovocitos de foliculos pre-ovulatorios,
como la expansion de las células del cumulus (de Loos et al., 1991) o la
reanudacion de la meiosis (Assey et al., 1994). La degeneracion de los
foliculos conduce a una disminucién de los niveles de 17BR-estradiol y
testosterona, y un aumento de los niveles de progesterona (Kruip y Dieleman,
1985, 1989), que mimetizan los cambios que suceden después del pico LH,
influenciando la capacidad para el desarrollo del ovocito. En cambio, los
ovocitos de foliculos sanos estan blogueados para reanudar la meiosis y
completar la maduracion citoplasmatica (Hendriksen et al., 2000). Por otro
lado, los foliculos en estado avanzado de atresia contienen ovocitos con una
capacidad muy reducida para desarrollarse hasta el estadio de blastocisto
(Blondin y Sirard, 1995; de Wit et al., 2000; Zeuner et al., 2003). Teniendo en
cuenta que mas del 50 % de los foliculos presentes en el ovario en un

momento determinado son atrésicos (Kruip y Dieleman, 1982), y que de la

26



mayoria de estos foliculos se obtienen ovocitos para ser utilizados en
programas de produccion in vitro de embriones, estos resultados indican que
estos foliculos, aunque estén atrésicos, podrian contener ovocitos con

competencia para el desarrollo.

2.3.3.2. Apoptosis en el embrion pre-implantacional

La apoptosis ha sido observada en embriones pre-implantacionales de la
mayoria de mamiferos (evisado por Hardy, 1999), y tiene por finalidad la
eliminacion de las células sobrantes o anormales (Hardy et al., 2003). En
general se considera que el embrion necesita niveles moderados de apoptosis
para tener un desarrollo adecuado, pero niveles altos de apoptosis son
perjudiciales para su desarrollo. Se ha visto que un porcentaje de
fragmentacion embrionaria del 10-15 % no afecta al desarrollo embrionario
(Alikani et al., 2000; Hardy et al., 2003), pero un indice mayor resulta en la
incapacidad del embrion para llegar al estadio de blastocisto, probablemente
debido a una pérdida de interaccion célula-célula que interfiere en la
compactacion, cavitacién y formacion del blastocisto (Alikani et al., 1999;
Van Blerkom et al., 2001). En general, la apoptosis no se observa en
embriones con desarrollo normal antes de que se produzca la activacion del
genoma embrionario, excepto cuando se induce por un factor externo
(revisado por Fabian et al., 2005). La aparicion de células apoptdticas en
embriones normales se da después de la activacion del genoma embrionario,
aunque el momento exacto depende de la especie: en raton y cerdo la
apoptosis aparece en estadio de blastocisto, en bovino en estadio de 6-8
células, y en humano la apoptosis aparece en el embrién cuando se da la
compactacion (revisado por Fabian et al., 2005). Parece ser que la falta de
apoptosis antes de la activacién del genoma embrionario responde a la falta
de transcripcion, ya que el embrion utiliza el pool de ARNm materno
almacenado para mantener su actividad celular, con lo que la presion
selectiva para mantener el ADN intacto o eliminar el dafiado desaparece. Por

otro lado, en el embrién temprano no hay puntos de control (checkpoints) a lo

27



largo del ciclo celular que normalmente monitorizan la integridad del
genoma, Yy la aparicién de los puntos de control coincide con la aparicion de la

muerte celular (revisado por Greenwood y Gautier, 2005).

La apoptosis se ha observado tanto en embriones producidos in vivo
como in vitro (Hardy, 1999; Hardy y Spanos, 2002; Pomar et al., 2005;
revisado por Gjorret et al., 2003) , aunque la incidencia aumenta en los
embriones producidos in vitro (Pomar et al., 2005; revisado por Fabian et al.,
2005). Este hecho podria estar relacionado con una menor calidad de estos

embriones (Hardy et al., 1989).

Los factores que pueden desencadenar apoptosis en el embrion son
variados. En numerosas especies se ha observado que la apoptosis en el
embrion puede estar causada por unas condiciones de cultivo in vitro
suboptimas (Brison y Schultz, 1998; Gjorret et al., 2003; Hardy, 1999; Kidson
et al., 2004; Makarevich y Markkula, 2002; Morgan et al., 1995; Moussa et al.,
2004; Pampfer et al., 2001; Rizos et al., 2002). También es posible que sea la
continuacion de un proceso iniciado en los gametos, en particular en el
ovocito (Hardy et al., 2001; Jurisicova et al., 1998; Lévy, 2005), ya que se ha
descrito la presencia de moléculas pro-apoptéticas en el pool de ARNm
almacenado en el ovocito humano y en el murino (Exley et al., 1999;
Jurisicova et al., 1998; Metcalfe et al., 2004), asi como una influencia del
genotipo materno en la fragmentacion celular del futuro embrién (Han et al.,
2005). No obstante, la incidencia de apoptosis en embriones también puede
ser consecuencia de la fecundacion de ovocitos por espermatozoides con el
ADN dafiado (Fatehi et al., 2006) o apoptoticos (Host et al., 2000). Otros
factores desencadenantes de apoptosis en el embrién son la presencia de
anomalias cromosémicas (Hardy, 1999; Munne et al., 1993), incapacidad para
gue el embrién pueda mantener el desarrollo (Handyside y Hunter, 1986), o la

exposicion a factores nocivos (Paula-Lopes y Hansen, 2002; Yang et al., 1998).
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2.3. PRODUCCION IN VITRO (PIV) DE EMBRIONES

2.3.1. Animales adultos vs. Prepuberes

Diversos laboratorios utilizan hembras prepuberes como donantes de
ovocitos debido a las ventajas que presentan respecto a las hembras adultas.
Asi, se puede reducir el intervalo generacional, de modo que se acelera la
propagaciéon genética de los animales de alto valor, y el nUmero de ovocitos
gue se consiguen es mucho mayor (Koeman et al., 2003). Ademas, se ha
demostrado que los ovocitos de hembras prepuberes pueden ser madurados y
fecundados in vitro con éxito (Kajihara et al., 1991; Martino et al., 1994a),
utilizarse para producir embriones in vitro (caprino: lzquierdo et al., 2002;
Izquierdo et al., 1999; Mogas et al., 1997b; bovino: Armstrong et al., 1992;
Armstrong et al., 1994; Damiani et al., 1996; Palma et al., 2001; ovino: Ledda
et al., 1997; Ledda et al., 1999) y obtener gestaciones y nacimientos
(Armstrong et al., 1992).

Sin embargo, la eficiencia en la PIV se ve reducida al utilizar animales
prepuberes en comparacién con el uso de adultas (revisado por Armstrong,
2001). Esta baja eficiencia se ha relacionado con un menor didametro
ovocitario, menor tasa metabdlica, menor sintesis proteica (Gandolfi et al.,
1998), menor tasa de maduracion meiotica y de capacidad para desarrollarse
hasta blastocisto (Kochhar et al., 2002; Marchal et al., 2001) y mayor tasa de
polispermia en los ovocitos procedentes de hembras prepuberes (Marchal et
al., 2001), todo ello debido a deficiencias en la maduracion citoplasmatica
(Damiani et al., 1996; Salamone et al., 2001). Una de las posibles causas de la
deficiente maduracion podria ser el almacenaje suboptimo de ARNm (Fulka et
al., 1998; Hyttel et al., 1997), ya que se ha visto que hay menor cantidad de
ARNm almacenado en ovocitos prepuberes inmaduros (Leoni et al., 2004), o
una menor actividad del MPF en ovocitos de hembras prepuberes en
comparacion con adultas (Salamone et al., 2001) que daria lugar a una menor
formacidn del prondcleo masculino tras la fecundacion (Naito et al., 1992) vy,

en consecuencia, un menor desarrollo embrionario.
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Aunque las deficiencias citoplasmaticas en los ovocitos de las hembras
prepuberes han sido ampliamente demostradas, hay que destacar que
también han surgido estudios que no han detectado diferencias entre los
ovocitos procedentes de animales prepuberes y adultos en cuanto a eficiencia
en la maduracién meiotica (Armstrong et al., 1992; Koeman et al., 2003;
Martino et al., 1995) fecundacién (Koeman et al., 2003; Mogas et al., 1997a) y
desarrollo embrionario hasta blastocisto (caprino: lzquierdo et al., 2002;
Koeman et al., 2003; Mogas et al., 1997a; bovino: Armstrong et al., 1994;
ovino: Ledda et al., 1997).

2.3.2 Obtencion de los ovocitos

2.3.2.1. Obtencion de los ovarios

La mayor parte de los ovocitos que se utilizan para MIV, FIV y CIV
provienen de ovarios de hembras sacrificadas en matadero, ya que permite
obtener un gran nimero de ovarios a coste muy bajo. Sin embargo, el estado
fisiologico de las hembras sacrificadas donantes de ovocitos es muy variable,
hecho que se ve reflejado en la heterogeneidad de la poblacion ovocitaria que

se recupera de esos ovarios.

Existen otras técnicas que permiten la obtencion de ovocitos de
hembras vivas, entre las que cabe destacar la puncion folicular por via vaginal
(OPU) o guiada por laparoscopia (LOPU). Esta técnica tiene la ventaja que
permite conocer el estado fisiologico de la hembra, de forma que no afectara
a la recuperacion de los ovocitos (Galli et al., 2001). Por otro lado, las
hembras también pueden ser estimuladas hormonalmente para recuperar un
mayor numero de ovocitos. Sin embargo, el coste de la OPU es mucho mas
elevado que la obtencion de ovarios de hembras sacrificadas en matadero, y

el nimero de ovocitos obtenido es muy inferior.
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2.3.2.2. Métodos de obtencion de ovocitos

Son varios los métodos que se pueden utilizar para obtener los ovocitos
gue seran utilizados para la produccién in vitro de embriones. A continuacién
describiré sdlo aquellos métodos que se utilizan a partir de ovarios de

hembras sacrificadas:

a) Diseccion folicular: consiste en separar el foliculo intacto del ovario
mediante el uso de un bisturi, y una vez aislado se recupera el complejo
cumulus-ovocito (COC). Es una técnica muy laboriosa y que requiere mucho
tiempo; sin embargo, permite recuperar gran nimero de COCs y mantener su
integridad  (Nowshari, 2005), asi como conocer perfectamente las

caracteristicas de los foliculos de los que proceden los COCs obtenidos.

b) Aspiracion folicular: consiste en aspirar el contenido folicular con una
aguja conectada a una jeringa, donde se va recogiendo el liquido folicular y
los COCs que contienen. Es una técnica muy utilizada, ya que permite
recuperar un gran numero de COCs en relativamente poco tiempo. Sin
embargo, presenta algunas desventajas: algunos ovocitos pierden las células
del cumulus durante el proceso, la cantidad de COCs recuperados es menor
gue con otras técnicas (Nowshari, 2005), y a veces se aspira el contenido de
los foliculos adyacentes sin pretenderlo. Esta técnica, ademas, requiere la
presencia de foliculos grandes para ser aspirados, lo que limita su uso a los

ovarios procedentes de animales adultos.

c) Slicing (Martino et al., 1994b): consiste en realizar pequefios cortes en la
superficie del ovario con la ayuda de un bisturi, de modo que se rompe la
pared folicular y el COC se libera al medio de cultivo donde estan sumergidos
los ovarios. Es una técnica que permite recuperar gran cantidad de COCs por
ovario. Sin embargo la poblacion ovocitaria que se recupera es muy
heterogénea, encontrando ovocitos con diferentes grados de desarrollo y
atresia, de modo que tras la recuperacion debe hacerse una estricta seleccion

de los COCs que se utilizaran para la MIV. A pesar de sus desventajas, es la
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técnica mas utilizada para recuperar ovocitos de ovarios de hembras

prepuberes, ya que suelen carecer de foliculos de tamafio considerable.

2.3.3. Seleccioén de los ovocitos

La heterogeneidad de la poblacion ovocitaria obtenida a partir de
hembras sacrificadas hace necesario realizar una cuidadosa seleccion de los
ovocitos con el objetivo de utilizar s6lo aquéllos que han adquirido la
competencia para dar lugar a un embrién viable. Se han realizado numerosos
estudios con el objetivo de encontrar marcadores que pudieran ser
indicadores de la competencia para el desarrollo de los ovocitos. Es necesario
gue estos marcadores permitan una seleccién rapida y no perjudicial de los
ovocitos, con lo que la mayoria de estudios se han centrado en parametros

morfoldgicos que pudieran ser evaluados visualmente.

2.3.3.1. Métodos no invasivos

2.3.3.1.a. Tamano folicular

La seleccién de los ovocitos dependiendo del tamafio folicular es uno de
los métodos mas utilizados, sobre todo cuando se realiza la diseccion o
aspiracion de los foliculos. La relacion entre el tamafio folicular y la
competencia para el desarrollo de los ovocitos obtenidos se ha observado en

numerosas especies:

? En bovino, Lonergan et al. (1994) observaron que el porcentaje de
blastocistos obtenidos a partir de ovocitos liberados de foliculos > 6
mm de diametro era mayor que en foliculos de diametro 2-6 mm.
Blondin y Sirard (1995) determinaron que los foliculos de vacas que
median menos de 3 mm contenian ovocitos que no eran capaces de
desarrollarse hasta el estadio de blastocisto, mientras que Lequarre et

al. (2005) observaron diferente tasa de desarrollo hasta blastocisto en
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ovocitos procedentes de foliculos > 6 mm en comparacion con los de
foliculos < 4 mm, aunque el numero de células de los blastocistos
obtenidos no dependia del tamafio folicular. En terneras el resultado
también ha sido similar, y se han obtenido mayores porcentajes de
blastocistos a partir de los ovocitos recuperados de foliculos de

diametro superior a 8 mm (Kauffold et al., 2005).

En bufalo también se ha observado que los ovocitos obtenidos de los
foliculos de mayor diametro (> 8 mm) dan lugar a un mayor porcentaje
de blastocistos comparados con los ovocitos obtenidos de foliculos

medios (3-8 mm) o pequefios (< 3 mm) (Raghu et al., 2002).

En cabras adultas, Crozet et al. (1995) observaron que se obtenia
mayor porcentaje de blastocistos con ovocitos obtenidos de foliculos >
5 mm en comparacion con los que procedian de foliculos medianos

(3.1-5 mm) y pequefios (2-3 mm).
En ovejas, Ledda et al. (1999) también observaron que la progresion
meiotica de los ovocitos estaba relacionada con el tamafio de los

foliculos, tanto en animales adultos como en prepuberes.

La diferencia en la competencia ovocitaria segun el tamafio folicular se

debe posiblemente a que en los foliculos de mayor diametro existen factores

que favorecen la capacidad para el desarrollo del ovocito que contienen, ya

gue Algriany et al. (2004) observaron que al afiadir al medio de maduracién

liquido folicular de foliculos grandes el desarrollo embrionario mejoraba en

comparacion con el liquido folicular que provenia de foliculos pequefios.

2.3.3.1.b. Didmetro ovocitario

En numerosas especies se ha observado que el diametro de un ovocito

esta relacionado con el tamafio del foliculo que lo contiene (vaca: Arlotto et
al., 1996; cabra: Crozet et al., 2000; de Smedt et al., 1994; bufalo: Raghu et
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al., 2002) como el tamafio folicular, a la vez, se correlaciona con la
competencia meiotica del ovocito (raton: Sorensen y Wassarman, 1976; rata:
Bar-Ami y Tsafriri, 1981; cerdo: Motlik et al., 1984; oveja: Moor y Gandolfi,
1987; vaca: Furher et al., 1989; cabra: de Smedt et al., 1994; Martino et al.,
1994a; mono: Schramm et al., 1993) y su capacidad para mantener el
desarrollo embrionario (cabra: Crozet et al., 1995; vaca: de Wit y Kruip, 2001;
Kauffold et al., 2005; Lequarre et al., 2005; bufalo: Raghu et al., 2002).

En cabras adultas, de Smedt et al. (1994) clasificaron los ovocitos segun
su diametro en 4 grupos: 1) < 110 um, ovocitos que provenian de foliculos de
0.5-0.8 mm de diametro, considerados incompetentes; 2) 110-125 pm, los
ovocitos procedentes de foliculos de didmetro 1-1.8 mm, considerados
parcialmente competentes; 3) y ovocitos de diametro 125-135 y 4) > 135 um,
procedentes de foliculos mayores de 3 mm de diametro, considerados

meidticamente competentes.

En todos los trabajos realizados en esta tesis se han seleccionado los
ovocitos segun su diametro, siguiendo la clasificacion realizada por de Smedt
et al. (1994) por 2 motivos: 1) la técnica utilizada para la recuperacion de los
ovocitos ha sido el slicing, técnica incompatible con la seleccion por tamafio
folicular, y 2) creemos que cuando se trabaja con animales prepuberes el
diametro es el método de seleccion mas fiable en comparacion con la
seleccion segun el tamafo folicular, ya que se ha observado que foliculos del
mismo tamafo contienen ovocitos de menor diametro en hembras prepuberes

que en adultas (bovino: Gandolfi et al., 1998; ovino: Ledda et al., 1999).

2.3.3.1.c. Morfologia del COC

La posibilidad de seleccionar los ovocitos segun su morfologia fue
investigada por primera vez en el bovino (Leibfried y First, 1979). Numerosos
estudios han indicado la utilidad de la morfologia del COC, basandose en la

compactacién y en el nimero de capas de células del cumulus, asi como en la



homogeneidad del citoplasma del ovocito, para la seleccion de ovocitos
inmaduros con mayor capacidad para madurar, ser fecundados y desarrollarse
in vitro (Brackett y Zuelke, 1993; Madison et al., 1992). Ademas, Salamone et
al. (1999) observaron que la morfologia del COC y la competencia del ovocito
variaban durante las fases de crecimiento y degeneracién de los foliculos

subordinados, lo que refuerza su posible uso como indicador de competencia.

Por otro lado, la morfologia del COC también se ha relacionado con el
grado de atresia del foliculo del cual proviene (Blondin y Sirard, 1995; de Wit
et al., 2000). En general, se acepta que los COCs que presentan varias capas
de células del cumulus compactas y el citoplasma del ovocito homogéneo
provienen de foliculos no atrésicos (de Wit et al., 2000) y son los que poseen
mayor competencia para el desarrollo (Corn et al., 2005; Lee et al., 2001;
Yuan et al., 2005; Zeuner et al., 2003). Esta morfologia estaria relacionada
con una mejor redistribucion de las mitocondrias después de la MIV y un
mayor contenido de ATP (Stojkovic et al., 2001). Sin embargo, otros estudios
han observado una mayor capacidad para el desarrollo embrionario en
aquellos COCs que presentaban signos leves de atresia evaluados
morfolégicamente, como el citoplasma el ovocito granulado y/o con las capas
de célula del cumulus expandidas en diferentes grados (Blondin y Sirard, 1995;
Boni et al., 2002; de Wit et al., 2000).

2.3.3.1.d. Otros métodos no invasivos

a) Morfologia del ovario: Gandolfi et al. (1997) observaron que, en
bovino, los COCs recuperados de ovarios con un foliculo mayor de 10
mm de didmetro o mas de 10 foliculos de entre 25 mm de diametro
daban lugar a un mayor porcentaje de blastocistos que aquéllos
obtenidos de ovarios con menos de 10 foliculos de entre 2-5 mm

diametro.
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b) Concentracion de diferentes componentes en el liquido folicular: La
concentracion de estradiol (Anifandis et al., 2005; Wunder et al.,
2005), leptina (Anifandis et al., 2005), inhibina B (Chang et al., 2002) y
mio-inositol (Chiu et al., 2002) en el liquido folicular se ha relacionado
con una mayor capacidad ovocitaria para dar lugar a embriones de

mejor calidad, mayor tasa de implantacion y gestaciones.

2.3.3.2. Métodos invasivos

Todas las técnicas invasivas se basan en métodos moleculares, como la
PCR, el radiomarcaje o la tincion con fluorocromos, que impiden que el
ovocito pueda seguir con su desarrollo. Por este motivo, es necesario
relacionar caracteristicas moleculares del ovocito con caracteristicas que
puedan ser evaluadas visualmente, como los métodos no invasivos
mencionados anteriormente. Algunas de las caracteristicas moleculares que se

han relacionado con la competencia ovocitaria se describen a continuacion.

2.3.3.2.a. Contenido mitocondrial del ovocito

Santos et al. (2006) observaron que el contenido mitocondrial de los
ovocitos, tras haber realizado un protocolo de FIV o ICSI (Intracytoplasmic
sperm injection), era superior en los ovocitos fecundados que en los que no
presentaban extrusion del segundo corpusculo polar o formacion de los
pronucleos (considerados no fecundados), con lo que podria ser un buen

marcador para predecir el éxito de la fecundacion in vitro.

2.3.3.2.b. Abundancia de transcritos especificos

Se ha observado una relacion de la morfologia del ovocito, y por tanto
de su competencia meidtica, con la abundancia relativa de determinados

transcritos en el ovocito (De Sousa et al., 1998). En embriones considerados
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de buena calidad se ha observado una mayor transcripcibn de genes
relacionados con el estrés, con el metabolismo (Gutiérrez-Adan et al., 2004) y

con la regulacion de la expresion génica (Dode et al., 2006).

2.3.3.2.c. Grado de apoptosis

Las técnicas invasivas mas utilizadas hasta ahora para evaluar el grado
de apoptosis, tanto en el ovocito y en las células del cumulus que lo rodean
como en los embriones resultantes, han sido la técnica de TUNEL (Corn et al.,
2005; Hao et al., 2004; Lee et al., 2001; Van Blerkom y Davis, 1998; Vandaele
et al., 2006; Warzych et al., 2006; Wu et al., 2000; Yuan et al., 2005; Zeuner
et al., 2003), la tincién con Annexin-V (Giampietro et al., 2006; Tseng et al.,
2006; Van Blerkom and Davis, 1998), la expresion relativa de Bax y Bcl-2 (Yang
y Rajamahendran, 2002), o la actividad de caspasas (Bilby et al., 2006; Bosco
et al., 2005; Ortiz et al., 2006).

Generalmente, se ha observado que la capacidad para el desarrollo
embrionario se incrementa en los complejos cumulus-ovocito que presentan
menor incidencia de apoptosis, evaluada mediante técnicas invasivas (Corn et
al., 2005; Lee et al., 2001; Yang y Rajamahendran, 2002; Yuan et al., 2005;
Zeuner et al., 2003). Curiosamente, estos resultados contradicen los estudios
gue relacionaban la presencia de signos leves de atresia, evaluados segun la
morfologia de los COCs, con su mayor capacidad para desarrollarse hasta
blastocisto (Bilodeau-Goeseels y Panich, 2002; Blondin y Sirard, 1995).
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3. OBJETIVOS

El objetivo principal de esta tesis es la busqueda de marcadores
moleculares que nos ayuden a determinar la calidad del ovocito para poder
predecir su capacidad de desarrollarse hasta blastocisto después de un
proceso de maduracion y fecundacion in vitro. Para su consecucién, nos

planteamos los siguientes objetivos:

e Estudiar la relacion entre el diametro del ovocito y su competencia
para dar lugar a un embridn viable y asi poder utilizar este parametro

como indicador no invasivo de competencia ovocitaria.

e Analizar la expresion de las dos subunidades del MPF, asi como su
actividad y la acumulacion de RNA y de proteina totales en ovocitos de
diferente diametro, con la finalidad de valorar su posible implicacién
en la adquisicion de competencia del ovocito para el desarrollo

embrionario.

e Valorar el efecto de la incidencia de la apoptosis, tanto en ovocitos
como en ceélulas del cumulus, en la adquisicibn de competencia
ovocitaria para el desarrollo embrionario, asi como su efecto en los

blastocistos resultantes.
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Abstract

The aim of this study was to analyze the relationship between oocyte diameter, meiotic and embryo developmental competence
and the expression of the catalytic subunit of MPF, the p34°°>, at mRNA, RNA and protein level, as well as its kinase activity, in
prepubertal (1-2 months old) goat oocytes. MPF is the main meiotic regulator and a possible regulator of cytoplasmic maturation;
therefore, it could be a key factor in understanding the differences between competent and incompetent oocytes. Oocytes were
classified according to oocyte diameter in four categories: <110, 110-125, 125-135 and >135 pwm and matured, fertilized and
cultured in vitro. The p34CdC2 was analyzed in oocytes at the time of collection (0 h) and after 27 h of IVM (27 h) in each of the
oocyte diameter categories. The oocyte diameter was positively related to the percentage of oocytes at MII after IVM (0, 20.7, 58
and 78%, respectively) and the percentage of blastocysts obtained at 8 days postinsemination (0, 0, 1.95 and 12.5%, respectively).
The expression of RNA and mRNA p34°/“? did not vary between oocyte diameters at 0 and 27 h. Protein expression of p34°4¢>
increased in each oocyte category after 27 h of maturation. MPF activity among diameter groups did not vary at 0 h but after IVM
there was a clear and statistically significant increase of MPF activity in the biggest oocytes.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Goat; Oocyte diameter; IVF; MPF

1. Introduction

Mammalian oocytes are arrested at the dictyate stage
of meiosis, also known as germinal vesicle (GV) stage,
during their growth. Fully grown oocytes are able to
resume meiosis in vivo after the LH surge, or
spontaneously after their release from the follicle and
subsequent in vitro culture [1]. In contrast, growing
oocytes are not able to resume or complete meiosis.

* Corresponding author. Tel.: +34 935811456; fax: +34 935811494.
E-mail address: teresa.paramio@uab.es (M.-T. Paramio).

0093-691X/$ — see front matter © 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.theriogenology.2006.09.003

Oocyte competence is acquired during the growth
phase, when the synthesis and storage of proteins and
ribosomal and heterogeneous RNA take place [2] and
implies its ability to complete not only nuclear
maturation, but also cytoplasmic changes needed to
maintain embryo development. These cytoplasmic
changes include: (a) protein and RNA storage, (b)
development of calcium regulatory mechanisms, (c)
changes in the activity of MPF and MAPK, (d)
redistribution of cellular organelles, etc. The regulation
of cytoplasmic maturation is not as well known as
nuclear maturation regulation, however Naito et al. [3]
suggested that MPF plays an important part in this


mailto:teresa.paramio@uab.es
http://dx.doi.org/10.1016/j.theriogenology.2006.09.003

B. Anguita et al./Theriogenology 67 (2007) 526-536 527

process. MPF is a heterodimer composed of a p34°“?

catalytic subunit, with serine-threonine kinase activity,
and a cyclin Bl regulatory subunit [4]. While the
association of these two subunits is a requirement for
the activation of protein kinase activity, the phosphor-
ylation of p34°®“ on threonine 161 by the protein kinase
CAK (Cdc2 activating kinase) and dephosphorylation
on threonine 14 and tyrosine 15 by the Cdc25
phosphatase is also necessary [5]. MPF activity has
been described in many mammalian oocytes: it appears
just before germinal vesicle breakdown (GVBD) and
increases until metaphase I (MI), its activity decreases
in anaphase—telophase and increases again, reaching its
maximum level at metaphase II (mouse: [6-8]; pig: [9];
rabbit: [10]; cattle: [11]; goat: [12]; sheep: [13]). MPF
activity has been shown to be lower in prepubertal than
in adult female oocytes (cow: [14]; sheep: [13]).

Several studies of prepubertal animals have reported
low embryo development (revised by Armstrong [15]). In
adult females, the diameter of follicles has been posi-
tively related to oocyte diameter (cattle: [16]; buffalo:
[17]) and to oocyte developmental competence (cattle:
[18]; goat: [19]; pig: [20]). In adult goats, Crozet et al.
[19] found a direct and positive relationship between
follicular diameter and embryo development, concluding
that follicles larger than 5 mm contain oocytes which are
more competent to develop up to blastocyst stage.
Prepubertal goat ovaries contain a great number of small
follicles, most of them between 2.5 and 3 mm in diameter
[21]. This means that follicles larger than 5 mm in
diameter are practically non-existent in these ovaries.
When the slicing technique was used to liberate oocytes
from ovaries, the number of selected oocytes per ovary
was 6.05, the rest of the oocytes were denuded,
degenerated or oocytes with partially or totally expanded
cumulus [22]. The blastocyst yield in these prepubertal
goat oocytes is lower [23] than oocytes from adult goats
[19]. In both adult [24] and prepubertal [21] goat oocytes
meiotic oocyte competence has been classified in terms
of the oocyte diameter as follows: <110 wm, corre-
sponding to incompetent oocytes, 110-125 pwm, corre-
sponding to partially competent oocytes, 125-135 and
>135 pm, corresponding to competent oocytes. No
differences in meiotic competence were found between
adult and prepubertal oocyte diameters [21]. However,
embryonic development related to oocyte diameter has
not been studied in prepubertal goat oocytes.

The objective of this study was to find a relationship
between oocyte diameter, embryo development, and the
expression of the catalytic subunit of MPF, the p34°4°,
at mRNA, RNA and protein level, as well as its kinase
activity, in prepubertal goat oocytes.

2. Material and methods
2.1. Oocyte collection and in vitro maturation

Ovaries from prepubertal goats, approximately 2
months old, were recovered from a local slaughterhouse
and transported within 2 h to the laboratory at 38.5 °Cin
PBS (Dulbecco’s phosphate-buffered saline, Sigma
Chemical Co., St. Louis, MO, USA) containing 50 pg/
ml gentamycin (Sigma, USA). Ovaries were washed
three times in PBS containing gentamycin, and oocytes
were recovered by slicing in a 60 mm culture dish
containing TCM199 (Sigma, USA) supplemented with
2.2mg/ml NaHCOj;, 2% (v/v) steer serum (Donor
Bovine Serum®, Canada) and 50 wg/ml gentamycin.
Only oocytes with two or more layers of cumulus cells
and homogeneous cytoplasm were used for IVM.

A sample of oocytes recovered was denuded in
PBS + 300 pg/ml hyaluronidase (Sigma, USA), mea-
sured at 96x magnification excluding the zona
pellucida and classified by diameters in four classes:
<110, 110-25, 125-135 and >135 pm. These oocytes
were used to evaluate the nuclear stage by lacmoid
staining at collection time.

The rest of oocytes were matured in TCM199
medium (Sigma, USA) supplemented with 275 pg/ml
sodium pyruvate (Sigma, USA), 146 wg/ml L-glutamine
(Sigma, USA), 10% (v/v) steer serum, 10 pg/ml o-LH
(Sigma, USA), 10 pg/ml o-FSH (Sigma, USA), 1 g/
ml 17-B estradiol (Sigma, USA), 400 uM cysteamine
(Sigma, USA) and 50 pg/ml gentamycin (Sigma,
USA). Groups of 20-25 cumulus enclosed oocytes
(COCs) were transferred to 100 pl microdrops of
maturation medium and incubated for 27 h at 38.5 °C in
a humidified air atmosphere with 5% CO, under mineral
oil (Sigma, USA).

After IVM, a sample of oocytes were denuded in
sodium citrate 2.3%, classified by diameters as
described before and used to evaluate the nuclear stage
by lacmoid staining.

After and before maturation, a sample of oocytes
were denuded, measured as described above, washed
three times in PBS and frozen in groups of 10 in N,
liquid and stored at —80 °C until the extraction of RNA.

2.2. Sperm capacitation and in vitro fertilization

Oocytes were fertilized with fresh semen collected
from two goats of proven fertility. Ejaculates were
collected with artificial vagina, and transported to the
laboratory at 38.5 °C within 30 min. Massal motility of
the ejaculates was evaluated. Motile sperm fraction was
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obtained using the swim-up method [25] whereby 70 .l
semen were layered below 2 ml of defined medium ([26],
modified by Younis et al. [27]), referred to here as mDM,
and it was incubated for 45-60 min in a humidified air
atmosphere with 5% CO, at 38.5 °C. After incubation,
600 .1 of the supernatant of each tube was recovered and
centrifuged at 500 rpm for 10 min. After discarding the
supernatant, the pellet was resuspended in proportion 1:1
with mDM containing heparin (Sigma, USA) and
ionomycin (Sigma, USA) (final concentration: 10 pg/
ml heparin and 200 nM of ionomycin), and incubated for
15 min in a humidified air atmosphere with 5% CO, at
38.5 °C [28]. Sperm concentration was determined using
a Neubauer chamber cell.

After maturation, we transferred groups of 20-25
oocytes to 100 wl microdrops of modified Tyrode’s
medium (TALP) as described by Parrish et al. [25],
supplemented with 1 pg/ml hypotaurine (Sigma, USA),
under mineral oil. Oocytes were co-cultured with
capacitated spermatozoa in a final concentration in the
microdrop of 4 x 10° cells/ml.

A sample of oocytes were recovered after 17 h of
IVF, denuded with sodium citrate 2.3% and classified by
diameters to evaluate fertilization rate.

2.3. Embryo in vitro culture

At 24 h after insemination, zygotes were washed to
remove both sperm cells and remnant cumulus cells,
and they were classified by diameters as described
above. Groups of 18-25 embryos of the same diameter
were placed in 25 pl microdrops of culture medium
(SOF, synthetic oviductal fluid [29]; modified by
Takahashi and First [30]) supplemented with aminoa-
cids and BSA [31] in 35 mm culture dishes under
mineral oil, and they were cultured in a humidified
atmosphere with 5% CO,, 5% O, and 90% N, at 38.5 °C
for 7 days. At 48 h after insemination, we added 0.1 pl
foetal bovine serum (FBS, Life Technologies) per
embryo. At the end of the culture period, total cell
number of embryos was evaluated by Hoescht 33342
staining (Sigma, USA) under a fluorescence micro-
scope, and the percentage of total embryos (embryos
with two blastomeres or more), morulae (embryos with
16 or more cells and without blastocoele) and
blastocysts (embryos with 60 or more cells and with
blatocoele formation) was recorded.

2.4. Evaluation of nuclear stage

To evaluate the nuclear stage of oocytes at collection
time, after IVM and after IVF, oocytes were fixed in

ethanol: acid acetic (3:1, v/v) for 24 h at 4 °C. After that
time, oocytes were stained with 1% lacmoid (Sigma,
USA) in 45% acetic acid.

The classification of oocytes at collection time and
after IVM was the following: germinal vesicle (GV),
when the nuclear membrane and the nucleolus were
visible and chromatin was not condensed; germinal
vesicle breakdown (GVBD), when the nuclear mem-
brane and the nucleolus were not visible, and chromo-
somes had begun to condense; metaphase I (MI), when
the chromosomes were condensed and arranged in the
metaphase spindle; anaphase—telophase (A-T), when
homologous chromosomes begin to separate; and
metaphase II (MII), when the metaphase plate and the
first polar body were observed.

After IVF, oocytes with a sperm tail in the
cytoplasm were considered fertilized and they were
classified into one of the three groups: asynchrony,
when a condensed sperm head and the female
pronucleus were visible in the cytoplasm; 2PN
(normal fertilization): the two pronuclei (male and
female) and one sperm tail were visible in the
cytoplasm; and polyspermy, when there were two or
more sperm tails with condensed or descondensed
sperm heads in the cytoplasm. Oocytes without
pronuclei and sperm tails in the cytoplasm were
classified as no fertilized.

2.5. RNA extraction

Total RNA was extracted from groups of 10
oocytes using 100 wl of TriReagent™ (T-9424, Sigma,
USA). We added 20 pmg of glycogen (Roche,
Germany) to the 100 pl as a carrier for the RNA
precipitation, and 1 pg of rabbit globin mRNA per
oocyte (Sigma, USA), that was used as an extrinsic
control of the whole process. After adding 20 wl of
chloroform, we centrifuged the sample at 12 000 x g
for 20 min at 4 °C. The aqueous phase was recovered
and the RNA was precipitated with 60 wl of
isopropanol at —20 °C overnight, while the resulting
organic phase was frozen at —80 °C until its use in
protein extraction. The next day, after centrifugation
at 12 000 x g at 4 °C for 20 min, the supernatant was
discarded and the pellet was washed sequentially with
70% ethanol and 100% ethanol. For the washing
steps, the sample was centrifuged at 12 000 x g at
4 °C for 15 min. The pellet was dried and resuspended
in 4 nl of H,O DEPC.

The RNA extracted was incubated for 30 min at
37 °C with 1U/ul DNase (Invitrogen Corporation,
USA), and stored at —80 °C.
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2.6. Reverse transcription (RT) and polymerase
chain reaction (PCR)

Total RNA corresponding to 10 oocytes was reverse-
transcribed with ThermoScript™ RT-PCR System
(Invitrogen Corporation, USA), following the manu-
facturer’s instruction, in a final volume of 20 pl. The RT
was performed using oligodT and random primers. Four
microliters of these reactions were used to amplify
p3 4cd02.

To perform p3 amplification, cDNA was
incubated with 1x PCR buffer, 0.5 uM of each primer,
2 mM of MgCl,, 200 pm of each dNTP and 0.1 U/pl of
Taq polymerase GoldStar (Eurogentec, Belgium) in a
final volume of reaction of 25 wl for 36 cycles (94 °C
1 min, 56 °C 1 min, 72 °C 1 min) in a thermocycler
9700 (Applied BioSystems). The p34°“* sense and
antisense primers were the following: 5'-GAATTAG-
CAACGAAGAAACC and 5'-GTACAATATATCTGC-
TCTTGAC [32].

To perform globin amplification, cDNA was incu-
bated with 1x PCR buffer, 0.5 um of each primer,
1.5 mM of MgCl, 200 wm of each dNTP and 0.1 U/pl
of Taq polymerase GoldStar in a final volume of 25 pl
for 30 cycles. Globin PCR conditions were determined
by the amplification conditions of the gene. The globin
sense and antisense primers were the following: 5'-
GCAGCCACGGTGGCGAGTAT and 5-GTGGGA-
CAGGAGCTTGAAAT [33].

At the same time, a PCR without cDNA and a PCR of
the RT product performed without RNA were used as
negative controls. In no case, an amplification band was
detected.

Amplification bands were visualized in 2% agarose
gel stained with ethidium bromide. The weight marker
band (Sigma, USA) corresponding to 300 pb was used
as a control to avoid light variations in the exposition to
UV. Each amplification band was quantified by
densitometric analysis using the PC program Quantity
One (Bio-Rad Laboratories, USA). The results were
normalized with the quantification of globin amplifica-
tion band.

Direct sequencing of the amplification products was
performed using an ABI-prism DNA sequencer.

4cdc2

2.7. Protein extraction and Western blot

Oocyte protein was extracted using TriReagent®™
(Sigma, USA) from the organic phase resulting of the
RNA extraction. DNA was precipitated with 30 pl of
ethanol 100% and centrifuged at 12 000 x g at 4 °C for
5Smin. The supernatant was recovered and then

transferred to a new tube. Proteins were precipitated
with 150 pl of isopropanol for 10 min at room
temperature, and centrifuged at 12000 x g at 4 °C
for 10 min. The supernatant was discarded, and the
pellet was washed three times with 200 pl of 0.3 M
guanidine hydrochloride/95% ethanol solution. During
each wash, samples were stored in wash solution for
20 min at room temperature. Samples were centrifuged
at 7500 x g for 5 min at 4 °C. After the three washes,
we added 1 ml of 100% ethanol and vortered the protein
pellet. The sample was left at room temperature for
20 min, and centrifuged at 7500 x g for 5 min at 4 °C.
We discarded the supernatant, and the protein pellet was
dried for 5-10 min. The pellet was dissolved in 20 pl of
1% SDS, and stored at —80 °C until its use for the
Western blot.

Polypeptides corresponding to 20 oocytes were
separated using a 10% SDS acrylamide gel for 2 h
approximately at constant 25 mA. Stained proteins of
known molecular weights were run simultaneously as
standards. The electrophoretical separated proteins
were transferred to a nitrocellulose sheet for 1h at
100 V. After the transference, sheets were blocked by
incubation with TBS 0.05% Tween20 containing 1%
milk overnight. We washed with TBS 0.05% Tween20
three times, and nitrocellulose sheet was incubated with
the first antibody (1:100, mouse IgG against p34°%°?,
Santa Cruz Biotechnology) for 1 h. After that incuba-
tion, sheets were washed three times with TBS 0.05%
Tween20, and incubated with the second antibody
(1:2000, anti-mouse IgG antibody) for 30 min. The blot
was washed six times with TBS 0.05% Tween20, and its
detection was performed using the ECL-Plus Western
Blotting Detection Kit (Amersham Biosciences).

2.8. In vitro Cdc2 kinase activity assay

Before and after IVM, 20 oocytes of each diameter
group were washed three times in PBS, and placed in
tubes containing 5 pl of lysis buffer (50 mM Tris—HCl
pH7.5,0.5 M NaCl, 5 mM EDTA, 0.01% Brij35, | mM
PMSF, 0.05 mg/ml leupeptin, 50 mM 2-mercaptoetha-
nol, 25 mM [-glycerophosphate, I mM Na-orthovana-
date). All chemicals were purchased from Sigma. The
samples were frozen in liquid nitrogen and sonicated
three times at 1 °C for 25 s. Cell extracts were stored at
—80 °C until use.

Cdc2 assay was performed using the MESACUP cdc2
kinase assay kit (MBL, Japan) following the manufac-
turer’s protocol. Five microliters of oocyte extract was
mixed with 10x cdc2 Reaction Buffer (25 mM Hepes
buffer pH 7.5, 10 mM MgCl,) and 10% biotynilated MV
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Table 1

Nuclear stage of different sizes of prepubertal goat oocytes at collection time

Diameter (um) No. GV (%) GVBD (%) MI (%) A-T (%) MII (%) DEG (%)
<110 75 62 a (82.66) 4 a(5.33) 2 (2.66) 0 () 0 (0) 7 a,b(9.33)

110-125 105 51 b (48.57) 28 b (26.66) 5 (4.76) 0 () 0 (0) 21 a (20.00)

125-135 250 34 ¢ (13.60) 161 c (64.40) 20 (8.00) 1 (0.40) 4 (1.60) 30 a, b (12.00)
>135 198 3d(1.51) 159 d (80.30) 15 (7.57) 0 (0) 4 (2.02) 17 b (8.58)

GV: germinal vesicle; GVBD: germinal vesicle breakdown; MI: metaphase I; A-T: anaphase—telophase; MII: metaphase II; DEG: degenerated
oocytes. a, b, ¢, d: different letters in each column show statistically differences (P < 0.05).

Peptide (SLYSSPGGAYC). The phosphorylation reac-
tion was started adding 0.1 mM ATP (Sigma, USA), ina
final volume of 50 wl. The mixture was incubated at
30 °C for 30 min. The reaction was finished by adding
200 wl of phosphorylation Stop Reagent (PBS containing
50 mM EGTA). The phosphorylated MV peptide was
detected by ELISA at 492 nm.

2.9. Statistical analysis

Comparisons between groups were performed using
the statistical program Graph-Pad Instat 3.01 for
Windows 95 (Graph-Pad software, San Diego, CA,
USA). Fisher’s exact test was used to determine which
diameter groups differed in nuclear stage at collection
time, after IVM and after IVF.

PCR semi-quantification results of different diameter
groups were compared with a one-way ANOVA test
with Tukey’s post-test. Comparison between 0 and 27 h
IVM of the same diameter group was performed using
the #-test. For each diameter group, each experiment
was performed a minimum of three times.

In every test, values with P < 0.05 were considered
statistically significant.

3. Results

3.1. Nuclear stage of oocytes at collection time and
after in vitro maturation

Results on the nuclear stages of oocytes at the time of
collection are presented in Table 1. The percentages of

oocytes arrested at germinal vesicle stage (GV) differed
statistically (P < 0.05), being higher in the smallest
oocytes. As the diameter increased, the percentage of
oocytes in GVBD stage also increased (P < 0.05).

After 27 h of IVM, the percentage of oocytes that
reached MII was significantly higher when oocyte
diameter increased, as shown in Table 2.

3.2. Nuclear stage of oocytes after in vitro
fertilization

Table 3 represents pronuclear stage of prepubertal
goat oocytes at 17 h post-fertilization. The percentage
of total zygotes (asynchronics, with two pronuclei and
polyspermics) was higher when the oocyte diameter
increased (P < 0.05). In addition, the percentage of
zygotes that presented normal fertilization, that is, a
male and a female pronuclei, was lower in the smallest
oocytes when compared to the other three groups of size
(P < 0.05).

3.3. In vitro embryo development

Embryo development within oocyte size is shown in
Table 4. Total number of embryos obtained after the
culture period was statistically higher when oocyte
diameter increased (P < 0.05). Statistical differences in
the percentage of 2—7 cells embryos obtained were also
observed in oocytes smaller than 125 um when
compared to oocytes larger than 125 wm. There were
no statistical differences in the percentage of 8—16 cells
and morulae obtained in the four groups of size.

Table 2

Nuclear stage of different sizes of prepuberal goat oocytes at 27 h of IVM

Diameter (um) No. GV (%) GVBD (%) MI (%) A-T (%) MII (%) DEG (%)
<110 40 38 a (95.00) 1 a, b (25.00) 0a (0) 0 () 0a(0) 1 (2.50)

110-125 145 38 b (26.21) 11 a (7.58) 64 b (44.14) 0 () 30 b (20.69) 2 (1.38)

125-135 327 3¢ (0.92) 8 b (2.45) 124 b (28.03) 0 () 189 ¢ (57.97) 3(0.92)
>135 91 0c (0) 1 b (1.10) 17 c (18.68) 1 (1.10) 71 d (78.02) 1 (1.10)

GV: germinal vesicle; GVBD: germinal vesicle breakdown; MI: metaphase I; A-T: anaphase—telophase; MII: metaphase II; DEG: degenerated
oocytes. a, b, ¢, d: different letters in each column show statistically differences (P < 0.05).
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Table 3

Pronuclear stage of different sizes of prepubertal goat oocytes at 17 h postinsemination

Diameter (pm) No. Total fertil. (%) Fertilized oocytes

Asynchrony (%) 2 PN (%) Polisp. (%)
<110 24 0a (0) 0 (0) 0a (0) 0a (0
110-125 59 26 b (44.07) 2 (3.39) 17 b (28.81) 7 a, b (11.86)
125-135 93 53 b, ¢ (56.99) 2 (2.15) 33 b (35.48) 18 b (19.35)
>135 82 53 ¢ (64.63) 3 (3.66) 34 b (41.46) 16 b (19.51)

Total fertil.: total fertilized; Asynchrony: oocytes with one female pronucleus and one condensed sperm head; 2PN: zygotes with two pronuclei
(normal fertilization); Polisp.: polispermic zygotes. a, b, c: different letters in each column show statistically differences (P < 0.05).

Table 4
Embryo development of different sizes of prepubertal goat oocytes at 8 days postinsemination
Diameter (pm) No. Total embryos Embryos
2-7 cells 8-16 cells Morulae Blastocysts
<110 30 0a (0) 0a (0) 0 (0) 0 (0) 0a(0)
110-125 74 12 b (16.21) 10 a (13.51) 2 (2.70) 0(0) 0a(0)
125-135 154 61 c (40.13) 54 b (35.06) 3(1.95) 1 (0.65) 3 a (1.95)
>135 72 44 d (61.11) 31 b (43.05) 2 (2.78) 2 (2.78) 9 b (12.50)

a, b, ¢, d: different letters in each column show statistically differences (P < 0.05).

However, the percentage of blastocysts obtained in the
biggest oocytes (12.50%) was statistically higher in
respect to the other three groups (P < 0.05).

3.4. p34°“> mRNA, RNA and protein expression

The expression of p34°““> mRNA and total RNA was
analyzed by RT-PCR. The primers used in this study
were used before by Dedieu et al. [32] in goats. The
expected size of the amplified fragment was of 355 pb.
The amplification of rabbit globin mRNA by RT-PCR
was used as a control of the process, and the fragment
obtained had an expected size of 257 pb. We detected
p34°%2 mRNA in all diameters of oocytes studied, as
shown in Fig. 1.

Results of p34°%? RNA expression are shown in
Fig. 2. We detected p34°“> RNA in meiotically
competent and incompetent oocytes, but we observed

Oh 27h

statistical differences in the expression of oocytes from
125 to 135 pm at collection time when compared with
the other groups (P < 0.0001). No differences were
detected after IVM.

When studying p3 protein expression, we
observed no statistical differences among the four size
groups at collection time, although there was a clear
tendency to increase the protein expression when the
oocyte diameter was higher (P < 0.10). However, after
IVM, p34°9“? protein expression increased with the
oocyte diameter. These results are represented in Fig. 3.

4cd02

3.5. MPF activity

Results of MPF activity in different sizes of
prepubertal goat oocytes are presented in Fig. 4. We
could see that, although there were no significant
differences at collection time among diameter groups,

<110 110125 125-135 =135 <110 110-125  125-135

=135 1

W p34cdc2-0h
Op34cdc2-27h

<110 110- 125- >135

Fig. 1. mRNA p34°“? expression in different sizes of prepubertal goat oocytes. (A) The p34°4“? RT-PCR product corresponding to 10 oocytes of
each diameter group (up) and their corresponding rabbit globin control (down). (B) The histogram below represents the intensity of the bands
analyzed by densitometry. Results are expressed as the relationship between the intensity of mRNA p34°9°? expression band and mRNA rabbit globin

band.
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Fig. 2. RNA p34°9°? expression in different sizes of prepubertal goat oocytes. (A) The p34°““? RT-PCR product corresponding to 10 oocytes of each
diameter group (up) and their corresponding rabbit globin control (down). (B) The histogram represents the intensity of the bands analyzed by

densitometry. Results are expressed as the relationship between the intensity

of RNA p34°9°? expression band and mRNA rabbit globin band.

indicates a significant difference in p34°®> RNA at collection time (P < 0.001).
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Fig. 3. p34°9“? protein expression in different sizes of prepubertal goat oocytes at collection time (0 h) and after IVM (27 h). (A) Western blot. Each
band has a size of 34 kDa and corresponds to 20 oocytes. (B) The histogram represents the intensity of the bands analyzed by densitometry. Results
are expressed as the relationship between the intensity of protein p34°°? expression in 20 oocytes and the p34°®°? protein expression in granulose

cells (GC). ““Indicate a significant difference in p34°®° protein expression
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Fig. 4. MPF activity in different sizes of prepubertal goat oocytes at
collection time and after IVM. MPF activity is expressed as OD at
492 nm. *Indicate a significant difference in kinase activity among
diameter groups (P < 0.05).

among diameter groups (P < 0.05).

MPF activity tended to increase in the biggest oocytes in
comparison to the smallest ones (P < 0.10). In addition,
after IVM, there is a clear and statistically significant
increase of MPF activity in the biggest oocytes.

4. Discussion

The results of this study show that the oocyte
diameter of prepubertal goat oocytes was positively
related to the percentage of oocytes reaching metaphase
II stage and to the percentage of oocytes developing up
to blastocyst stage. Oocyte diameter was also positively
related to the amount of p34°“> protein and MPF
activity in prepubertal females. Several studies have
examined the relationship between follicle diameter,
oocyte diameter and its meiotic and developmental
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competence. In goat oocytes, meiotic competence is
acquired when oocyte diameter is greater than 136 pm,
both in adult [24] and prepubertal females [21]. In the
present study, we confirm this fact (Table 2). However, a
high proportion of the largest oocytes had resumed
meiosis within the follicle (Table 1) and these oocytes,
even if they were atresic, presented higher blastocyst
development. In bovine oocytes, developmental com-
petence is only adversely affected by advanced atresia
[34]. Several studies concluded that oocyte diameter is
directly proportional to follicle diameter and as both
increase the developmental capability of the oocytes
improves in cows (revised by Gandolfi et al. [35]). In
adult goats, Crozet et al. [19] found a significant
difference in the percentage of blastocysts obtained
from oocytes recovered from follicles of 2-3 mm (6%),
from follicles of 3.1-5 mm (12%), from follicles
>5mm (26%) and from ovulated oocytes (41%). In
our study, the highest percentage of blastocysts (12%)
was obtained from oocytes larger than 135 um
recovered from ovaries of prepubertal females. However,
larger oocytes from prepubertal goats are recovered
mostly from follicles of 2-3 mm [21]. In conclusion, low
embryo development of oocytes from prepubertal
females is more related to oocyte diameter than to the
physiological condition of prepubertal females. In our
study, in prepubertal goat oocytes fertilized by IVF, we
observed a higher blastocyst rate per cleaved oocyte in
oocytes larger than 135 pm (20.45%) compared to
oocytes of 125-135 pm (4.92%). However, in our
laboratory, using ICSI to fertilize these oocytes
categories, we found a blastocyst rate of 11.1 and
15.9%, respectively (Jiménez-Macedo, unpublished
data). This difference between oocyte categories after
IVF and ICSI protocols could be due to the inability of
oocytes of 125—135 pm to be fertilized by IVF, although
they were able to develop after a sperm injection. A small
percentage of oocytes of 110-125 pm diameter were
able to develop up to morulae (6.2%) after ICSI
fertilization, but they were unable to develop beyond
the 8-cell stage using the IVF protocol. Hyttel et al. [36]
reported that in cattle oocytes of 100 wm had full
competence for the resumption of meiosis and oocytes of
110 pm had full competence to complete maturation and
to sustain embryo development, but a lower number of
blastocysts was obtained in these oocytes (30%) in
comparison to oocytes larger than 110 pwm (60%). Otoi
etal. [37], classifying oocytes in six categories according
to oocyte diameter concluded that bovine oocytes larger
than 115 wm had reached meiotic competence, but to
acquire embryo development competence they should
have a diameter larger than 120 pm. In conclusion,

oocyte size and its relationship to embryo development
are different between species.

The synthesis of p34°®* and Cyclin B1 have been
suggested as the limiting factor for oocyte ability to
complete nuclear maturation, as was observed studying
p34°9°2 protein expression in mice [38—41] and goat [32],
and Cyclin B1 in pig [42] and cow [43,44]. However,
embryo development competence was not analyzed,
although Vigneron et al. [45] suggested that expression of
p34°4°2 and Cyclin B1 could be good markers of embryo
development. For this reason, in the present study we
have investigated if differences in developmental
competence detected in oocytes of different diameter
could be related to a differential p34°“* expression, at
mRNA, RNA and protein level, or MPF activity.

To test whether the oocyte developmental compe-
tence could be determined by the storage of p34°4*?
mRNA in the oocyte, RT-PCR was performed to semi-
quantify p34°%“® transcripts with poly-A tail for
different oocyte diameters. We observed no differences
among the four size groups studied either before or after
IVM and p34°? mRNA was detected in both
competent and incompetent oocytes, as previously
described by Dedieu et al. [32] in adult goats and Mitra
and Schultz [41] in mice.

The amount of protein in a cell can be regulated by
mRNA polyadenylation, as was observed in Xenopus
and mice oocytes, where the translation of MPF and
MAPK components is regulated by cytoplasmic
polyadenylation [46,47]. Poly-A tails are short when
the maternal mRNA is stored and they are extended to
recruit mRNA for translation [48,49]. Moreover, length
of poly-A tails is related to oocyte developmental
competence, being shorter in the less competent oocytes
[50]. To check possible differences in the stored p34°9°>
mRNA we performed the semi-quantification of p34°4°?
RNA, because the use of an oligodT primer for the
retrotranscription could affect the amount of PCR
product detected depending on the polyadenylation
state of mRNA [51]. We observed that levels of p34°-
RNA were higher in oocytes with diameters between
125 and 135 pm than in the other diameters. Possibly,
the p34°“* RNA accumulation in the oocyte takes place
during the last growth stage and the translation begins
when the oocyte reaches its maximum size, which
would explain the decrease of p34°®> RNA detected in
the largest oocytes. Robert et al. [44], who detected a
decrease in the levels of Cyclin Bl mRNA (the limiting
subunit of MPF in cows) with follicular diameter, also
suggested that decrease in mRNA levels was related to
the translation of the mRNA into protein to be ready to
form the MPF. Despite the differences detected among
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diameter groups, the semi-quantification of p34°°
mRNA and RNA showed no relationship with oocyte
developmental competence.

p34°“2 mRNA and RNA levels do not have to be
necessarily related to the p34°“® protein content in the
oocyte. For this reason, the study of the expression of the
p34°9°Z protein as a possible marker of oocyte develop-
mental competence was performed. At collection time,
although the corresponding RNA and mRNA were
already present in the smallest oocytes, p34°%? protein
was absent from these oocytes. These results were in
accordance to previous studies performed in mouse [52]
and adult goats [32], which did not detect p34°*? in
incompetent oocytes. However, in other species, p34°4**
was detected in incompetent oocytes (equine: [53]; pig:
[54]; rat: [55]), showing that regulation of p34°9¢
expression differs between species. Accumulation of
p34°9°% increases during oocyte growth (mouse: [52,39])
and during acquisition of meiotic competence (adult
goat: [32]; mouse: [39,56]). In contrast, our results did
not shown any statistical differences between diameter
groups at collection time although p34°9“* was detected
in all groups but the smallest ones, probably due to the
high variability of our results. We detected the
appearance of the protein in the smallest oocytes after
27 h of culture, which clearly shows that the transcript
has been translated during the culture period. The
appearance of p34°“® has previously been observed in
incompetent oocytes from adult goats after in vitro
culture [32]. In our study, the amount of p34°““* protein
detected after in vitro maturation increased with oocyte
diameter and was associated with the ability to complete
meiosis and to develop into embryos. Dedieu et al. [32]
and Chesnel and Eppig [52] also observed an increase in
p34°9°% according to the follicle diameter from which
oocytes were recovered, in adult goats and mice,
respectively. Nevertheless, it is important to note that
p34°42 accumulation during culture was observed for all
oocyte diameters, although the p34°*? levels achieved in
the smallest oocytes were lower than those detected in the
largest ones. Our results are in accordance to Dedieu et al.
[32], who also detected p34°““* in both competent and
incompetent oocytes after in vitro culture, although the
accumulation of p34°“® in the partially competent
oocytes was higher, reaching similar levels to fully
competent oocytes. However, accumulation of p34°?
during in vitro culture does not promote the acquisition of
meiotic competence in oocytes [52] probably because
changes in the ability of p34°®* and Cyclin Bl to
dimerize [56] which depends on Cyclin B1 phosphor-
ylation [57], MPF coincidence in the time with its
regulators, such as cdc25 phosphatase or Wee kinases

([53]; reviewed by Jones [58]), or the accumulation of
MPF regulators. In fact, in adult goats, the presence of
active cdc25C, responsible for dephosphorylation of
p34°%? to activate MPF, is lower in meiotically
incompetent than competent oocytes [59]. Therefore,
not only the synthesis of p34°““? protein, but its regulation
to become active could also affect the acquisition of
oocyte competence. For this reason, it was decided to
study MPF activity in addition to p34°9“* expression. In
our study, MPF activity was detected in oocytes just after
follicle release, when oocytes are supposed to be at the
GV stage and, as a consequence, MPF activity should be
non-existent in goats [12]. However, we found a high
percentage of oocytes at GVBD stage before culture,
especially in the largest oocytes, which would explain the
detection of MPF activity at collection time. After in vitro
maturation, MPF activity increased with oocyte dia-
meter, and it was closely related to oocyte developmental
competence in prepubertal oocytes. Our results are in
accordance to previous studies that related MPF activity
in oocytes with their developmental competence. In fact,
Salamone et al. [14] and Ledda et al. [13] reported that
MPF activity in prepubertal females was substantially
lower than in adult females (cow and ewe, respectively),
while Bogliolo et al. [60] reported higher MPF activity in
in vivo than in vitro matured oocytes. In addition, higher
developmental competence in oocytes treated with
caffeine during nuclear transfer has also been related
to an increase in MPF activity promoted by caffeine [61].

Bringing together our results of maturation and MPF
activity, we observed that, after in vitro maturation, the
largest oocytes, which presented the highest MPF
activity, also had the highest percentage of oocytes at
the metaphase II stage, when the maximum level of
MPF activity is detected (mouse: [6-8]; pig: [9]; rabbit:
[10]; cattle: [11]; goat: [12]; sheep: [13]). Therefore, it
is difficult to establish whether differences in MPF
activity among our diameter groups are only caused by
differential developmental competence and not by
nuclear stage. Nevertheless, as we did not detect
differences in the rate of normal fertilization (two
pronuclei zygotes) in oocytes bigger than 110 wm, we
hypothesis that differences in MPF activity are not only
a consequence of different rates in MII oocytes, but to
different degrees of cytoplasmic maturation in those
oocytes, which is reflected in the differences in
blastocyst yield between oocyte diameters. However
we have to consider that other factors could affect MPF
activity, such as the oocyte’s ability to translocate MPF
from the cytoplasm to the nucleus (mouse: [62]; cattle:
[56]). In summary, we observed a positive relationship
between MPF activity (p34°9“ kinase activity), oocyte
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diameter and developmental competence, which indi-
cates that MPF activity not only takes part in nuclear
maturation, but could also play an important role in
cytoplasmic maturation in a direct or indirect way.
Nevertheless, more studies on the specific role of MPF
in cytoplasmic maturation and its regulation are needed.

In conclusion, our results indicate that the size of
oocytes from prepubertal goats is related to their
capability to undergo meiotic maturation, in vitro
fertilization and to reach the blastocyst stage. Oocyte
diameter and, therefore, oocyte developmental compe-
tence seems to be related to the amount of p34°c
protein and MPF activity found in these oocytes after in
vitro maturation. MPF activity seems to confer higher
developmental competence to oocytes through promo-
tion of cytoplasmic maturation.
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Abstract

The aim of this study was to examine the relationship between the
developmental competence of oocytes and their total RNA and protein contents,
and the level of Cyclin B1 transcription. Ovaries from prepubertal goats were
collected from a slaughterhouse. Oocytes were recovered by slicing and those with
two or more layers of cumulus cells and homogenous cytoplasm were matured in
vitro (20 to 25 oocytes per drop) for 27 h. Both before and after IVM, samples of
oocytes were denuded and categorised into four group treatments by diameter (<
110 pm, 110 to 125 pm, 125 to 135 pym; > 135 pm), separated into sub-groups of 10
oocytes per treatment-replicate and stored in liquid nitrogen until total RNA
content analysis by spectophotometry, total protein content analysis by a
colorimetric assay and Cyclin B1 transcription analysis by RT-PCR. For the study of
developmental competence, the rest of the matured oocytes were fertilised in
vitro in groups of 20 to 25 for 24 h. Presumptive zygotes were denuded, sorted into
the four categories of diameter noted above, and placed into culture drops in
groups of 18 to 25 for in vitro culture. Cleavage rate was evaluated at 48 hpi and
embryo development at 8 d post-insemination. There were four replicates of each
treatment for each assay or evaluation point of the experiment. There were no
significant differences between the size categories of oocytes at collection in total
RNA content, total protein content and Cyclin B1 mRNA. There were significant
differences (P < 0.05) in the expression of Cyclin B1 before IVM with oocytes in the
> 135 mm diameter category having the highest value for this variant. There were
no significant differences in these characteristics between the categories of oocyte
diameter after IVM except in respect of total RNA content, which was lower for the
largest size of oocytes (>135 pym; mean + SD = 12.3 + 1.84 ng/oocyte) than the
other three size groups (19.2 + 1.38 to 22.1 + 4.44 ng/oocyte; P < 0.05). Significant
differences (P < 0.05) in cleavage rate were observed between the different oocyte
size categories (<110 pym, 3.0 %; 110 to 125 pym, 32 %; 125 to 135 pm, 50 %; >135
um, 73 %). Only oocytes >125 pm diameter developed to the blastocyst stage (125
to 135 ym, 7 %; >135 pym, 10 %). This study showed that the RNA content and the
Cyclin B1 RNA expression of prepubertal goat oocytes, and their development to
embryos varied between the different size categories of the oocytes.

Keywords: Cyclin B1, MPF, goat, oocyte, diameter
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1. Introduction

Some studies have demonstrated that the low blastocyst rate obtained in
vitro is mainly due to insufficient cytoplasmic maturation in the oocytes, which is
reflected in the inability of the fertilized oocyte to decondense the sperm head, to
block polyspermy, or inability to maintain embryo development beyond the
transition of embryonic genome activation (Sirard et al., 2006). In addition,
problems related to insufficient cytoplasmic maturation seem to be higher in
oocytes obtained from prepubertal than adult females (Armstrong, 2001). Results
from previous studies in our laboratory also indicate a deficient cytoplasmic
maturation in oocytes recovered from prepubertal goats at the slaughterhouse, a
low penetration rate (Urdaneta et al., 2004), different distributions of cortical
granules (Velilla et al., 2004) and mitochondria (Velilla et al., 2006) when
compared to adult goats, and a low blastocyst rate (Jimenez-Macedo et al., 2005;
Urdaneta et al., 2004). The small follicular diameter of prepubertal goat ovaries,
most of them between 2.5 to 3 mm (Martino et al., 1994), makes it necessary to
recover the oocytes by slicing the ovarian surface, which thus gives a high number
of oocytes. However, the oocyte population recovered is highly heterogeneous and
the oocytes have different maturational status and different degrees of atresia.
Oocyte selection made so far in our laboratory, based on cumulus-oocyte complex
(COC) morphology, seemed not to be good enough to distinguish between
developmentally competent and incompetent oocytes due to the low blastocyst
numbers obtained. In adult goats, Crozet et al. (1995) found a direct and positive
relationship between follicular diameter and embryo development, concluding that
follicles bigger than 5 mm contain oocytes which have a better competence to
develop up to blastocyst stage. In prepubertal goat ovaries, follicles larger than 5
mm in diameter are practically non-existent (Martino et al., 1995). In both adult
(De Smedt et al., 1994) and prepubertal (Martino et al., 1994) goat oocytes meiotic
oocyte competence has been classified in terms of the oocyte diameter as: <110
um, corresponding to incompetent oocytes, 110 to 125 pm, corresponding to
partially competent oocytes, 125 to 135 pym and > 135 pm, corresponding to
competent oocytes. A study performed in our laboratory comparing embryo

development between different diameters of prepubertal goat oocytes showed a
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higher blastocyst rate in oocytes with a diameter higher than 135 pm (12.5 %;
Anguita et al., 2006).

During the oocyte growth phase, synthesis and storage of proteins and
heterogeneous RNA take place (Crozet et al., 1981). This storage is necessary to
maintain early embryonic development until the activation of the embryonic
genome (Bachvarova, 1992). It is possible that the low rate of in vitro development
could be explained by an insufficient storage of proteins and RNA in the oocyte
cytoplasm, maybe because they are recovered for IVM when they have not yet

finished the growth phase.

Oocyte meiotic competence is described as its ability to resume meiosis and
progress to metaphase Il (MIl) stage, where the oocyte remains in arrest until
fertilization. Meiotic maturation is regulated by several protein kinases, and MPF is
considered the most important. MPF is a heterodimer composed of a p34°<?
catalytic subunit, with serine-threonine kinase activity, and a Cyclin B1 regulatory
subunit (Labbe et al., 1989). MPF activity has been described in many mammalian
oocytes: it appears just before GVBD and increase until metaphase | stage, then its
activity decreases in anaphase-telophase and increases again, reaching its
maximum level in metaphase Il (mouse: Fulka et al., 1992; Hashimoto and
Kishimoto, 1986; Verlhac et al., 1994; pig: Naito and Toyoda, 1991; rabbit:
Jelinkova et al., 1994; cattle: Collas et al., 1993; goat: Dedieu et al., 1996; sheep:
Ledda et al., 2001). The limiting factor for MPF activation has been studied in
several species and species-specific differences have been identified (mouse:
Chesnel and Eppig, 1995; Mitra and Schultz, 1996; pigs: Naito et al., 1995; Sun et
al., 2001; goat: Dedieu et al., 1998; cattle: Levesque and Sirard, 1996; Robert et
al., 2002). Moreover, MPF activity has been shown to be lower in prepubertal than
in adult female oocytes (cow: Salamone et al., 2001; sheep: Ledda et al., 2001).
Therefore, low developmental competence could be explained by a deficiency of
one of the MPF subunits.

The objective of this study was to analyze the possible relationship between

total RNA and protein content, Cyclin B1 mRNA and RNA expression in prepubertal
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goat oocytes with oocyte developmental competence. To this purpose, analyses

were performed in oocytes of different diameter.

2. Material and methods

Unless otherwise indicated, all chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO, USA).

2.1. Oocyte collection and IVM

Ovaries from prepubertal goats, approximately 2 months old, were
recovered from a local slaughterhouse and transported within 2 hours to the
laboratory at 38.5 °C in PBS (Solution Dulbecco’s phosphate-buffered saline, P-4417)
which contained 50 pg/mL gentamycin (G-3632). Ovaries were washed three times
in PBS containing gentamycin, and COCs (cumulus-oocyte complexes) were
recovered by slicing in a 60 mm culture dish containing TCM199 (M-2520)
supplemented with 2.2 mg/mL NaHCOs;, 2% (v/v) steer serum (Donor Bovine
Serum®, CanSera, Canada) and 50 ug/mL gentamycin. Only oocytes with two or

more layers of cumulus cells and homogeneous cytoplasm were used for IVM.

COCs were matured in TCM199 medium (M-7528) supplemented with 275
ug/mL sodium pyruvate (P-3662), 146 pyg/mL L-glutamine (G-5763), 10% (v/v) steer
serum, 10 pg/mL o-LH (L-5269), 10 pg/mL o-FSH (F-4520), 1 ug/mL 17-B estradiol
(E-2257), 400 pM cysteamine (M-9768) and 50 pg/mL gentamycin (G-3632). Groups
of 20-25 COCs were transferred to 100 pl microdrops of maturation medium under
mineral oil (M-3516) and incubated for 27 hours at 38.5 °C in a humidified air
atmosphere with 5% CO,.

2.2. Sperm capacitation and IVF

Matured oocytes were fertilized with fresh semen collected from two goats

of proven fertility. Ejaculates were collected with artificial vaginas and
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transported to the laboratory at 38.5 °C within 30 minutes. Ejaculates were mixed
and the motile sperm fraction was separated by the swim-up method (Parrish et
al., 1986). Briefly, 70 pyL of sperm was placed at the bottom of three conic tubes
containing 2 mL of mDM (Defined medium (Brackett and Oliphant, 1975), modified
by Younis et al. (1991)), and it was incubated for 45 min at 38.5 °C in a humidified
air atmosphere with 5% CO,. After incubation, 600 pL of the supernatant of each
tube was recovered and centrifuged at 170 X g for 3 minutes. After discarding the
supernatant, the pellet was resuspended in mDM (1:1; v/v) containing heparin (H-
3149) and ionomycin (I-0634) (Final concentration: 10 pg/mL heparin and 200 nM of
ionomycin) and incubated for 15 min in a humidified air atmosphere with 5%CO;
and 38.5 °C (Wang et al., 2002). Sperm concentration was determined using a

Neubauer chamber cell.

After maturation, groups of 20 to 25 oocytes were transferred to 100 pL
microdrops of modified Tyrode’s medium (TALP) as described by Parrish et al.
(Parrish et al., 1986), supplemented with 1 pg/mL hypotaurine (H-1384) and 0.3
mg/mL glutathione (G-6013) under mineral oil. Oocytes were co-cultured with
capacitated spermatozoa in a final concentration in the microdrop of 4 x 10° sperm

cells/mL.

2.3. In vitro embryo culture

At 24 hours after insemination (hpi), presumptive zygotes were washed in
SOF medium (Synthetic Oviductal Fluid, (Holm et al., 1999)) and denuded by
pipetting to separate them from sperm cells. Groups of 18-25 embryos were placed
to 25 pL microdrops of SOF medium in 35 mm culture dishes under mineral oil, and
they were cultured in a humidified atmosphere with 5% CO,, 5% O, and 90% N; at
38.5 °C for 7 days. At 48 hpi cleavage rate was evaluated and 0.1 pL fetal bovine
serum (F-7524) per embryo was added to the medium. At the end of the culture
period (8 days post-insemination), total cell number of embryos was evaluated by

Hoechst 33342 staining (B-2261) under a fluorescence microscope.
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2.4. RNA extraction

Total RNA from 10 oocytes was extracted using 100 pL of TriReagent® (T-
9424). We added 20 pg of glycogen (92760323, Roche, Germany) to the 100 pL of
TriReagent® as a carrier for the RNA precipitation and 1 pg of rabbit globin mRNA
(R-1253) per oocyte that was used as an extrinsic control of the whole process.
After adding 20 pL of chloroform, we centrifuged the sample at 12000 X g for 20
min at 4 °C. The aqueous phase was recovered and the RNA was precipitated with
60 pL of isopropanol at -20 °C overnight, while the resulting organic phase was
frozen at -80 °C until its use in protein extraction. The next day, after
centrifugation at 12000 X g at 4 °C for 20 min, the supernatant was discarded and
the pellet was washed sequentially with 70% ethanol and 100% ethanol. For the
washing steps, the sample was centrifuged at 12000 X g at 4 °C for 15 min. The
pellet was dried and resuspended in 4 pL of H,0 DEPC.

The RNA extracted was incubated for 30 min at 37 °C with 1U/uL DNase
(18047-019, Invitrogen Corporation, USA), and stored at -80 °C if the RT-PCR or the

RNA quantification could not be done immediately.

2.5. Total RNA quantification

Total RNA obtained after RNA extraction and DNA digestion was quantified
by spectrophotometry, in a wavelength of 260 nm. A known amount of goat ovary

RNA was used as an efficiency control of the process.

2.6. Protein extraction and protein quantification

Protein from 40 oocytes was extracted using TriReagent® (T-9424). DNA was
precipitated with 30 pL of 100% ethanol and centrifuged at 12000 X g at 4 °C for 5
min. The supernatant was recovered and then transferred to a new tube. Proteins
were precipitated with 150 pL of isopropanol for 10 min at room temperature, and
centrifuged at 12000 X g at 4 °C for 10 min. The supernatant was discarded, and
the pellet was washed three times with 200 pL of 0.3 M guanidine

hydrochloride/95% ethanol solution. During each wash, samples were stored in
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wash solution for 20 min at room temperature. Samples were centrifuged at 7500 X
g for 5 min at 4°C. After the three washes, we added 1 mL of 100% ethanol and
vortered the protein pellet. The sample was left at room temperature for 20 min,
and centrifuged at 7500 X g for 5 min at 4 °C. We discarded the supernatant, and
the protein pellet was dried for 5-10 min. The pellet was dissolved in 20 pL of 1%

SDS, and stored at -80 °C until its use for quantification.

Total protein quantification of 5 pL of the protein extract (corresponding to
10 oocytes) was performed with DC Protein Assay (BioRad, USA), following the
manufacturer’s instructions. This is a colorimetric assay, and the color developed
in each reaction is proportional to the protein content of the sample. Different
concentrations of BSA (0, 50, 100, 200, 300, 400, 500, 600, 700, 1000 and 1410
pg/mL) diluted in SDS 1% were used as the control. The developed color of each
reaction was measured in a microplate ELISA reader (iEMS Reader, LabSystems) at
690 nm.

2.7. Reverse Transcription (RT) and Polymerase Chain Reaction (PCR)

In order to know Cyclin BT mRNA and RNA expression in prepubertal goat
oocytes according to their diameter, for each size group total RNA corresponding to
10 oocytes was reverse-transcribed with ThermoScript™ RT-PCR System (Invitrogen
Corporation, USA), following the manufacturer’s instruction, in a final volume of 20
bUL. The RT was performed using oligodT and random primers. Four pL of these

reactions were used to amplify Cyclin B1.

To perform Cyclin B1 amplification, cDNA was incubated with 1 X PCR
buffer, 1 uM of each primer, 2 mM of MgCl,, 200 uM of each dNTP and 0.1 U/ pL of
Taq polymerase GoldStar (ME-0064-01, Eurogentec, Belgium) in a final volume of
reaction of 25 pL for 34 cycles (94 °C 1 min, 58 °C 1 min, 72 °C 1 min) in a
thermocycler 9700 (Applied BioSystems, USA). The Cyclin B1 sense and antisense
primers were the following: 5’-GAGCCATCCTCATTGACTGGC and 5’-
CTTAGATGCTCTCCGAAGG (Hue et al., 1997).
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To perform globin amplification, cDNA was incubated with 1 X PCR buffer, 0.5 pM
of each primer, 1.5 mM of MgCl;, 200 pM of each dNTP and 0.1 U/pL of Taq
polymerase GoldStar in a final volume of 25 pL for 30 cycles. Globin PCR conditions
were determined by the amplification conditions of Cyclin B1. The globin sense and
antisense primers were the following: 5’-GCAGCCACGGTGGCGAGTAT and 5’-
GTGGGACAGGAGCTTGAAAT (Knijn et al., 2002) .

At the same time, a PCR without cDNA and a PCR of the RT product
performed without RNA were used as negative controls. In no case was an

amplification band detected.

Amplification bands were visualized in a 2% agarose gel stained with
ethidium bromide. The weight marker band (P-9577) corresponding to 300 pb was
used as a control to avoid light variations in the exposition to UV. Each
amplification band was quantified by densitometric analysis using the PC program
Quantity One (Bio-Rad Laboratories, USA). The results were normalized with the
quantification of globin amplification band. Direct sequencing of the amplifications

products was performed using an ABI-prism DNA sequencer.

2.8. Experimental design

All the oocytes used for each replicate and assay were collected at the same
day. Four replicates of each assay were performed. Each replicate was started at a

separate day.

Before IVM, a sample of oocytes selected at random was denuded in PBS plus
300 pg hyaluronidase/mL (H-4272), measured at X 96 excluding the zona pellucida
and classified by diameters in four categories: <110 ym, 110 to 125 pm, 125 to 135
um and >135 pm according to the criteria described by Anguita et al. (2006) in
prepubertal goats. From each diameter category, at least four sub-samples each of
10 oocytes were washed, frozen in liquid nitrogen and stored at -80 °C until its use
in one of the four analyses. The remainder of the oocytes, still not separated by

diameter categories, were matured in vitro. After 27 h of in vitro maturation, a
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sample of oocytes were denuded, measured and classified by diameters as
described above. At least four sub-samples of 10 oocytes of each category were
washed and stored as described above until its use in one of the four analyses. The
remainder of oocytes was fertilized in vitro. At 24 hpi, the presumptive zygotes
were measured and classified in the four categories and culture in vitro for
additional 7 days. Each drop contained 18-25 embryos of the same diameter

category.

RNA extraction was performed in four sub-samples of 10 oocytes of each
replicate and size category. The RNA corresponding to one sub-sample per size
category and replicate was used to perform total RNA content and Cyclin B1
transcription analyses. The organic phase obtained in the RNA extraction of the
four sub-samples of each size category (40 oocytes per category) and replicate was

stored at -80°C until its use in protein extraction and quantification.

2.9. Statistical analysis

Embryo development, PCR semi-quantification, total RNA quantification and
total protein quantification results of different diameter groups were compared
with a One-Way ANOVA test with Tukey’s post-test by the PROC MIXED procedure of
SAS (Version 9.2, Inst., Inc, Cary, NC). Data from embryo development were
transformed using arcsine square root before statistical analysis. Each oocyte size
group was represented by four replicates for each of the variates studied. A value
of P < 0.05 was accepted as the minimum level of significance in all the statistical

tests. Data are presented as percentage + SD.

3. Results

3.1. Embryonic development

Results of embryonic development of different size oocytes from prepubertal

goats are shown in table 1. Total number of embryos obtained increased with

oocyte diameter, and there were significant differences among the four diameter
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groups (<110 pum: 3%; 110 to 125 pm: 32%; 125 to 135 pm: 50%; >135 pm: 73%).
Blastocyst rate in 125-135 pm oocytes (7%) and > 135 pm oocytes (10%) was
significantly higher than in <125 pm oocytes (0%) (P < 0.05).

3.2. Total RNA quantification

For each diameter group, total RNA corresponding to 10 oocytes, before and
after IVM, was quantified by spectrophometry at 260 nm. Results, expressed as
ng/oocyte, are shown in table 2. As we can observe, we detected no statistically
significant differences among the four categories of diameters before IVM (<110
um: 22.9 + 6.5; 110 to 125 pm: 21.9 + 6.8; 125 to 135 ym: 19.7 = 6.5; >135 pym:
26.5 + 11.1) (P>0.05). However, after IVM, the total RNA detected was lower in the
biggest oocytes (>135 um: 12.3 + 1.8) when compared to oocytes 110-125 um
oocytes (22.1 + 4.4), and oocytes from 125 to 135 um (19.2 + 1.4) (P=0.08).

3.3. Total protein quantification

Total protein oocyte quantification from each size group was performed
using the DC Protein Assay. As we can observe in table 3, we detected no
statistically significant differences between the four groups of size at any of the

hours analyzed.

3.4. Cyclin B1 mRNA and RNA expression

Results of Cyclin B1 mRNA expression at collection time and after IVM are
represented in figure 1. No statistically significant differences in Cyclin B1 mRNA
expression were detected among the four groups of oocyte size before and after
IVM. However, the expression of Cyclin B1 mRNA at collection increased as oocyte
diameter increased from 0.50 + 0.07 for oocytes < 110 um to 0.96 + 0.33 for 110 to
125 pym oocytes, but declined with further increase in diameter (125 to 135 pym:
0.86 + 0.33; >135 ym: 0.58 + 0.37).
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Results of Cyclin B1 RNA expression are shown in figure 2. Before IVM, Cyclin
B1 RNA expression was highest in the largest oocytes (<110 ym: 0.23 + 0.13; 110 to
125 pm: 0.59 + 0.11; 125 to 135 pm: 0.53 + 0.54; >135 pm: 1.27 + 0.78) (P=0.04).
However, after IVM no statistically significant differences were detected among
size categories. The expression of Cyclin B1 RNA increased from collection to the
completion of IVM for oocytes < 125 ym (P < 0.05), 110 to 125 ym (P < 0.05) and
125 to 135 pm (P < 0.10), but decreased for oocytes > 135 ym diameter (NS).

4. Discussion

The characteristics that determine whether an oocyte is competent to
develop into an embryo are still unknown. It seems that cytoplasmic oocyte
maturation is the key to a better understanding of oocyte developmental
competence. However, processes that take place during that maturation and, most
importantly, their regulation, are still poorly understood. The aim of our study was
to try to clarify how the storage and expression of certain molecules that could be
related to cytoplasmic oocyte maturation differ between oocytes with different

developmental competence.

We have observed that oocyte developmental competence in prepubertal
goat oocytes is related to the diameter; oocytes smaller than 125 ym were not able
to develop to blastocyst stage and a maximum blastocyst rate was reached in
oocytes with a diameter larger than 135 pym (10%), but there were no differences
when compared to oocytes from 125 to 135 pm. The capacity of prepubertal goat
oocytes to reach blastocyst stage was previously study in our laboratory, and we
observed for the first time that prepubertal goat oocytes with a diameter higher
than 125 pm were able to develop to blastocyst stage (Anguita et al., 2006).
Moreover, we observed that the inability of oocytes smaller than 125 pm to
maintain embryonic development was due to a deficient nuclear maturation in
these oocytes, and only 0 and 20.7% of oocytes reached metaphase Il stage after
IVM in oocytes smaller than 110 ym and oocytes form 110- to 125 pym, respectively
(Anguita et al., 2006). In this earlier study, we also observed that oocytes from 110

to 125 ym which completed nuclear maturation were able to be normally fertilized
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(2PN = 28.8%), showing no differences compared to oocytes higher than 125 pm,
but they were unable to surpass the 2-8 cell stage in embryonic development,
which may indicate that these oocytes have not stored enough RNA and proteins to
reach blastocyst stage. The relationship between follicular size, oocyte diameter
and developmental competence has been observed in many species (goat: Crozet
et al., 1995; cow: Kauffold et al., 2005; Lequarre et al., 2005; Otoi et al., 1997;
pig: Marchal et al., 2002; buffalo: Raghu et al., 2002). In adult goats, Crozet et al.
(1995) observed a significant difference in the percentage of blastocysts obtained
from oocytes recovered from follicles of 2 to 3 mm (6%), from follicles of 3.1 to 5
mm (12%), from follicles bigger than 5 mm (26%) and from ovulated oocytes (41%).
Crozet et al. (2000) described the relationship between goat oocyte diameter and
follicle diameter in adult goats. Thus, oocytes with a mean diameter of 96 um were
recovered from follicles smaller than 0.5 mm; oocytes of 120 um were recovered
from follicles of 0.5 to 0.8 mm; oocytes of 125 um from follicles of 1 to 1.8 mm;
oocytes of 136 um (range 125 to 146 um) from follicles of 2 to 3 mm and oocytes
ranging from 130 to 146 um from follicles larger than 3 mm. In the present study,
we obtained a higher blastocyst rate in 125 to 135 pym oocytes (7%) than in a
previous study (1.95%; Anguita et al., 2006). This improvement could be due to the
use of glutathione (GSH) during fertilization in vitro. Urdaneta et al. (2004)
observed an increase in normal fertilization (zygotes with two pronuclei) and
cleavage when GSH was used in in vitro fertilization of prepubertal goat oocytes.
Also, an increase in blastocyst rate has been reported when glutathione was used in
the IVF medium (pigs: Boquest et al., 1999; cattle: Van Soom et al., 1998). Thus,
GSH plays an important role as cellular protection during oxidative stress and
helping cell proliferation during embryonic events (Del Corso et al., 1994; Lafleur
et al., 1994; Yu, 1994). These results seem to indicate that the improvement in
blastocyst rate detected in oocytes with 125-135 ym diameters in comparison to
the results of Anguita et al. (2006) could be related to a beneficial effect of the
GSH during fertilization.

During oocyte growth in vivo, RNA and protein storage take place (Gosden et

al., 1997). RNA synthesis ceases when oocytes resume meiosis (Hyttel et al., 2001).

Meiotic progression up to MIl, fertilization and early embryonic development must
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be maintained with the stored RNA and proteins (Bachvarova, 1992). Deficient
storage of RNA and proteins, therefore, could lead to a decrease in the
developmental competence of the oocyte. To check if the differences in
developmental competence between different diameters of prepubertal goat
oocytes could be explained by a differential storage of RNA or proteins, we
performed total RNA and protein quantification before and after IVM. We observed
that the total RNA stored before IVM in the oocytes was not related to oocyte size.
After maturation, total RNA decreased in the largest oocytes, perhaps due to a
higher capability of these oocytes to mobilize the stored RNA and to synthesize
new proteins, which could explain their high developmental competence. However,
no significant differences in total protein content were observed between the
different oocyte diameters before or after maturation. Therefore, we could not
determine whether the lower RNA content detected in the biggest oocytes is due to

a mobilization of stored RNA or not.

MPF is the main meiotic regulator, and it is thought to be a possible
cytoplasmic maturation regulator too. It is composed of two subunits, the catalytic
subunit p34°®? and the regulatory subunit Cyclin B1 (Labbe et al., 1989). It has
been suggested that the oocytes inability to resume or complete meiosis could be
related to deficient MPF activation or the lack of one of the MPF subunits, but the
limiting factor varies among species: in the mouse, meiotic competence acquisition

4°%2 protein synthesis (Chesnel and Eppig, 1995; De Vantéry et al.,

is related to p3
1996; de Vantery et al., 1997; Mitra and Schultz, 1996); in adult goats p34¢? is
considered the key factor for meiotic resumption (Crozet et al., 2000; Dedieu et
al., 1998); and in pigs (Sun et al., 2001) and cattle (Levesque and Sirard, 1996) the
limiting factor for meiotic resumption is the Cyclin B1 subunit. As observed, many
studies have tried to establish a relationship between MPF subunit expression and
oocyte meiotic competence, but we have not found any study of MPF expression
related to developmental competence, although Vigneron et al. (2004) suggested
that the expression of p34°® and Cyclin B1 could be good markers of embryo
development. In our study, we have analyzed Cyclin B1 expression at a
transcriptional level by RT-PCR. We observed no differences in Cyclin B1 mRNA

expression in the four groups of size before or after IVM. It is important to notice
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that Cyclin B1 mRNA was detected in all the diameters evaluated, what is in
accordance with the results obtained by Hue et al. (1997) who detected Cyclin B1
mMRNA in both meiotically competent and incompetent oocytes. Although it is not
statistically different, before IVM Cyclin B1 mRNA expression seemed to increase in
oocytes with diameters from 110 to 135 pm, possibly due to the accumulation of
the mRNA that takes place during the last growth phase in the oocytes (Gosden et
al., 1997). The decrease of Cyclin B1 mRNA observed in the biggest oocytes could
indicate the use of that mRNA to synthesize the Cyclin B1 protein needed to
associate with p34°®? to form pre-MPF. In fact, in an earlier study we observed
that most oocytes had resumed meiosis at collection time, and the percentage of
GVBD-oocytes increased with oocyte diameter (<110 pym: 5.33 %; 110 to 125 pym:
26.66 %; 125 to 135 pym: 64.40 %; >135 pym: 80.30 %; Anguita et al., 2006). The
association of Cyclin B1 and p34°“? and its subsequent activation is a requirement
for meiosis resumption in many mammalian oocytes (mouse: Chesnel and Eppig,
1995; Choi et al., 1991; pig: Christmann et al., 1994; cattle: Wu et al., 1997;
rabbit: Jelinkova et al., 1994; goat: Dedieu et al., 1996). Our results concur with
our previous study which detected a positive relationship between the
developmental competence of prepubertal goat oocytes and diameters, higher
p3
only the synthesis of p34°®Z, but also of Cyclin B1, the present results suggest that

4“9 protein content and MPF activity (Anguita et al., 2006). As MPF requires not

the decrease of Cyclin B1 mRNA in the biggest oocytes and the supposed Cyclin B1
synthesis could lead to an increase in MPF formation and activity, which could also

be related to the higher developmental competence of these oocytes.

In addition to Cyclin B1 mRNA expression, we also evaluated Cyclin B1 RNA
expression by RT-PCR using random primers instead of oligo-dT primers. The
protein amount in a cell can be regulated by mRNA polyadenylation, as was
observed in Xenopus and mice oocytes, where translation of MPF and MAPK
components is regulated by cytoplasmic polyadenylation (Xenopus: Charlesworth et
al., 2000; de Moor and Richter, 1999; mouse: Krischek and Meinecke, 2002). Poli-A
tails are short when the maternal mRNA is stored and they are extended to recruit
mMRNA for translation (Huarte et al., 1992; Temeles and Schultz, 1997). As a
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consequence, the use of oligo-dT primers could affect the PCR product detected

depending on the polyadenylation state of mRNA (Lequarre et al., 1997).

Cyclin B1 RNA expression increased with increasing oocyte diameter before
IVM, but not after maturation. After IVM, there were no significant differences
between the treatments, probably due to the Cyclin B1 RNA storage that takes
place during maturation in oocytes smaller than 135 pm. In the largest oocytes,
however, Cyclin B1 expression during maturation did not increase, probably due to
the higher RNA consumption rate of the larger oocytes in comparison to the other
size groups. Although the rest of size groups reach the levels of the biggest group,
they did not reach the blastocyst rate achieved by the oocytes bigger than 135 pym.
These results could suggest that the amount of stored Cyclin B1 RNA at oocyte
collection time is related to oocyte size as well as to meiotic and developmental
competence. These results also suggest the possible role that Cyclin B1 plays not

only in oocyte nuclear maturation but, also in cytoplasmic maturation.

5. Conclusion

In conclusion, under the conditions of the present study, development to the
blastocyst stage of prepubertal goat oocytes depended upon the denuded oocytes
having a minimum diameter of 125 pym. This study showed that the RNA content
and the Cyclin B1 RNA expression of prepubertal goat oocytes, and their
development to embryos, varied between the different size categories of the

oocytes.
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Table 1: In vitro embryo development up to 8 days post-insemination of

prepubertal goat oocytes of different diameters.

<110 um 110 to 125 125t0 135 ym  >135 pum

um
Oocytes 25 52 108 61
inseminated
Oocytes cleaved* 3 +6¢C 32+16 b 50+ 12 ab 73+15a
(% + SD)
2-7 cells* 3+x6b 18+ 6a 33+8a 47 £+ 24 a
(% + SD)
8-16 cells* 0b 9+8a 8+3a 10+4a
(% + SD)
Morulae* 0 5+6 2+3 5+3
(% + SD)
Blastocysts* 0b Ob 7+3a 10+9a
(% + SD)

a, b, ¢, d Values within a line with different letters are significantly different (P <
0.05)

* Results are expressed as the mean percentage of embryos obtained in each
classification in relation to the total number of embryos analyzed. These data were

transformed using arcsine square root to perform statistical analysis.
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Table 2. Total RNA in prepubertal goat oocytes of different diameters before and

after in vitro maturation.

IVM <110 pm 110 to 125 um 125 to 135 um >135 pum
(ng/oocyte +SD) (ng/oocyte +SD) (ng/oocyte +SD)  (ng/oocyte +SD)

Oh 229 +6.5 21.9+6.8 19.7 £ 6.5 26.5 +11.1

27 h 21.1+7.0ab 221+4.4a 19.2+1.4a 12.3+1.8b

SD: Standard Deviation

a, b Values within a line with different letters are significantly different (P < 0.05)

Table 3. Total protein content of prepubertal goat oocytes of different diameters

(values are for 10 oocytes) before and after in vitro maturation

VM <110 um 110to 125 um  125t0 135 pm  >135 pm
(ug/ml £SD) (ug/ml £SD) (ug/ml £SD) (ug/ml £5D)

0h 734 = 255 573 = 158 815 = 221 787 + 135

27h 772 £197 761 + 167 804 + 295 611 + 180

SD: Standard deviation
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Figure 1. Cyclin B1 mRNA expression in different diameters of prepubertal goat
oocytes at collection (0Oh) and after IVM (27h). A) The Cyclin B1 RT-PCR product
corresponding to 10 oocytes for each diameter group (upper band) and their
corresponding rabbit globin control (lower band). B) The histogram represents the
intensity of the bands analyzed by densitometry. Results are expressed as the
relationship between the intensity of Cyclin B1 mRNA expression band and mRNA
rabbit globin band.
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Figure 2. Cyclin B1 RNA expression in different diameters of prepubertal goat
oocytes at collection (0Oh) and after IVM (27h). A) The Cyclin B1 RT-PCR product
corresponding to 10 oocytes for each diameter group (upper band) and their
corresponding rabbit globin control (lower band). B) The histogram represents the
intensity of the bands analyzed by densitometry. Results are expressed as the
relationship between the intensity of Cyclin B1 RNA expression band and mRNA
rabbit globin band.

a, b Values in the histogram with different letters indicates significantly

differences among size categories within the same time analyzed (P < 0.05).

symbol in the histogram indicates significantly differences among the values

obtained at different hours (0 or 27 h) within the same size category (P < 0.05).
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Abstract

The number of follicles undergoing atresia in an ovary is very high, and isolation of cumulus—oocyte complexes (COCs) from
such atretic follicles may impair subsequent embryo development in vitro. Our aim was to study if stringent selection by
morphological assessment of COCs can improve embryo development, and to evaluate whether oocyte diameter is related with
apoptotic ratio in oocytes and blastocysts. COCs from slaughtered cattle were recovered by follicle aspiration and classified
depending on oocyte diameter: (A) <110 pm; (B) 110-120 pm; (C) >120 pm. COCs were matured, fertilized and cultured in vitro.
Early and late stages of apoptosis were detected by Annexin-V and TUNEL staining, respectively, in denuded oocytes, COCs and
blastocysts. Immature oocytes from Group A showed higher apoptotic ratio assessed by TUNEL assay, and the COCs corresponding
to this group also showed a higher proportion of apoptotic cumulus cells. After maturation, no differences were present in the
incidence of apoptosis among oocytes from different groups, but COCs corresponding to the largest diameter showed less apoptotic
cumulus cells. In addition, the percentage of apoptotic oocytes decreased during in vitro maturation in all groups. Apoptotic cell
ratio (ACR) in blastocysts was not related to oocyte diameter. In conclusion, oocyte selection and oocyte morphological evaluation
prior to maturation was not sufficient to select non-atretic oocytes. When oocyte diameter was used as an additional selection the
embryonic developmental potential increased together with oocyte diameter, but this improvement was not related to a lower
incidence of apoptosis in the largest oocytes.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

It is generally accepted that in vitro embryo
production is very inefficient when compared to in
vivo embryo production in terms of blastocyst rate [1,2]
and pregnancies obtained [2-5]. The efficiency of
bovine embryo production in vitro, measured as the
blastocyst rate obtained from oocytes matured and
fertilized in vitro, is about 40% (reviewed by ref. [6]).

* Corresponding author. Tel.: +34 935811456; fax: +34 935811494.
E-mail address: Begona.Anguita@campus.uab.es (B. Anguita).

0093-691X/$ — see front matter © 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.theriogenology.2006.09.004

This reduced blastocyst yield obtained in vitro seems to
be related to oocyte source, while the quality of the
embryos produced in vitro, measured in terms of
survival of embryos after cryopreservation [7,8],
embryo development speed and specific gene expres-
sion [8] is related to the culture system applied
(reviewed by ref. [9]).

We understand oocyte quality as the characteristics
that confer the oocyte capability to develop into an
embryo, establish a pregnancy and produce healthy
offspring. The best indicator of oocyte quality would be
the rate of born animals generated per transferred
embryo; but because it is very difficult to transfer each
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embryo obtained, oocyte quality is generally only
evaluated by means of blastocyst rate. Developmental
competence in the oocyte is achieved during their
growth in the follicle (reviewed by ref. [10]) when
accumulation of transcripts and proteins takes place
[11]. Storage and mobilization of these molecules is
necessary to maintain embryonic development until the
maternal to zygotic transition stage [12,13], and to
activate the embryonic genome expression through the
stored maternal transcription factors [14]. Many
approaches have been performed in order to find out
which are the characteristics that affect oocyte quality:
mitochondrial content of the oocyte [15,16] detected by
PCR; differential relative abundance of specific
transcripts in the oocyte [17,18] or in the embryo
[19,20] detected by RT-PCR; transcriptional activity
[21] detected by radio-labelling; apoptosis incidence in
embryos [22-24], in oocytes [23-25] or in cumulus
cells [25-28] detected by TUNEL staining, expression
of pro- and anti-apoptotic molecules (such as Bax, Bcl-
2, respectively), or caspase activity analysis. The study
of apoptosis and its influence in oocyte and embryo
quality has great relevance, especially in in vitro
technologies where a very heterogeneous oocyte
population, at different stages of growth and atresia,
is used to produce embryos. It is possible that the
presence of certain polymorphic genes that control
apoptosis could be transferred from the oocyte to the
resulting embryo, impairing its quality and its
subsequent development (reviewed by ref. [29]). In
fact, it has already been observed that maternal
genotype has a strong effect on the incidence of
cellular fragmentation in the embryo [30], probably
mediated by early zygotic gene transcription. Moreover,
cell survival/death regulatory molecules can be found in
the stored pool of maternal mRNA in mice and human
[31-33] and as a consequence they are likely to
contribute in determining the fate of the embryo. Other
factors that affect oocyte quality, such as cumulus cells,
could also affect blastocyst yield [34]. Oocyte and
cumulus cells are connected through gap junctions,
which allow the interchange of molecules between
these two cellular types (reviewed by ref. [35]).
Apoptosis incidence in cumulus cells seems to affect
oocyte quality and, as a consequence, subsequent
embryo development [25-28].

Most of the molecular indicators for oocyte quality
must be assessed by invasive methods, such as PCR or
staining, so that the oocyte can no longer be used to
produce embryos. As a consequence, it is necessary to
establish a relationship between an invasive and a non-
invasive quality marker, such as follicle diameter, COC

morphology and oocyte diameter. Follicle diameter has
been widely used as a selection parameter, and a
relationship between follicle diameter and oocyte
developmental competence has been established in
many species (Cattle [36]; goat [37]; pig [38]; buffalo
[39]). In cattle, follicles under 3 mm diameter contain
oocytes with a diameter under 110 pm (reviewed by ref.
[13]), which are considered to be developmentally
incompetent oocytes [40,41], and follicles >6 mm are
considered to suffer more incidence of apoptosis [42].
Another selection criterion is cumulus—oocyte complex
(COC) morphology, despite the fact that contradictory
results have been obtained when using this parameter as a
marker of developmental competence: while many
studies have found that COCs showing signs of early
atresia give higher blastocyst rate [40,43-45], other
studies obtained less [46] or the same developmental
competence than COCs with no signs of atresia [21]. In
what extent morphological features of apoptosis in COCs
are related to real incidence of apoptosis in these
complexes, and how the inductors of apoptosis present in
cumulus cells could affect the oocyte developmental
competence should be further studied. Although is not
commonly used, oocyte diameter can also be used as a
non-invasive selection parameter as it has been observed
that blastocyst rate increases with oocyte diameter [47]
(reviewed by ref. [13]). In cattle, cleavage and blastocyst
rate is higher in oocytes with a diameter higher than
120 pm (reviewed by ref. [13]). Moreover, oocyte
diameter has been related to incidence of apoptosis in
COC [48] showing that an increasing level of atresia in
COC was accompanied by a higher oocyte diameter.

The objective of the present study was to relate two
non-invasive selection parameters (COC morphology
and oocyte diameter) with embryonic development and
apoptotic rate in COCs, oocytes and resulting blas-
tocysts. For that purpose, embryonic development was
assessed by cleavage and blastocyst rate, and apoptotic
incidence was evaluated by an early (change in
cytoplasmic membrane) and late (DNA fragmentation)
marker of apoptosis.

2. Materials and methods
2.1. In vitro embryo production

Cow ovaries were obtained from a local abattoir and
transported to the laboratory within 2 h. The ovaries
were washed twice in physiological saline (0.9%) with
0.5% kanamycin (25 mg/ml, Gibco-BRL Life Tech-
nologies, Belgium) at 37 °C and COCs (cumulus—
oocyte complexes) were recovered by aspiration from
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follicles of 2—6 mm diameter. Only COCs with several
layers of compact cumulus cells and homogeneous
cytoplasm were selected for in vitro maturation (IVM).
These immature COCs were cultured in 500 pl of
modified bicarbonate buffered TCM-199 (Gibco-BRL
Life Technologies, Belgium) supplemented with 20%
heat-inactivated foetal calf serum (FCS) (Biochrom
AG, Germany) in groups of 30-100 for 24 h at 39 °C
and 5% CO, in humidified air.

Frozen-thawed bull semen was centrifuged on a
Percoll gradient (45 and 90%; Pharmacia, Sweden) and
washed. The sperm concentration was determined using
a Biirker chamber. The sperm suspension was diluted in
IVF-TALP medium (bicarbonate buffered Tyrode’s
medium supplemented with 6 mg BSA/ml) supplemen-
ted with 0.1 U/ml heparin. Mature oocytes were
washed in IVF medium and placed in groups of 100
in a four-well plate containing 250 .l of IVF medium in
each well. Oocytes were cultured with 250 pl of the
sperm suspension to obtain a final concentration of
1 x 10° spz/ml in the well. Oocytes and sperm were co-
incubated at 39 °C in 5% CO, for 24 h.

At 24 h post-insemination (hpi), presumptive zygotes
were denuded of the remaining cumulus cells and
attached sperm cells, and washed. Groups of 25 embryos
were placed in 50 w1 droplets of SOF supplemented with
5% foetal calf serum, and covered with mineral oil. The
embryos were incubated at 39 °C in 5% CO,, 5% O, and
90% N, for 6 days. After 6 days of culture, the blastocysts
obtained were analyzed for apoptosis.

2.2. Detection of apoptosis

2.2.1. Annexin-V staining

The staining was performed with Vybrant Apoptosis
Assay kit #3 (Invitrogen, V13242). During the whole
process, the reagents were kept at 37 °C to avoid false
positives. Cells were stained with Annexin-V, a phos-

pholipid binding protein that detects translocation of
phosphatidyl-serine to the outer cytoplasmic membrane,
which takes place during the early stages of apoptosis. At
the same time, cells were stained with propidium iodide
(PI), a membrane impermeable stain, to distinguish
between live cells and dead cells. PI can only enter the cell
when the cytoplasmic membrane has lost its integrity.

Briefly, samples were placed in 35 pl droplets
containing 1x Annexin-V buffer, Annexin-V/FITC, PI
and 1 mg/ml Hoechst 33342, and incubated for 15 min
at 37 °C in the dark. After incubation cells were
mounted on siliconized slides with vaseline bridges and
observed under a fluorescent microscope.

Denuded oocytes were classified in three groups,
representing (1) early apoptotic oocytes with intact
Hoechst positive nuclei and a homogeneous annexin
positive signal in the membrane (see Fig. 1A); (2) viable
oocytes, with intact Hoechst positive nuclei and no
annexin staining (see Fig. 1B); and (3) necrotic oocytes
which showed PI positive red nuclei, which is indicative
for membrane damage; in this last group, there were
occasionally signs of annexin staining in the membrane.
Oocytes showing a discontinuous green signal that came
from the remaining membrane of cumulus cells projec-
tions [49] were also considered to be viable non-apoptotic
oocytes (see Fig. 1C). While analyzing the oocytes, the
progression of nuclear maturation was also recorded.

COCs were evaluated as a whole mount preparation,
which made itimpossible to count the number of cumulus
cells positive or negative for annexin staining. We
evaluated the distribution of the stained cells instead. The
classification was the following: healthy COCs with no
cells stained; early apoptotic COCs with cells only stained
in green; necrotic COCs with cells only stained inred; and
COCs with apoptotic (green signal) and necrotic cells
(green and/or red signals). In this last group, we also
considered if apoptotic or necrotic cumulus cells were the
predominant in the whole COC (see Fig. 2A).

Fig. 1. Oocyte classification by Annexin-V staining: (A) Annexin-V positive (early apoptotic): a clear green signal is observed in the oocyte
membrane. (B) Oocyte Annexin-V negative: no signal in the ooplasmic membrane. (C) Oocyte Annexin-V negative: green heterogenous signal in
the ooplasmic membrane is considered to be a remnant of cumulus cell projections. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)
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Fig. 2. (A) Annexin-V staining in COC and (B) COC with some TUNEL-positive cells in the outer cumulus layers.

Blastocyst cell number was determined by Hoechst
staining, which let us to divide the blastocyst of each
diameter group in three additional classes: blastocysts
with less than 35 blastomeres; blastocysts containing
35-60 blastomeres; and blastocysts with more than 60
blastomeres. Classification of annexin-stained blasto-
meres was the same as used for oocytes (see Fig. 3).
Results were represented as: EACR (early apoptotic cell
ratio); LACR (late apoptotic cell ratio); and NCR
(necrotic cell ratio).

After evaluation of oocytes and COCs, cells were
washed four times in PVP (1 mg/ml polyvinyl-pyrroli-
done in PBS), fixed in 4% paraformaldehyde overnight
and used for TUNEL staining the day after. Blastocysts to
be used for TUNEL assay were fixed in paraformalde-
hyde without performing Annexin-V staining first to
avoid misinterpretation of the fluorescent signal.

2.2.2. TUNEL assay

Fixed samples were washed twice in 1 mg/ml PVP
and incubated in 0.5% Triton X-100 (in PBS) for 1 h at
room temperature. Afterwards, positive and negative

control samples were incubated with 0.1 U/ul DNAse
for 1 h at 37 °C. After DNAse treatment, the TUNEL
staining was performed with In Situ Cell Death
Detection Kit (Roche, 1684795) following the manu-
facturer’s instruction. The negative control was incu-
bated in the same conditions as the rest of the samples
but without enzyme Terminal deoxynucleotidyl trans-
ferase. Subsequently, samples were treated with 50 g
RNAse/ml for 1 h at room temperature in the dark, and
stained with 6.25 pg/ml propidium iodide for 15 min
before mounting them on slides. Samples were
evaluated by means of fluorescence microscopy.

Denuded oocytes were classified as: apoptotic, cells
with fragmented nuclei (TUNEL-positive, green) (see
Fig. 4A and B); and non-apoptotic, cells with intact
nuclei (TUNEL-negative, red) (see Fig. 4A and C). At
the same time, the nuclear maturation stage was
recorded.

COCs were evaluated as a whole mount, and the
COCs were classified depending on the distribution of
the TUNEL-positive cells: viable, in COCs with no
apoptotic cells; outer cumulus layers, when apoptotic

Fig. 3. Annexin-V staining in blastocysts: (A) Blastocyst with two apopotic and PI positive blastomeres and (B) the same blastocyst stained with

Hoechst.
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Fig. 4. TUNEL staining in oocytes: (A) MII-oocyte TUNEL-negative (red nucleus) with the polar body TUNEL-positive. (B) MI-oocyte TUNEL-
positive (yellow nucleus). (C) MI-oocyte TUNEL-negative. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)

cells where only located in the outer layers (see
Fig. 2B); and disperse, when apoptotic cumulus cells
were distributed evenly throughout the COC.

In blastocysts, we determined the apoptotic cell ratio
(ACRT, apoptotic cell ratio detected by TUNEL assay)
as the number of TUNEL-positive blastomeres in
relation to the total cell number of the blastocyst (see
Fig. 5). Total cell number in blastocysts was deter-
mined, and each diameter group was divided in three
additional classes as explained in annexin staining.

2.3. Experimental design

2.3.1. Experiment 1: Relationship between oocyte
diameter and prevalence of apoptosis in immature
and mature oocytes

The objective of the first experiment was to
evaluate if the degree of apoptosis in oocytes, before
and after maturation, was different depending on their
diameter. The oocyte diameter (without zona pellu-
cida) was measured in all COCs before IVM and they
were classified in three groups according to their size:
Group A, <110 pm; Group B, 110-120 pwm; Group C,
>120 wm [74]. Half of the COCs of each diameter

group were denuded in TCM-199 medium supple-
mented with 300 pwg/ml hyaluronidase (Sigma, USA)
at collection time to perform Annexin-V staining and
TUNEL assay before maturation (0h). The same
oocytes used for Annexin-V staining were washed,
fixed in paraformaldehyde 4% and stored at 4 °C until
their use for TUNEL assay. The rest of COCs were
placed in IVM droplets for 24 h, and after that
period the matured COCs were denuded to perform
Annexin-V staining and TUNEL assay after matura-
tion (24 h).

2.3.2. Experiment 2: Relationship between oocyte
diameter and prevalence of apoptosis in immature
and mature cumulus—oocyte complexes

The objective of the second experiment was to
evaluate if the degree of apoptosis in the COCs, before
and after maturation, was depending on the oocyte
diameter. The oocyte diameter was measured and
oocytes were classified in the same groups as specified
in the first experiment.

Each COC group was used to perform Annexin-V
staining and TUNEL staining at O h (before maturation)
and 24 h (after maturation).

Fig. 5. TUNEL assay in blastocysts: (A) Blastocyst with one positive cell (in yellow); (B) Blastocyst with no apoptotic cells (up) and blastocyst with
three TUNEL-positive cells (down). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)
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2.3.3. Experiment 3: Relationship between oocyte
diameter and prevalence of apoptosis in blastocysts
derived from differently sized oocytes

The objective of the third experiment was to study
the blastocyst rate and the degree of apoptosis in
blastocysts obtained from oocytes of different size.
Again, the diameters groups were the same as described
in experiments 1 and 2, but the size was measured
before in vitro culture (IVC) in denuded zygotes.

Cleavage rates were determined at 48 hpi for each
group. At 7 days post-insemination (dpi) half of the
blastocyst of each group were analyzed by annexin
staining, and the other half were fixed in paraformal-
dehyde 4% overnight and used for TUNEL assay the
day after.

2.4. Statistical analysis

Logistic regression analyses, including the effect of
replicate, were performed to compare the proportion of
TUNEL and Annexin-V positive cells in the different
groups of oocytes and COC, and to assess the
developmental competence among diameter groups.
The apoptotic cell ratio in blastocysts, detected by
Annexin-V staining and TUNEL assay in different
diameter groups, was analyzed using analyses of
variance, also including the effect of replicate.
Differences were considered significant when
P < 0.05. All analyses were performed using SPSS
12 for Windows (Analytical Software, Chicago, IL).

3. Results

3.1. Experiment 1: Relationship between oocyte
diameter and prevalence of apoptosis in immature
and mature oocytes

The results of Annexin-V and TUNEL staining in
bovine oocytes are represented in Table 1. When

Table 1

100% 1

80% 1 0O GVBD+
60% - O GVBD -
40% | GV+
20% H I_‘ BGV-
0% T T ]
<110 pm 110-120 pm >120 pm

Fig. 6. Distribution of nuclear stage and TUNEL outcome depending
on oocyte diameter before maturation. GV+ or GVBD+: oocytes at
GV or GVBD nuclear stage, respectively, that were positive for
TUNEL staining. GV— or GVBD—: viable oocytes at GV or GVBD
nuclear stage, respectively.

Annexin-V staining was performed, we could not detect
any statistical differences in the rate of early apoptotic
oocytes in the three oocyte groups either before or after
maturation. Less apoptosis was observed in mature than
in immature oocytes in Groups B and C when annexin
staining was used. Oocyte nuclear stage had no effect on
the outcome of Annexin-V staining.

When late apoptotic events were assessed, we
observed that the percentage of TUNEL-positive
oocytes was statistically higher in immature oocytes
with a diameter below 110 pm in comparison with
larger oocytes. The apoptotic rate decreased signifi-
cantly during maturation, with only 10.5% or less of
mature oocytes showing signs of late apoptosis and no
statistical differences in rate of apoptotic oocytes
between groups.

The relationship between nuclear stage and late
apoptotic events is represented in Figs. 6 and 7. Most of
the TUNEL-positive immature oocytes were at germ-
inal vesicle breakdown stage (GVBD), and this
proportion was statistically higher in oocytes with a
diameter below 110 pm. In mature oocytes the nuclear
stage had no effect on the TUNEL staining outcome,
and we observed that the proportion of oocytes reaching
metaphase II stage increased with oocyte diameter.

The incidence of early and late apoptosis, as assessed by Annexin-V and TUNEL staining in immature and in vitro matured bovine oocytes grouped

according to oocyte diameter

Oocyte diameter <110 pm 110-120 pm >120 pm

Total Apoptotic % Total Apoptotic % Total Apoptotic %
Immature Annexin 23 5 21.7 19 35.9! 64 13" 18.8!
Immature TUNEL 11 9 81.8% 11 20.8"! 53 9 17.0°
Mature Annexin 15 2 13.3 102 5 4.9% 81 2 2.52
Mature TUNEL 23 2 8.7% 152 11 7.22 124 13 10.5

Values in the same row with different superscripts (a,b) differ significantly (P < 0.05). Values in the same column and assay with different numbers

(1,2) differ significantly (P < 0.05).

* One oocyte stained with PI, and thus it can also be considered as necrotic.
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Fig. 7. Distribution of nuclear stage and TUNEL outcome depending
on oocyte diameter after maturation. MI+ or MII++: oocytes at MI or
MII nuclear stage, respectively, that were positive for TUNEL stain-
ing. DEG+: degenerate oocytes that were positive for TUNEL stain-
ing. GV—or GVBD—: viable oocytes at GV or GVBD nuclear stage,
respectively.

3.2. Experiment 2: Relationship between oocyte
diameter and prevalence of apoptosis in immature
and mature cumulus—oocyte complexes

The aim of the second experiment was to study if the
apoptosis degree of cumulus—oocytes complexes was
related to oocyte diameter.

When Annexin-V staining was performed, we did
not detect any difference among diameter groups before
maturation. It is important to notice that we observed
positive cells in the COCs of the three groups before and
after maturation. After maturation, a higher percentage
of COCs with early apoptotic cells was detected in
Group A in comparison to the other two groups. At the
same time, after maturation the proportion of COCs
with late apoptotic and/or necrotic cumulus cells was
significantly higher in Groups B and C (Table 2).

When TUNEL assay was performed in immature
COCs, we observed that the percentage of COCs with
apoptotic cells was statistically lower when the oocyte
diameter was 110-120 wm in comparison to the other
groups. Apoptotic cumulus cells were located exclu-
sively in the outer layers (Table 3).

During IVM, there was a significant increase in the
rate of COCs with apoptotic cells in Group B. We could
also observe that the distribution of the apoptotic cells in
the COCs varied during IVM: before IVM they were
almost only located in the outer cumulus cells (see
Fig. 2B), while after IVM, we observed a significant
increase in positive cells distributed in a dispersed way
in the COC in the two biggest groups (Table 3).

After maturation, there were no differences detected
among diameter groups. The percentage of COCs
showing no apoptotic cumulus cells was higher in the
largest group, but it was not statistically different
(Table 3).

3.3. Experiment 3: Relationship between oocyte
diameter and prevalence of apoptosis in blastocysts
derived from differently sized oocytes

Cleavage rate in embryos originating from oocytes
with the smallest diameter was 50%, which was
significantly lower than for embryos in the other
groups (Table 4). Furthermore, blastocyst rate was
significantly higher in Groups B and C when compared
to the smallest group (<110 pwm: 9.18%; 110-120:
21.20%; >120: 23.97%) (Table 4). Relation blastocyst
rate/cleavage was also higher in the embryos coming
from oocytes with the largest diameters (18.36% in
Group A versus 36.63% and 40.81% in Groups B and C,
respectively) (Table 4). Moreover, none of the
blastocysts in Group A were hatched at 7 dpi.

Blastocysts from the Group C showed significantly
less late apoptotic and necrotic cells than Group B when
annexin staining was performed (late apoptotic: Group
B, 3.75%; Group C, 1.57%; Necrotic: Group B, 1.33%;
Group C, 0.22%) (Table 5). We detected no differences
in ACRT among diameter groups when TUNEL assay
was performed (Group A, 12.37%; Group B, 12.28%;
Group C, 12.54%).

We also evaluated the apoptosis rate among the
different groups depending on blastocyst cell number
(Table 6). We detected significant differences among

f:i:x?n staining in COCs before and after maturation depending on oocyte diameter

Annexin <110 pm 110-120 pm >120 pm

staining N Viable EA LA/Necrotic N  Viable EA LA/Necrotic N  Viable EA LA/Necrotic
(%) (%) (%) (%) (%) (%)

Immature COC 15 0 0 15 (100) 40 0 2 (5) 38 (95) 43 0 3(6.98) 40 (93.02)

Mature COC 15 0 3*(20)  12* (80) 61 0 2°(328) 59%(9672) 60 O 0° 60° (100)

Values in the same row and different diameter and classification group, with different superscripts (a,b or a,3) differ significantly (P < 0.05). N, total

complexes evaluated; EA, early atretic; LA, late atretic.
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Table 3

TUNEL assay in COCs before and after maturation depending to oocyte diameter

>120 pm

110-120 pm

<110 pm

TUNEL assay

Distribution of apoptotic

Viable
(%) cells (%)

Total

Distribution of apoptotic

cells (%)

Viable
(%)

Total

Distribution of apoptotic

cells (%)

Viable
(%)

Total

Dispersed

Outer cumulus

layers

Dispersed

Outer cumulus

layers

Dispersed

Outer cumulus

layers

49! (80.33) 0!

412 (59.42)

12 (19.67)
12 (17.39)

0! 61

34P (58.62)
43 (66.15)

24°1 (41.38)
4% (6.15)

0 58

16%' (100)
162 (69.56)

0*

16
23

Immature COC
Mature COC

16 (23.19)

69

182 (27.70)

65

6 (26.10)

1 (4.35)
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Values in the same row and different diameter and classification groups with different superscripts differ significantly (a,b or «,3). Values in the same column with different superscripts (1,2) differ

significantly (p > 0.05).

groups in the necrotic cell ratio when blastocysts had
more than 35 blastomeres. The ACRT in blastocysts
with more than 60 cells was significantly lower in the
largest oocyte group compared to Group B. We
observed that the early apoptotic cell ratio and ACRT
in blastocysts within the same diameter group decreased
with increasing cell numbers.

4. Discussion

Oocyte quality is the most important parameter that
will determine blastocyst rate (reviewed by ref. [9]).
Generally, COC morphology is used as a selection
parameter of oocyte quality because a relationship
between bovine oocyte morphology and developmental
competence has been established [50]. In addition to
COC morphology, oocyte diameter can also be used as a
non-invasive parameter, since a relationship between
oocyte diameter and its developmental competence has
been shown [39,51]. In this study, we combined two
non-invasive selection parameters in order to select for
oocytes of different quality and to assess possible
effects on blastocyst rate and quality in terms of
incidence of apoptosis.

In this study, apoptosis assessed by Annexin-V
staining and TUNEL assay was detected in both
immature and mature oocytes. Several studies on the
incidence of apoptosis in bovine oocytes show contra-
dictory results: Yuan et al. [25] detected no apoptotic
oocytes before and after maturation, while Warzych
et al. [52] and Matwee et al. [53] observed apoptosis
both in mature (11.2 and 23%, respectively) and
immature oocytes (1.4 and 7%, respectively). More-
over, apoptosis has also been observed in ovulated
murine oocytes [49,54], ovulated human oocytes [49]
and in vitro-matured human oocytes [55]. In our study,
apoptosis detected in immature oocytes by both
Annexin-V and TUNEL staining was higher than in
the studies reported previously. Maturation reduced the
occurrence of apoptosis in all groups of oocytes
analyzed, with similar results for mature oocytes than
those from Warzych et al. [52]. Although a negative
effect of culture in vitro in the incidence of apoptosis in
oocyes has been reported [49,56,57], our results do not
show a negative influence of in vitro maturation on
oocyte quality in terms of apoptosis, which have also
been observed by Van Blerkom and Davis [49], who
reported a reduction of apoptotic incidence in oocytes
cultured for 4 days. Discrepancies among authors about
the effect of in vitro maturation on the incidence of
apoptosis could be due to differences in media
composition [52]. However, we cannot exclude the
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Table 4

Embryos developing from oocytes with different diameters

Oocyte diameter N Cleavage at Hatched blastocysts Total blastocyst Blastocyst/cleavage
4 dpi (%) at 7 dpi (%) rate (%) (%)

<110 pm 294 147 (50)* 0 27 (9.18)* 18.36"

110-120 pm 1047 606 (57.88)° 3(0.29) 222 (21.20)° 36.63"

>120 pm 584 343 (58.73)° 4 (0.68) 140 (23.97)° 40.81°

Values in the same column with different superscripts (a,b) differ significantly (P < 0.05).

Table 5

Detection of apoptosis in day 6 blastocysts from oocytes of different diameter

Oocyte, @ (um) Annexin-V staining

TUNEL assay

Blastocysts EACR LACR NCR Blastocysts Apoptotic cell ratio

evaluated (mean £+ S.D.) (mean £ S.D.) (mean £+ S.D.) evaluated (mean + S.D.)
<110 pm 13 6.49 + 3.84 3.36 4+ 6.34*° 1.65 +2.82%° 11 12.37+7.23
110-120 pm 75 9.74 + 8.00 3.75 £+ 5.66% 1.33 +£2.37% 67 12.28 £ 16.35
>120 pm 45 8.56 + 7.87 1.57 +2.61° 0.22 +0.86° 56 12.54 + 8.59

Values in the same column with different superscripts (a,b) differ significantly (P < 0.05). EACR, early apoptotic cell ratio; LACR, late apoptotic

cell ratio; NCR, necrotic cell ratio.

possibility that manipulation may have induced an early
stage of atresia in our immature oocytes, which would
be reverted by our in vitro culture conditions.
Differences in the incidence of apoptosis in oocytes
among the diameter groups studied was only observed
in immature oocytes, and the smallest oocytes showed
the highest rates of late apoptosis. After in vitro
maturation, no differences were detected among groups.
These results could indicate: (1) the quality of the
smallest oocytes, as assessed by apoptosis detection, is

lower than the largest oocytes, which would be reflected
in the low blastocyst yield obtained from these oocytes;
or (2) the smallest oocytes have not yet finished their
growth period, and may be they are more sensitive than
the largest oocytes to manipulation.

We detected an effect of nuclear stage on the
incidence of late apoptotic events in immature oocytes:
most of the apoptotic oocytes had already resumed
meiosis (<110 pm: 88.88%; 110-120 pm: 90.91%;
>120 wm: 77.77%), while the proportion of oocytes at

Table 6
Detection of apoptosis in day 6 blastocysts from oocytes of different diameter depending on blastocyst cell number
Oocyte, @ Annexin-V staining TUNEL assay
Blastocysts Early apoptotic cell Late apoptotic cell Necrotic cell Blastocysts Apoptotic cell
evaluated ratio (mean + S.D.) ratio (mean + S.D.) ratio (mean + S.D.) evaluated ratio (mean + S.D.)
<35 cells
<110 pm 0 0 0 0 0
110-120 pm 9 19.95 + 631" 8.86 +9.13" 2.01 £+ 4.00 8 37.34 £ 31.10"
>120 pm 7 18.79 + 8.382 2.99 £+ 4.54 0.71 + 1.88 6 19.68 + 14.58"
35-60 cells
<110 pm 7 7.09 £ 3.60 5.09 + 8.45 2.45 £+ 3.62° 4 19.68 + 5.53"
110-120 pm 31 11.40 + 8.112 434 £+ 59312 1.43 £2.35*° 12 16.27 + 16.99°
>120 pm 13 10.90 + 8.65' 1.92 £2.67 0.18 £ 0.66" 11 14.62 +£9.38"2
>60 cells
<110 pm 6 5.78 £4.33 1.34 £ 1.26 0.72 £ 1.21*° 7 8.20 £ 3.99%
110-120 pm 35 5.65 & 4.95° 1.91 £ 2.89° 1.07 + 1.83° 47 7.00 £ 5.04*
>120 wm 25 4.49 +2.817 1.00 + 1.67 0.11 &+ 0.40° 39 10.68 + 6.60™

Values in the same column and blastocyst cell class (<35 cells, 35-60 cells or >60 cells) and with different superscripts (a,b) differ significantly
(P < 0.05). Values in the same column and diameter group (<110 pm, 110-120 pm, >120 um) and with different superscripts (1,2) differ
significantly (P < 0.05).
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GVBD stage decreased in the non-apoptotic ones
(<110 pm: 50%; 110-120 wm: 57.14%; >120 pm:
72.72%). No immature oocyte beyond GVBD was
detected. These results would be in accordance with
Warzych et al [52] who detected that the apoptotic rate
was higher in “immature” oocytes that had reached MI
or MII (50%), than those that still were at GV (0.70%). It
has been suggested that apoptosis is a mechanism to
eliminate oocytes that have resumed meiosis inside the
follicle. Therefore, apoptosis in our immature oocytes
could be a signal that they come from follicles that could
not maintain meiotic arrest in those oocytes. In which
way this premature meiotic resumption could affect
blastocyst rate should be further studied, although it has
been suggested that oocytes showing early signs of
atresia suffer a phenomenon similar to maturation [58],
which confer higher embryonic developmental compe-
tence [40]. de Witet al. [45] also found that COC showing
morphological characteristics of early stage of atresia
seemed to mature in vitro faster than healthy COCs,
because of a premature oocyte-cumulus uncoupling.
Several studies have concluded that the detection of
the incidence of apoptosis in COCs could be a good
indicator of oocyte developmental competence
[46,59,60]. Cumulus cells and oocytes communicate
in a bidirectional way through gap junctions [61].
Cumulus cells play an important role in maintaining
oocyte meiotic arrest, support oocyte cytoplasmic
maturation and participate in the induction of meiotic
resumption (reviewed by ref. [35]). In addition,
presence of cumulus cells during in vitro maturation
is essential to improve blastocyst rate [34], maybe due
to the protective effect of the cumulus cells against
oxidative stress that could induce apoptosis in the
oocytes [62]. Our second experiment tried to establish if
differences in blastocyst rate among oocyte diameters
could be related to the incidence of apoptosis in the
corresponding cumulus cells. At the time of collection,
we observed that most of the apoptotic cumulus cells
were located in the outer layers, which is in accordance
with the results of Yuan et al. [46]. The absence of
apoptotic cumulus cells in the corona of the COC is
explained by the anti-apoptotic effect of a gradient of
paracrine factors secreted by the oocyte, probably
BMP15 (Bone morphogenetic protein-15) and BMP6
[63]. A differential distribution of the late apoptotic
cumulus cells detected by TUNEL before and after [VM
was observed, indicating that they distribute in a more
dispersed way when in vitro maturation progresses.
Moreover, after maturation there was an increase in the
percentage of COCs showing late apoptotic cumulus
cells in Group B. Yuan et al. [46] and lkeda et al. [64]

obtained similar results and they detected an increase of
apoptotic cumulus cells after maturation, detected by
TUNEL and ligation mediated-PCR, respectively.

Annexin-V assay in COCs revealed that, after
maturation, the percentage of COCs showing late
apoptotic cells was higher in Groups B and C than in
Group A, which had more COCs with early apoptotic
cumulus cells. These results could also indicate a
deficiency in cumulus expansion and maturation in
COCs containing the smallest oocytes. In fact, it was also
observed that only 43.47% of the smallest oocytes were
able to reach metaphase II after in vitro maturation, while
the percentage of MII oocytes increased up to 78.94 and
81.45% in Groups B and C, respectively.

Apoptosis incidence is related to embryo quality [65].
Apoptosis plays a very important role during pre- and
post-implantation development, removing abnormal
cells or cells that are no longer required and controlling
the embryo cell number. The protective role of apoptosis
in the pre-implantation period can turn into damage if the
incidence in the embryo is very high. However, a
detrimental threshold of apoptosis incidence has not been
established yet, and therefore consequences of apoptotic
incidence in blastocysts are difficult to assess. Our results
of apoptosis rate in bovine blastocysts show no
differences in ACR among diameter groups when
TUNEL assay was performed (average about 12%).
Other studies using TUNEL assay in in vitro produced
blastocysts showed an average apototic index of either
10.3% [66], 4-9% [67], 12% [68] and 9.8-14.2% [69],
which is very similar to our results. In addition to TUNEL
assay, Annexin-V staining was also performed to analyze
apoptosis in blastocysts, and we observed a reduction of
late apoptotic cell ratio and necrotic cell ratio in
blastocysts of Group C. Apoptosis incidence, although
lower than in blastocysts produced in vitro, has been also
observed in in vivo bovine, porcine, rodent [67], primate
and human blastocysts [70]. Therefore, it is difficult to
determine in what extent the apoptosis detected in our
blastocysts can affect their quality. However, as we did
not detect any difference in developmental competence
among Groups B and C, we can establish that the
differential incidence of late stage of apoptosis and
necrosis detected in blastocysts derived from each
diameter group seems to have no effect on the blastocyst
rate.

The incidence of apoptosis is variable during embryo
development: it has been reported that it appears after
compaction in human embryos, and varies during
progression of blastocyst stage [71], while in murine
blastocysts there is a wave of death cell during blastocyst
expansion and minimal levels of apoptosis incidence are
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found in the late blastocyst stage, before implantation
[67,72]. We separated our blastocysts in three additional
groups depending on their cell number to study if
apoptosis in bovine blastocysts varies depending on the
stage too. In most cases, we observed a decrease in ACR
as the cell number increased, both with Annexin-V and
TUNEL assay, in all diameter groups. This decrease in
apoptosis incidence is explained by the increase of
blastocyst cell number rather than a reduction of the total
apoptotic blastomeres in the blastocyst.

Our results of developmental competence indicate
that cleavage and blastocyst rate increased with oocyte
diameter, as shown in previous studies [39,51].
Considering our results on the incidence of apoptosis
in oocytes, cumulus cells and blastocysts, it is difficult
to find a clear relationship between the parameters
analyzed and developmental competence of the oocyte.
Although we found a higher apoptosis rate in the
smallest oocytes at the time of collection time, the
reduction found after maturation may indicate that it is
not the main cause of the reduced developmental
competence of these oocytes. On the other hand, we
observed more apoptosis in cumulus cells of the
smallest oocytes at collection time, which could be
indicative for the low developmental potential of these
oocytes. However, it is difficult to affirm that it is the
only cause of the reduced blastocyst rate achieved in
these oocytes. It is accepted that small oocytes have less
developmental competence due to an insufficient
cytoplasmic maturation, and they normally do not
reach the blastocyst stage because of a lack of
accumulation of RNA and proteins, necessary to
maintain embryonic development beyond the embryo-
nic genome activation [12], which takes place in bovine
embryos at the 8—16 cell stage [73]. Therefore, it seems
more probable that the reduced developmental compe-
tence of the smallest oocytes is due to the fact that they
have not yet finished their growth rather than a higher
incidence of apoptosis.

In conclusion, oocyte selection by COC morphology
is not enough to select only non-apoptotic COCs. The use
of oocyte diameter as an additional selection parameter
helps to select the most competent oocytes, but this
developmental competence is not related to a difference
in incidence of apoptosis among oocyte diameters.
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ABSTRACT

Oocyte population recovered from prepubertal goats is very
heterogeneous, and strict selection criteria are needed to recover the
healthiest and most competent oocytes. The aim was to study apoptosis,
assessed by TUNEL assay, in prepubertal goat COCs from different diameters
and morphology, and its effect in embryo development. Oocytes were divided
in three categories depending on the diameter: A: 110-125 pm, B: 125-135 pm
and C: >135 pum. Each diameter category was classified in two groups
depending on COC morphology: Healthy (H: compact cumulus layers and
homogeneous cytoplasm) or Early atretic €A: granulated cytoplasm and/or
dispersed cumulus layers). TUNEL assay was performed in COCs before and
after maturation, and in blastocysts. Before maturation, apoptosis in oocytes
and cumulus cells (CCs) was related to oocyte diameter, only in H group
(oocytes, A: 51. 6 %, B: 43.3 %, C: 12.1 %; CCs, A: 91.5 %, B: 65.8 %, C: 64.9
%). After IVM, the oocyte apoptosis decreased in the largest oocytes, in both
morphology groups; on the contrary, the apoptosis increased in CCs. The
blastocyst rate increased with increasing oocyte diameter, and it was higher
in H than in EA oocytes (HA: 0%, HB: 5.3 %, HC: 14.4 %; EA A: 0.3 %, EAB: 4.1
%, EA C: 5.1 %). COCs diameter and morphology had no effect on the
percentage of apoptosis in blastocysts cells. In conclusion oocyte
developmental competence in prepubertal goats is influenced by oocyte
diameter and COC morphology. Apoptosis in oocytes and cumulus cells could

affect embryo development, but not prevalence of apoptotic blastocyst cells.

Keywords: apoptosis, oocyte, goat, TUNEL assay
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1. INTRODUCTION

Apoptosis is a type of programmed cellular death that allows the
regulation of biological processes, such as morphogenesis and tissular
homeostasis, through the removing of abnormal cells or cells that are no
longer required (Steller, 1995). In the ovary, apoptosis is the responsible of
follicular atresia, by which most of the follicles present at birth are lost
during further development. Follicular atresia can occur at any stage of
follicular development, but the follicular compartment where atresia initiates
differs: in antral follicles, atresia is initiated with degeneration of granulosa
cells (Irving-Rodgers et al., 2001) and the oocyte is only affected during the
last stage of follicular atresia (Driancourt et al., 1991; Yang and
Rajamahendran, 2000; Yang and Rajamahendran, 2002); however, in preantral
follicles, cell death is often initially observed within the oocyte (Marion et al.,
1968; Reynaud and Driancourt, 2000). Not only the compartment initially
affected, but also the mechanism of granulosa cell death varies depending on
follicle size (Alonso-Pozos et al., 2003). The process of atresia occurs
continuously from birth until the complete depletion of the follicle pool
(Hirshfield, 1991; Hsueh et al., 1994; Kaipia and Hsueh, 1997), and more than
half of follicles present in an ovary in a certain moment are undergoing
atresia at different stages (Kruip and Dieleman, 1982). This is especially
important when slaughtered female ovaries are used as source of oocytes for
in vitro embryo production, which means that most of these oocytes may
come from atretic follicles and, therefore, blastocyst production might be

impaired.

Many approaches have tried to find out the parameters that confer
oocyte developmental competence, such as stage of the estrous cycle
(Hagemann et al., 1999), hormonal patterns (Kruip and Dieleman, 1982),
composition of follicular fluid (Anifandis et al., 2005; Chang et al., 2002; Chiu
et al., 2002; Wunder et al., 2005), follicular diameter (Blondin and Sirard,
1995; Crozet et al., 1995; Hagemann et al., 1999; Lonergan et al., 1994) and

follicular atresia (Blondin and Sirard, 1995). However, the recovery of oocytes
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from slaughtered female ovaries for in vitro embryo production makes
difficult the use of some of those parameters to select the most competent
oocytes. In addition, when prepubertal goats are used as oocyte donors,
oocyte recovery must be done by slicing the ovarian surface, and not by
follicular aspiration as in adults, which let us the obtaining of a high number
of oocytes but without considering diameter of follicles or their degree of
atresia. Consequently, the oocyte population recovered from prepubertal
goats is very heterogeneous, and therefore a strict selection must be done in

order to select the most competent oocytes.

Cumulus-oocyte complex (COC) morphology is a good selection
parameter since it is related to the grade of atresia of the follicle that
comprises it (Blondin and Sirard, 1995; de Wit et al., 2000). The strong
relationship between cumulus cells and the oocyte through gap junctions
allows the interchange of molecules in a bidirectional way (Tanghe et al.,
2002); therefore, any factor that could affect cumulus cells, such as
apoptosis, can also be reflected in a lower oocyte quality and, as a
consequence, in vitro embryo production can be impaired. In general, it is
accepted that COCs that come from non-atretic follicles present a compact
cumulus cell layers and homogeneous oocyte cytoplasm (de Wit et al., 2000)
and have higher developmental competence (Corn et al., 2005; Lee et al.,
2001; Yuan et al., 2005; Zeuner et al., 2003). However, contradictory results
have been obtained in other studies, concluding that COCs showing mild signs
of atresia yield higher blastocyst rate (Blondin and Sirard, 1995; Boni et al.,
2002; de Wit et al., 2000; Hazeleger and Stubbings, 1992).

The study of apoptosis in oocytes can be also a good marker of oocyte
guality and its capability to develop into a viable embryo. Moreover, some
evidence support the idea that apoptosis in oocyte can also affect embryo
quality, due to the presence of molecules that regulate the apoptotic
mechanism in the stored maternal mRNA in the oocyte (Exley et al., 1999;
Jurisicova et al., 1998; Metcalfe et al., 2004) which is used to maintain oocyte

maturation, fertilization and embryo development until the embryonic
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genome activation (Bachvarova, 1992; Gandolfi and Gandolfi, 2001), or the
strong effect that maternal genotype have in the cellular fragmentation of
the embryo (Han et al., 2005). Apoptosis in blastocyst is a feature of normal
development (Hardy, 1997); however, high incidence of apoptosis in
blastocyst results in a compromise of embryonic development and may lead to
formation of abnormalities in the fetus (Brison and Schultz, 1997). Therefore,
apoptosis in the oocyte can be reflected not only in a lower developmental
competence, but in a decrease of embryo quality assessed in terms of
incidence of apoptosis in blastocysts obtained. However, few approaches have
been made in order to find out characteristics in the oocyte related to
apoptosis, and only oocyte diameter has been related to level of atresia in the
COC (de Wit and Kruip, 2001).

TUNEL assay was developed by Gavrieli et al. (1992). This technique
allows the identification of apoptotic cells by the use of an enzyme, the
terminal deoxynucleotidil transferase (Tdt), which catalizes the addition of
labelled dUTPs to the fragmented DNA. This method allows the analysis of
individual cells, so that apoptotic cells can be located and its percentage
quantified. Many authors have used TUNEL assay in apoptosis detection in
oocytes and embryos from many species (bovine: Warzych et al., 2007; Yuan
et al., 2005; Zeuner et al., 2003; murine: Brison and Schultz, 1997; human:

Corn et al., 2005; Jurisicova et al., 1998; porcine: Kidson et al., 2004).

The aim of the present study was to evaluate the influence of apoptosis
in oocytes and cumulus cells, assessed by TUNEL assay, in oocyte capability to
reach blastocyst stage and blastocyst quality. In addition, the use of COC
morphology and oocyte diameter as parameters to select the most competent

oocytes was also evaluated.
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2. MATERIAL AND METHODS
Unless otherwise indicated, all chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO).

2.1. Oocyte collection and IVM

Ovaries from prepubertal goats, approximately 2 months old, were
recovered from a local slaughterhouse and transported within 2 hours to the
laboratory at 38.5 °C in PBS (Qulbecco’s phosphate-buffered saline, P-4417)
with 50 pg/mL gentamycin (G-3632). Ovaries were washed three times and
COCs (cumulus-oocyte complexes) were recovered by slicing in TCM199 (M-
2520) supplemented with 2.2 mg/mL NaHCOs, 2% (v/v) steer serum (Donor

Bovine Serum? , CanSera, Canada) and 50 ?g/mL gentamycin.

COCs were matured in TCM199 medium (M-7528) supplemented with
275 ?g/mL sodium pyruvate (P-3662), 146 pg/mL L-glutamine (G-5763), 10%
(v/v) steer serum, 10 pg/mL o-LH (L-5269), 10 pg/mL o-FSH (F-4520), 1 pg/mL
17-B estradiol (E-2257), 400 pM cysteamine (M-9768) and 50 pg/mL
gentamycin (G-3632). Groups of 20-25 COCs were transferred to 100 pL
microdrops of maturation medium under mineral oil (M-3516) and incubated
for 27 hours at 38.5 °C in a humidified air atmosphere with 5% CO..

2.2. Sperm capacitation and IVF

Fresh semen was collected from two males of proven fertility and
transported to the laboratory at 38.5 °C within 30 minutes. Motility of the
ejaculates was evaluated under a stereomicroscope. Motile sperm fraction
was separated by the swim-up method (Parrish et al., 1986), whereby 70 pL of
sperm were layered below 2 mL of mDM (Defined medium, Brackett and
Oliphant, 1975; modified by Younis et al., 1991), and incubated for 45 min at
38.5 °C in a humidified air atmosphere with 5% CO,. After incubation, the
supernatant was recovered and centrifuged at 170 x g for 3 minutes. The

pellet was resuspended in mDM (1:1; v/v) containing heparin (H-3149) and

108



ionomycin (1-0634) (Final concentration: 10 pg/mL heparin and 200 nM of
ionomycin) and incubated for 15 min in a humidified air atmosphere with
5%CO, and 38.5 °C (Wang et al., 2002). Sperm concentration was determined

using a Neubauer chamber cell.

After maturation, groups of 20 to 25 oocytes were transferred to 100 pL
microdrops of modified Tyrode’s medium (TALP) as described by Parrish et al.
(1986), supplemented with 1 pg/mL hypotaurine (H-1384) and 0.3 mg/mL
glutathione (G-6013) under mineral oil. Oocytes were co-cultured with
capacitated spermatozoa in a final concentration in the microdrop of 4 x 10°

sperm cells/mL.

2.3. In vitro embryo culture

At 24 hours post-insemination, presumptive zygotes were washed to
remove both remnant cumulus cells and attached sperm cells. Groups of 18-25
embryos were placed in 50 pl droplets of SOF medium (Synthetic Oviductal
Fluid, Holm et al., 1999) and covered with mineral oil. The embryos were
incubated at 38.5°C in 5% CO5, 5% O, and 90 % N, for 7 days. At 48 hpi, 0.1 pL
fetal bovine serum (F7524) per embryo was added to the medium. At the end
of the culture period (8 days post-insemination), total cell number of embryos
was evaluated by Hoechst 33342 staining (B-2261) under a fluorescence

microscope.
2.4. TUNEL Assay (Tdt-mediated dUTP nick-end labelling)

Samples were fixed in 4% paraformaldehyde overnight before
performing TUNEL assay. Fixed samples were washed twice in 1 mg/mL PVP
and incubated in 0.5% Triton X-100 (in PBS) for 1 hour at room temperature.
Afterwards, positive and negative control samples were incubated with 0.1 U/
puL DNAse for 1 hour at 37 °C. After DNAse treatment, the TUNEL staining was
performed with In Situ Cell Death Detection Kit (Roche, 1684795) following

the manufacturer’s instruction. The negative control was incubated in the
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same conditions as the rest of the samples but without enzyme Terminal
deoxynucleotidyl transferase. Subsequently, samples were treated with 50 g
RNAse /mL for 1 hour at room temperature in the dark, and stained with 6.25
pg/mL propidium iodide for 15 minutes before mounting them on slides.

Samples were evaluated by means of fluorescence microscopy.

Denuded oocytes were classified as: apoptotic, cells with fragmented

green nuclei; or non-apoptotic, cells with intact red nuclei.

COCs were classified as: (1) Non-apoptotic COCs, if they did not show
any apoptotic cumulus cells or (2) Apoptotic COC, when apoptotic cumulus
cells were observed. The percentage of apoptotic cumulus cells in the whole

COC was also recorded.

In blastocysts, apoptotic cell ratio (ACR) was determined as the number
of TUNEL positive blastomeres in relation to the total cell number of the

blastocyst.

2.5. Experimental design

All the COCs and oocytes necessary for one replicate of each
experiment were obtained the same day. At least three replicates of each

experiment were performed.

Recovered COCs from prepubertal goat ovaries were classified in two
groups depending on their morphology: Healthy (H): oocytes with
homogeneous cytoplasm and compact cumulus cells, and; Early atretic (EA):
oocytes with heterogeneous cytoplasm and/or cumulus cells with initial
expansion (based on the classification described by Bilodeau-Goeseels and
Panich, 2002). Subsequently, oocyte diameter was measured, and COCs were
classified in three additional groups: A: 110-125 um; B: 125-135 ym; and C:
>135 um (Anguita et al., 2006).
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Samples used for apoptosis analysis were randomly collected from each
one of the 6 experimental groups and evaluated at two points of time: before
IVM (0 h) and after maturation (27 h). Apoptosis evaluation was performed

both in cumulus cells and denuded oocytes by TUNEL assay (see figure 1).

COCs that were not used for apoptosis detection were fertilized in vitro
after 27 h of in vitro maturation, and, at 24 hour post-insemination (hpi),
presumptive zygotes were placed in droplets and cultured in vitro for
additional 7 days. Each droplet contained only embryos from the same
morphology and diameter group. After the in vitro culture, blastocysts
obtained were fixed in paraformaldehyde 4%. Apoptosis in blastocysts was
evaluated by TUNEL assay the day after, and the blastocyst cell number was
recorded at the same time by propidium iodide counterstaining. The rest of
the embryos were stained with Hoechst in order to determine their cell

number.

2.6. Statistical analysis

Data was analyzed using the statistical program Graph-Pad Instat 3.01
for Windows 95 (Graph-Pad software, San Diego, California, USA). Fisher’s
exact test was performed to compare the proportion of TUNEL positive cells in
the different groups of oocytes and cumulus cells, and to assess the
developmental competence among diameter groups. The apoptotic cell ratio
in blastocysts from different diameter groups was analyzed using an unpaired
test with Welch’s correction. Differences were considered significant when
P<0.05.
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3. RESULTS

3.1. Relationship between oocyte diameter and COC morphology and

prevalence of apoptosis in immature and mature oocytes

In table 1, apoptosis in oocytes assessed by TUNEL assay are shown. In
healthy immature oocytes, apoptosis detection decreased in the largest
oocytes (A: 51.6%; B: 43.3%; C: 12.1%). Unexpectedly, the apoptotic rate in
110-125 and 125-135 pm oocytes was higher in Healthy than in Early Atretic
oocytes (51. 6 and 43.3% vs. 11. 7 and 19. 8%, respectively).

After maturation, a reduction of apoptosis with increasing oocyte
diameter was detected in Healthy oocytes (A: 31.7%; B: 12 %; C: 0%), but not
in Early Atretic oocytes. In addition, a reduction of apoptosis during

maturation was observed in most groups.

3.2. Relationship between oocyte diameter and COC morphology and

prevalence of apoptosis in immature and mature cumulus-oocyte-complexes

Results of apoptosis in cumulus cells are shown in table 2. In Healthy
immature COCs, a decrease of the percentage of apoptotic COCs with
increasing oocyte diameter was detected (A: 91.5%; B: 65.7%; C: 64.9%), while
no statistically significant differences between diameter groups were
observed in the COCs classified as Early atretic. After IVM, an increase of the
percentage of COCs showing apoptotic cumulus cells was observed in most

diameter groups in both Healthy and Early atretic morphologies.

During maturation the distribution of the apoptotic cumulus cells
varied: while before maturation apoptotic cumulus cells were mostly located
in the outer cumulus layers, after maturation they were distributed in a more
dispersed way. Moreover, after IVM apoptotic cumulus cells were distributed

in a more dispersed way throughout the cumulus layers in COCs classified as

112



early atretic in comparison to COCs classified as Healthy (personal

observation).

Table 3 shows proportion of apoptotic cumulus cells after IVM. No data
before maturation is shown because compactness of cumulus layers could
impair the effectiveness of the assay used. After maturation, the proportion
of apoptotic cumulus cells was lower in the smallest Early Atretic COCs, which
showed the higher percentage of COCs with apoptotic rate lower than 10% (A:
82.9%; B: 56.1%; C: 60.4), than in the two largest groups, where the
proportion of COCs with apoptotic rate in their cumulus cells between 25 and
50% was higher (A: 8.6%; B: 38.6%; C: 37.7%). Moreover, it was observed a
higher incidence of apoptotic cumulus cells in the two largest COCs from the

Early Atretic classification in comparison to the Healthy ones.

3.3. Relationship between oocyte diameter and COC morphology and

prevalence of apoptosis in blastocysts.

Embryo development, in terms of total embryos obtained and
blastocyst rate, improved with increasing oocyte diameter in both morphology
classes (table 4). However, Healthy oocytes yielded higher blastocyst rate in
the largest group than Early Atretic oocytes from the same diameter group
(14.9% vs. 5.1%, respectively) (P<0.05). In addition, proportion of degenerated
embryos was higher in the Early Atretic class. Blastocyst quality was evaluated
in terms of apoptotic rate assessed by TUNEL assay (table 4), and no

differences were found among diameter groups or morphology classes.

4. DISCUSSION

Oocyte competence to reach blastocyst stage is related to diameter of
follicle from which is recovered (bovine: Blondin and Sirard, 1995; de Wit and
Kruip, 2001; Kauffold et al., 2005; Lequarre et al., 2005; Lonergan et al.,
1994; buffalo: Raghu et al., 2002; goat: Crozet et al., 1995) and, at the same
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time, follicle diameter determines the diameter of the oocyte that contains
(bovine: Arlotto et al., 1996; goat: Crozet et al., 2000; de Smedt et al., 1994;
buffalo: Raghu et al., 2002). Not only follicular diameter, but also follicular
atresia has been described as an important parameter that influence oocyte
developmental competence: some authors found that COCs showing mild signs
of follicular atresia contained oocytes with higher developmental competence
(Blondin and Sirard, 1995; de Wit et al., 2000), while others concluded that
only non-atretic COCs yielded higher blastocyst rate (Corn et al., 2005; Lee et
al., 2001; Yuan et al., 2005; Zeuner et al., 2003). Moreover, oocyte diameter
seems to influence level of atresia in cumulus cells, as an increasing oocyte
diameter is accompanied by an increasing level of atresia (de Wit and Kruip,
2001). The aim of this work was to study whether COC morphology and oocyte
diameter influenced the incidence of apoptosis in oocytes and cumulus cells
and their developmental competence in prepubertal goats, as well as embryo
quality, in order to introduce the use of these parameters to select only the

most competent oocytes.

In the present study, oocyte ability to reach blastocyst stage increased
with increasing oocyte diameter, according to previous studies performed in
prepubertal (Anguita et al., 2006) and adult goats (Crozet et al., 1995). In
prepubertal goats, COC morphology influenced embryo development, and the
developmental competence was higher in the Healthy oocytes. Our results
showed that, although oocyte diameter and COC morphology separately are
important parameters that determine blastocyst yield, the combination of

these two parameters results in the obtaining of the highest blastocyst rate.

In this study, apoptosis in immature and mature oocytes was analyzed
by TUNEL assay. To our knowledge, this is the first attempt to detect
apoptosis in prepubertal goat oocytes. Oocyte diameter seemed to influence
incidence of apoptosis in the Healthy oocytes, showing a higher proportion of
non-apoptotic oocytes in the largest group, but not in the Early Atretic ones.
Apoptosis in oocytes has been previously studied, although results can be

contradictory: in cattle, Yuan et al. (2005) detected no apoptotic oocytes
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before or after maturation, while Warzych et al. (2007) and Matwee et al.
(2000) observed apoptosis both in mature (11.2% and 23%, respectively) and
immature oocytes (1.4% and 7%, respectively); in mice, apoptosis has been
observed in ovulated oocytes (Perez et al., 1999; Van Blerkom and Davis,
1998); and in human, apoptosis was observed in ovulated and in vitro-matured
oocytes (Van Blerkom and Davis, 1998; Wu et al., 2000). There are some
animal factors that could affect oocyte quality and incidence of apoptosis in
vivo, such as age and breed of the donor, ovarian morphology, estrous cycle,
body condition or diet (Gordon, 2003). In our study, oocytes analysed come
from prepubertal females, while in the other studies come from adult
females, which could explained differences observed in immature oocytes.
However, after IVM, the apoptotic rate observed in prepubertal goat oocytes
was similar to incidence of apoptosis detected in mature bovine oocytes
(11.2%,Warzych et al., 2007; from 17.1 to 52.3%, Wu et al., 2000; 23%,
Matwee et al., 2000). Although several studies have reported a negative
effect of in vitro culture conditions in oocyte viability (Fujino et al., 1996;
Takase et al., 1995), in this study oocyte apoptosis decreased during
maturation in all groups analyzed, which has also been observed in
prepubertal goat oocytes analyzed by Annexin V staining (data not published),
in bovine oocytes (Anguita et al., 2006) and in human oocytes (Van Blerkom
and Davis, 1998). Differences among studies could be due to te different

media used for IVM, as suggested by (Warzych et al., 2007).

Morphology of COC has been widely used as a parameter to select the
most competent oocytes (Bilodeau-Goeseels and Panich, 2002; Blondin and
Sirard, 1995; Yuan et al., 2005). However, the COC morphology that gives
better embryo development brings contradictory results: while some studies
considered that COC with signs of early atresia are more developmental
competent (Bilodeau-Goeseels and Panich, 2002; Blondin and Sirard, 1995),
explained by the similarity between structural changes during oocyte
degeneration and those occurring in the oocyte of the dominant follicle prior
to the LH surge (Assey et al., 1994; Hyttel et al., 1997), others authors found
that the COCs with no signs of atresia yielded higher blastocyst rate (Corn et

115



al., 2005; Yuan et al., 2005). In prepubertal goats, COCs showing signs of
early atresia were less competent to reach blastocyst stage after IVM, IVF and
in vitro embryo culture. Apoptosis in cumulus cells from immature COCs
showed that the main difference between Healthy and Early Atretic COCs was
the distribution of their apoptotic cumulus cells: while most apoptotic
cumulus cells were located in the outer layers of the Healthy COCs, the
distribution in Early Atretic COCs was more dispersed throughout the whole
complex. In fact, this more dispersed distribution is a typical feature of
mature COCs, as has been previously observed in bovine (Yuan et al., 2005),
and has been related to a premature oocyte-cumulus uncoupling (de Wit et
al., 2000). After maturation, the percentage of apoptotic cumulus cells was
higher in Early Atretic COCs, which could explain the differences in
developmental competence observed between Healthy and Early Atretic
COCs.

Apoptosis incidence in blastocysts has been related to embryo quality
(Hardy et al., 1989). Apoptosis plays a very important role during pre- and
post-implantation development, removing abnormal cells or cells that are no
longer required and controlling the embryo cell number. The protective role
of apoptosis in the pre-implantation period can turn into damage if the
incidence in the embryo is very high. However, it is difficult to establish a
detrimental threshold of apoptosis incidence, since apoptosis has been
observed in in vivo bovine, porcine, rodent (Fabian et al., 2005), primate and
human blastocysts (Hardy, 1997). Therefore, consequences of apoptotic
incidence in blastocyst quality are difficult to assess. In our study, apoptotic
cell ratio did not vary between blastocysts from different diameter or
morphology groups. Other studies using TUNEL assay in in vitro produced
blastocysts showed an average apototic index similar to ours (2. 9%, Warzych
et al., 2007; 3-7%, Boelhauve et al., 2005; 4-9%, Fabian et al., 2005) or a bit
higher (10.3%, Pomar et al., 2005; 12%, Yuan et al., 2005; 9.8-14.2%,
Vandaele et al., 2006; 12%, Anguita et al., 2006). However, none of these
studies found an incidence of apoptosis higher than 15-20%, which could be

considered a threshold level of detrimental incidence of apoptosis in
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blastocysts. From our results, we could establish that apoptosis in oocytes and

COCs did not affect blastocyst quality in terms of apoptosis incidence.

In conclusion, oocyte developmental competence in prepubertal goats
is influenced by oocyte diameter and COC morphology. Apoptosis in oocytes
and cumulus cells differed depending on oocyte diameter and COC
morphology. Therefore, apoptosis in oocytes and cumulus cells could affect
embryo development, but not embryo quality assessed by apoptosis in
blastocysts. In our conditions, oocyte diameter and COC morphology are good
selection parameters, and only the healthy oocytes higher than 135 um should

be use to obtained the highest blastocyst rate.
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Table 1. Apoptosis rate in immature and IVM-oocytes assessed by TUNEL assay

depending on oocyte diameter and COC morphology.

Healthy Early Atretic
110- 125- >135 110- 125- >135
125 pm 135 pm pm 125 pm 135 pm Hm
Immature Oocytes 64 104 66 60 91 55
oocytes evaluated
Apoptotic 3337 4527 8P 77 18P7 1477
(%) (51.5) (43.3) (12.1) (11.7) (19.8) (25.4)
IVM- Oocytes 63 83 25 78 102 55
oocytes evaluated
Apoptotic 20272 10°~ 0° 9° 7°7 507
(%) BL7Y) (12 © (115 (6.9)  (9.1)

Values in the same row with different superscripts @ ®) differ significantly
(P<0.05). Values in the same column with different superscripts () differ

significantly (P<0.05).
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Table 2. Distribution of apoptotic cumulus cells (CCs) assessed by TUNEL assay
in immature and IVM-COCs depending on COC morphology and oocyte

diameter.
Healthy Early Atretic
110-125 125-135 >135 >135
um 1m um um
COCs evaluated 82 111 57 51
% a COCs with 75° 73°7 377097 40 ¢
§ S apoptotic CCs (91.5) (65.7)  (64.9) (78.4)
- (%)
" COCs evaluated 51 74 31 53
§ COCs with apoptotic ~ 42 ® 6027 2827 49
< CCs (82.3) (81.1)  (90.3) (92.4)
= %)

Values in the same row with different superscripts (> ® ¢ % differ significantly

(P<0.05). Values in the same column with different superscripts () differ

significantly (P<0.05).
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Table 3. Percentage of apoptotic cumulus cells assessed by TUNEL assay in

IVM- COCs depending on COC morphology and oocyte diameter.

Healthy Early Atretic
110-125  125-135  >135 110-125 125-135 135
Hm Hm Hm Hm Hm Hm
Apoptotic 42 60 28 35 57 53
COCs
<10 38° 487 263 297 PO 320
S %  (90.5) 80)  (92.9) (82.9) (56.1)  (60.4)
£ 5 10 37 9° 7@ 32 220 207
.E g 25%  (7.1) 15  (7.1) (86  (38.6) (37.7)
s 8 & 1 1 0 2 7 1
g % 50%  (2.4) L.7) 35 (35  (L.9)
= S50 0 2 0 1 1 0
- % (3.3) wn @7

Values in the same row with different superscripts € P differ significantly
(P<0.05).
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Table 4. Embryo development at 8 dpi depending on COC morphology and

oocyte diameter

%) N Total 8-16 Mor Blastos Deg ACR
Div Cells (%)
110- 222 71° 6° 4% 0? 18 * 0
g 125 pm (32) (2.7) (1.8) (8.1)
S 125- 510 303° 41° 20% 27 ° 31° 3.61 + 4.67
- 135 pm (59.4) (8) (3.9) (5.3) (6.1)
>135 230 165 © 28 ™° 16 ™ 33° 17 * 2.52+2.03
Hm (71.7)  (12.2) (7) (14.3) (7.4)
110- 284 95 ¢ 12° 57 17 34 2.05
o 125um (33.4)  (4.2) (1.8) (0.3) (12)
E’ 125- 463 292° 59 ¢ 13°¢ 19° 42 % 3.70 £ 5.56
‘_‘; 135 pum (63.1)  (12.7) (2.8) (4.1) (9.1)
Ej >135 215 145 © 38°¢ 17° 11° 31° 3.09 +2.95
Hm (68.8) (17.7)  (7.9) (5.1) (14.4)

Values in the same column with different superscripts (& ® ©) differ
significantly (P<0.05).
Total Div: Total number of embryos; Mor: Morulae; Blastos: Blastocysts; ACR:

Apoptotic cell ratio
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Figure 1. Experimental design

H COCs H COCs H COCs EA COCs EA COCs EA COCs
110-125 pm 125-135 pm >135 um 110-125 pm 125-135 pm >135 um
TUNEL Assay Cumulus cells COCs = 423
Oh
Denuded oocytes = 440
IVM
TUNEL Assay Cumulus cells COCs = 310
27 h
IVF
Denuded oocytes = 406
IVC
172 hpi

Hoechst staining
(embryos, N = 1834)

TUNEL Assay
(blastocysts = 91)

129



EFFECT OF PREVALENCE OF APOPTOSIS IN OOCYTES AND CUMULUS CELLS,
ASSESSED BY ANNEXIN-V STAINING, ON EMBRYO DEVELOPMENT IN
PREPUBERTAL GOATS
Anguita B!, Paramio MT?!, Romaguera R?, Jiménez-Macedo AR?, Moraté R?,
Mogas T2, Izquierdo D.

!Department of Animal and Food Sciences, Universitat Autdonoma de
Barcelona, Bellaterra, Spain
’Department of Medicine and Surgery, Universitat Autonoma de

Barcelona, Bellaterra, Spain

133



ABSTRACT

Oocyte quality is the main factor that determine blastocyst yield. Any factor
that could affect oocyte quality, such as apoptosis, could impair the
subsequent embryonic development. Our aim was to investigate the incidence
of apoptosis in prepubertal goat oocytes and cumulus cells, assessed by
annexin-V staining, to evaluate its effect on embryo development. COCs from
slaughtered females were collected and classified in groups depending on
oocyte diameter: A: 110-125 pm, B: 125-135 pm and C: >135 um. Each
diameter group was classified in two groups depending on COC morphology:
Healthy (H: compact cumulus layers and homogeneous cytoplasm) or Early
Atretic (EA: granulated cytoplasm and/or dispersed cumulus layers). COCs
were IVM for 27 h, IVF with fresh semen and IVC for 8 days after insemination.
Apoptosis analyses in oocytes and cumulus cells were performed after and
before maturation in all groups by Annexin V staining. Fisher’s exact test
showed that viable oocytes increased with diameter in the EA class both after
and before maturation (Immature oocytes: A: 70.9 %; B: 75.2 %; C: 72.4 %;
IVM-oocytes: A: 82.5 %; B: 95.2 %; C: 100 %), but not in the H class. Apoptotic
cumulus cells in immature COCs were less predominant in the largest oocytes.
There were less apoptotic cumulus cells in the H than in EA COCs. Blastocyst
yield obtained from the largest oocytes was the highest. In conclusion,
apoptosis in the smallest oocytes seems to be reversible. The highest

blastocyst rate is obtained from the largest healthy oocytes.

Keywords: apoptosis, oocyte, goat, AnnexinV
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1. INTRODUCTION

The study of apoptosis incidence in oocytes as indicator of oocyte
quality and its effect on embryo development is of great relevance. Storage of
transcripts and proteins take place in the oocyte during its growth (Crozet et
al., 1981) and will determine the oocyte ability to maintain embryonic
development until the activation of the embryonic genome (Bachvarova,
1992; Gandolfi and Gandolfi, 2001). Therefore, storage of any molecule that
could affect oocyte quality could also impair embryo development. In fact,
cell survival/death regulatory molecules can be found in the stored pool of
maternal mRNA in mice and human (Exley et al., 1999; Jurisicova et al., 1998;
Metcalfe et al., 2004) and as a consequence they are likely to contribute in
determining the fate of the embryo. Not only the oocyte itself, but any factor
that could influence its quality, as cumulus cells, could affect blastocyst
yield. Oocyte and cumulus cells are connected through gap junctions, which
allow the interchange of molecules between these two cellular types (Tanghe
et al., 2002). Consequently, apoptosis incidence in cumulus cells could be
reflected in a lower oocyte developmental competence. Contradictory results
in this topic have been obtained: while many authors consider that early stage
of atresia in cumulus cells, assessed by morphological evaluation of COCs, is
reflected in a higher blastocyst rate (Blondin and Sirard, 1995; Boni et al.,
2002; de Wit et al., 2000; Nicholas et al., 2005), other studies observed that
apoptosis in cumulus cells, detected with TUNEL assay, affect embryo
development (Corn et al., 2005; Lee et al., 2001; Yuan et al., 2005; Zeuner et
al., 2003). These results suggest that COC morphology could not be related to
a higher incidence of apoptosis in cumulus cells, which should be further
studied.

Many approaches performed in order to find a marker of oocyte quality
are based in invasive methods (Anguita et al., 2006; Bilodeau-Goeseels and
Panich, 2002; De Sousa et al., 1998; Dode et al., 2006; Gutierrez-Adan et al.,
2004; Santos et al., 2006; Tamassia et al., 2004; Watson et al., 2000) and as a

consequence oocytes cannot be longer used for embryo production. It is
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necessary to establish a relationship between the invasive methods studied
and morphological characteristics that allow an evaluation of oocyte without
impairing its developmental competence. In most laboratories, COC
morphology is a usual parameter to select the COCs that will be used for in
vitro embryo production. However, the low blastocyst rate obtained in our
laboratory following this parameter selection made necessary to use
additional selection parameters. In our study, we also select oocytes by
diameter, since it has been previously demonstrated in many species a
positive correlation between oocyte diameter and developmental competence
(Anguita et al., 2006; Gandolfi and Gandolfi, 2001; Pujol et al., 2004).
Moreover, oocyte diameter has been related to incidence of apoptosis in COC
(de Wit and Kruip, 2001) showing that a higher oocyte diameter was

accompanied by an increasing level of atresia in COC.

In normal conditions, there is an asymmetry among the outer and the
inner leaflet of the cell membrane (Bretscher, 1972): phosphatidyl-coline and
sphingomielin are located in the outer leaflet, and the phosphatidyl-serine
and phosphatidylethanolamine are located only in the inner leaflet. However,
translocation of phospatidyl-serine to the outer leaflet takes place in the
early stage of apoptosis, before DNA fragmentation (revised by (van Engeland
et al., 1998). Therefore, detection of phospatidyl-serine in the outer leaflet
can be used as a marker of early apoptosis. Annexin V is a molecule that binds
specifically to phospatidyl-serine (Andree et al., 1990; Tait et al., 1989).
Annexin V cannot cross the cell membrane of viable cells, but it can enter
dead cells that have lost membrane integrity and bind to the
posphatydilserine present in the inner leaflet. Consequently, it is necessary to
combine Annexin V staining with a vital stain, such as propidium iodide, in
order to distinguish between viable and dead cells (revised by (van Engeland
et al., 1998).

The objective of the present study was: 1) to evaluate the relationship

of oocyte diameter and COC morphology with oocyte and cumulus cells

apoptosis; 2) to establish whether COC morphology was related to a
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differential incidence of apoptosis in oocytes or cumulus cells; 3) to study the
relationship between oocyte and cumulus cells apoptosis with embryo
development. In all experiments, apoptosis was assessed by Annexin-V

staining.

2. MATERIAL AND METHODS
Unless otherwise indicated, all chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO).

2.1. Oocyte collection and IVM

Ovaries from prepubertal goats, approximately 2 months old, were
recovered from a local slaughterhouse and transported within 2 hours to the
laboratory at 38.5 °C in PBS (Qulbecco’s phosphate-buffered saline, P-4417)
with 50 pg/mL gentamycin (G-3632). Ovaries were washed three times and
COCs (cumulus-oocyte complexes) were recovered by slicing in TCM199 (M-
2520) supplemented with 2.2 ng/mL NaHCOs, 2% (v/v) steer serum (Donor

Bovine Serum? , CanSera, Canada) and 50 ?g/mL gentamycin.

COCs were matured in TCM199 medium (M-7528) supplemented with
275 ?g/mL sodium pyruvate (P-3662), 146 pg/mL L-glutamine (G-5763), 10%
(v/v) steer serum, 10 pg/mL o-LH (L-5269), 10 pg/mL o-FSH (F-4520), 1 pg/mL
17-B estradiol (E-2257), 400 pM cysteamine (M-9768) and 50 pg/mL
gentamycin (G-3632). Groups of 20-25 COCs were transferred to 100 pl
microdrops of maturation medium under mineral oil (M-3516) and incubated
for 27 hours at 38.5 °C in a humidified air atmosphere with 5% CO,.

2.2. Sperm capacitation and IVF
Fresh semen was collected from two males of proven fertility and
transported to the laboratory at 38.5 °C within 30 minutes. Motility of the

ejaculates was evaluated under a stereomicroscope. Motile sperm fraction

was separated by the swim-up method (Parrish et al., 1986), whereby 70 L of
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sperm were layered below 2 mL of mDM (Defined medium, (Brackett and
Oliphant, 1975); modified by (Younis et al., 1991), and incubated for 45 min
at 38.5 °C in a humidified air atmosphere with 5% CO,. After incubation, the
supernatant was recovered and centrifuged at 170 x g for 3 minutes. The
pellet was resuspended in mDM (1:1; v/v) containing heparin (H-3149) and
ionomycin (1-0634) (Final concentration: 10 pg/mL heparin and 200 nM of
ionomycin) and incubated for 15 min in a humidified air atmosphere with
5%C0O, and 38.5 °C (Wang et al., 2002). Sperm concentration was determined
using a Neubauer chamber cell.

After maturation, groups of 20 to 25 oocytes were transferred to 100 pL
microdrops of modified Tyrode’s medium (TALP) as described by Parrish et al.
(1986), supplemented with 1 pg/mL hypotaurine (H-1384) and 0.3 mg/mL
glutathione (G-6013) under mineral oil. Oocytes were co-cultured with
capacitated spermatozoa in a final concentration in the microdrop of 4 x 10°

sperm cells/mL.

2.3. In vitro embryo culture

At 24 hours post-insemination, presumptive zygotes were washed to
remove both remnant cumulus cells and attached sperm cells. Groups of 18-25
embryos were placed in 50 pl droplets of SOF medium (Synthetic Oviductal
Fluid, (Holm et al., 1999) and covered with mineral oil. The embryos were
incubated at 38.5°C in 5% CO,, 5% O, and 90 % N, for 7 days. At 48 hpi 0.1 pL
fetal bovine serum (F7524) per embryo was added to the medium. At the end
of the culture period (8 days post-insemination), total cell number of embryos
was evaluated by Hoechst 33342 staining (B-2261) under a fluorescence

microscope.
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2.4. Annexin-V staining

Detection of apoptosis was performed with Annexin-V-FLUOS Staining
kit (Roche, 1858777). During the whole process the reagents were kept at
38.5°C.

Staining was performed following the manufacturer’s instructions with
minor modifications. Briefly, samples were placed in 35 pl droplets containing
Annexin V buffer, Annexin V/FITC, PI and 1 mg/ml Hoechst 33342, and
incubated for 15 minutes at 38°C in the dark. Cells were counterstained with
propidium iodide (Pl), a membrane impermeable stain, to distinguish between
live cells and dead cells. After incubation cells were mounted on siliconized

slides with vaseline bridges and observed under a fluorescence microscope.

Denuded oocytes were classified in three groups, representing (1) non-
apoptotic oocytes, with intact Hoechst positive nuclei and no annexin V
staining; (2) early apoptotic oocytes, with intact Hoechst positive nuclei and a
homogeneous annexin positive signal in the membrane; and (3) necrotic
oocytes which showed PI positive red nuclei, which is indicative for membrane
damage. In this last group, there were occasionally signs of annexinV staining
in the membrane. Oocytes showing a discontinuous green signal that came
from the remaining membrane of cumulus cells projections (Van Blerkom and

Davis, 1998) were also considered to be non-apoptotic oocytes.

COCs were evaluated as a whole mount preparation, and we evaluated
the proportion of the stained cumulus cells in the COC. The classification was
the following: (1) Healthy COCs, with no cells stained; (2) Apoptotic COCs,
with cells stained in with annexin V and, ocassionally, with propidium iodide.
It was also recorded if the percentage of stained cumulus cells represented
less than 25%, from 25 to 50%, from 50 to 75% or more than 75% of the total

cumulus cells.

139



2.5. Experimental design

All the COCs and oocytes necessary for one replicate of each
experiment were obtained the same day. At least three replicates of each

experiment were performed.

Recovered COCs from prepubertal goat ovaries were classified in two
groups depending on their morphology: Healthy (H): oocytes with
homogeneous cytoplasm and compact cumulus cells, and; Early atretic (EA):
oocytes with heterogeneous cytoplasm and/or cumulus cells with initial
expansion. Subsequently, oocyte diameter of COCs corresponding on each
morphological category was measured, and COCs were classified in three
additional groups: group A: 110-125 pm; group B: 125-135 pym; and group C:
>135 um (Anguita et al., 2006).

Samples used for apoptosis analysis were randomly collected from each
one of the 6 experimental groups and evaluated at two points of time: before
IVM (0 h) and after maturation (27 h). Apoptosis evaluation was performed
both in cumulus cells and denuded oocytes by Annexin-V staining (see figure
1). COCs that were not used for apoptosis detection were fertilized in vitro
after 27 h of in vitro maturation, and at 24 hour post-insemination (hpi)
presumptive zygotes were cultured in vitro for additional 7 days. Each droplet
contained only embryos from the same morphology and diameter group. After
the in vitro culture, total number cell of embryos was evaluated by Hoechst

staining.

2.6. Statistical analysis

Data was analyzed using the statistical program Graph-Pad Instat 3.01
for Windows 95 (Graph-Pad software, San Diego, California, USA). Fisher’s
exact test was performed to compare the proportion of Annexin-V positive
cells in the different groups of oocytes and COC, and to assess the

developmental competence among diameter groups. Data of cell mean per
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blastocyst were evaluated using analysis of variance with Tukey’s post-test.

Differences were considered significant when P<0.05.

3. RESULTS

3.1. Relationship between oocyte diameter and COC morphology and

prevalence of apoptosis in immature and mature oocytes

Annexin-V staining in immature oocytes (table 1) showed that the
percentage of apoptotic oocytes decreased with oocyte size in the EA class (A:
42.6%; B: 30.3%; 21%), but not in the H class (A: 29.1%; B: 24.8%; 27.5%). No
differences in the percentage of apoptotic oocytes were detected in oocytes

of the same diameter but different morphology group.

After maturation (table 1) a clear decrease of apoptotic oocytes (A:
17.5%; B: 4.8%; C: 0%) was observed with increasing oocyte diameter in the EA
class. However, in the H class, the percentage of apoptotic oocytes was lower
in the 125-135 pm oocytes (A: 5.5%; B: 0%; C: 3.7%). A reduction of the
incidence of apoptosis was also observed during maturation whatever the
diameter or the morphology group.

We observed that most apoptotic oocytes were at the latest stages, and

that necrotic ocytes were only detected in the EA class (data not shown).

3.2. Relationship between oocyte diameter and COC morphology and

prevalence of apoptosis in immature and mature cumulus-oocyte-complexes

Results are shown in table 2. At collection time, in both morphology
groups, the percentage of apoptotic cumulus cells decreased in the largest
COCs, and the percentage of COCs with less incidence of apoptosis was higher
in class H when compared to the same diameter group from class EA (80.5,
82.5 and 94.6% vs. 40.7, 48 and 60%, respectively). After maturation, the
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incidence of apoptosis was lower in the largest Healthy oocytes. Moreover,
the percentage of COCs with more than 50% of apoptotic cumulus cells was
higher in >135 um COCs from class EA when compared to the same diameter

group from class H.

The percentage of apoptotic cumulus cells varied during maturation
only in Healthy oocytes, and we detected a decrease in the percentage of
COCs with less than 25% of apoptotic cumulus cells, and an increase in the

percentage of COCs with 25-50% of apototic cumulus cells after maturation.

We observed that most of apoptotic cumulus cells in immature COCs
classified as Healthy was at the earliest stages of apoptosis, while in COCs
classified as Early atretic, most of apoptotic cumulus cells was at late stage of
apoptosis or necrosis. In addition, after IVM, apoptotic cumulus cells detected
in the largest oocytes were at an earliest stage of apoptosis in both
morphology classes, when compared to the other diameter groups. We
detected no necrotic COC in the largest group from the H class; however, the
proportion of necrotic COCs in the same diameter group from the EA class was
30% (data not shown).

3.3. Relationship between oocyte diameter and COC morphology and

prevalence of apoptosis in blastocysts.

Results of embryo development are shown in table 3. We observed a
clear relationship between oocyte diameter and embryo development in
terms of total embryos obtained and blastocyst rate in both morphology
classes, although in class EA no differences among 125-135 pym and >135 pm
oocytes were observed. In class H the blastocyst rate obtained in the largest
group was statistically higher than the blastocyst rate obtained by the same
diameter group in class EA (14.9% vs. 5.1%, respectively).
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Blastocyst quality was evaluated in terms of percentage of hatched
blastocysts, and number of cells per blastocyst (table 3. No differences in
percentage of hatched blastocysts were found among diameter groups or
morphology classes. Cell number per blastocysts did not differ among
diameter nor do morphology groups, but the number of cells in the blastocysts
derived from the largest oocytes tended to be higher in the healthy group
(P<0.10)

4. DISCUSSION

In this study we have investigated the apoptosis incidence in oocytes
and cumulus cells related to morphological characteristics, in order to know
whether apoptosis incidence could affect blastocyst yield and quality. For
that purpose we have used Annexin-V staining, which detects translocation of
phosphatidylserine, a membrane phospholipid that flips from the inner to the
outer leaflet of the plasma membrane during early stage of apoptosis (Martin
et al., 1995; van Engeland et al., 1998). In addition, Annexin-V staining, in
combination to propidium iodide staining, lets us to distinguish between

viable and dead cells.

Apoptosis in prepubertal goat oocytes assessed by AnnexinV was
detected in both immature and IVM-oocytes. Our results showed a reduction
of incidence of apoptosis during maturation, which is contradictory to several
studies in mouse, that reported a negative effect of culture in vitro in terms
of oocyte apoptosis detected by TUNEL assay (Fujino et al., 1996; Takase et
al., 1995). However, (Van Blerkom and Davis, 1998) detected an increase and
a decrease of apoptosis, assessed by Annexin-V staining, during culture in
vitro in murine and human oocytes, respectively, while (Anguita et al., 2006)
reported a decrease of bovine oocyte apoptosis during in vitro maturation.
Discrepancies among authors may be caused by a differential incidence of
apoptosis between species or differences in the media composition, as was

suggested by Warzych et al. (2007). However, other hypotheses that could
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explain reduction of apoptosis during in vitro maturation could be related to
the removal of oocyte from a follicular environment that may be promoting
apoptosis, the manipulation-induced apoptosis started in immature oocytes
and reverted during in vitro culture in specific conditions, or even a higher
sensitivity of immature oocytes to suffer apoptosis in comparison to mature
oocytes. In fact, in studies of oocyte cryopreservation, a reduced resistance
to cryopreservation in GV-oocytes in comparison to MIl-oocytes has been
observed (Otoi et al., 1995; Parks and Ruffing, 1992), which may be related to
the higher incidence of apoptosis in immature oocytes, although further

studies should be performed in this matter.

Apoptosis is a regulatory mechanism that allows the maintenance of
homeostasis and the elimination of cells that are no longer required, and has
been also suggested as the mechanism to remove oocytes that have resumed
meiosis inside the follicle. However, in this study, oocyte nuclear stage did
not influence prevalence of apoptosis in oocytes after or before maturation,
which would indicate that apoptosis detected in prepubertal goat oocytes is
not a consequence of meiotic resumption inside the follicle. Only Early Atretic
oocytes larger than 135 um showed a higher incidence of apoptosis in oocytes
at GV stage. These results are not in accordance with previous studies, which
detected higher apoptotic rate in “immature” oocytes that had resumed
meiosis (Anguita et al., 2006; Warzych et al., 2007). However, these studies
evaluated apoptotic rate in morphologically healthy oocytes, while we only
observe and effect of nuclear stage in morphologically Early Atretic oocytes,

which could explain the differences among studies.

Incidence of apoptosis in cumulus cells can be a good indicator of
oocyte developmental competence (Corn et al., 2005; Lee et al., 2001; Yuan
et al., 2005), due to the bidirectional communication established between
cumulus cells and oocytes through gap junctions (de Loos et al., 1991).
Cumulus cells play an important role in the regulation of nuclear and
cytoplasmic maturation in the oocyte (Tanghe et al., 2002) and in protecting

oocytes against the oxidative stress-induced apoptosis (Tatemoto et al.,
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2000). In addition, presence of cumulus cells during in vitro maturation is
essential to improve blastocyst rate (Hashimoto et al., 1998). Several studies
have related mild signs of atresia in COCs with higher oocyte developmental
competence (Blondin and Sirard, 1995; Boni et al., 2002; de Wit et al., 2000;
Nicholas et al., 2005), while other studies reported lower blastocyst rate from
early atretic COCs (Corn et al., 2005; Lee et al., 2001; Yuan et al., 2005;
Zeuner et al., 2003). The use of different parameters to evaluate apoptosis in
a cell could explain the contradictory results from those studies. For that
reason, we investigated the relationship between morphological
characteristics and apoptosis incidence in COCs from prepubertal goats. We
observed that immature COCs classified morphologically as Early Atretic really
showed a higher percentage of apoptotic cells than those classified as
Healthy. Moreover, Early Atretic COCs yielded lower blastocyst rate than the
Healthy ones (3.2% vs. 6.2%, respectively). Our results enhance the
importance of the use of COC morphology as a selection parameter in
prepubertal goats. In addition to morphological selection, classification of
COCs by oocyte diameter was also useful as an additional selection
parameter, since the largest COCs presented the lowest incidence of
apoptosis, and their apoptotic cumulus cells were at the earliest stage of

apoptosis.

Our results showed a higher blastocyst rate achieved from the largest
oocytes, which is in agreement to previous studies which observed a
relationship between oocyte diameter and developmental competence
(Anguita et al., 2006; Gandolfi and Gandolfi, 2001). In prepubertal goats, the
use of early atretic COCs impaired embryo development from oocytes highest
than 135 pum. Taken together our results of embryonic development and
apoptosis in oocytes and cumulus cells, it seems that apoptosis in cumulus
cells is an important factor in determining differences in blastocyst yield
observed among oocytes of different diameter and oocytes of different
morphology. Thus, a high embryonic development is related to a reduced
incidence of apoptosis in both mature and immature COCs and a higher

prevalence of early stage of atresia in the apoptotic cumulus cells. These
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results suggest that apoptosis in cumulus cells could influence oocyte quality
and, therefore, its developmental competence. However, oocyte ability to
develop into an embryo depends also on its capability to complete nuclear
and, more important, cytoplasmic maturation. It is widely accepted that
incompetent oocytes do not reach the blastocyst stage because of a lack of
accumulation of RNA and proteins, necessary to maintain embryonic
development beyond the embryonic genome activation (Bachvarova, 1992).
Moreover, a recent study performed in our laboratory showed that p34°9c2
expression and MPF activity (an important regulator of oocyte maturation)
influenced oocyte capability to reach blastocyst stage (Anguita et al., 2006).
It is possible that MPF could also regulate some biochemical ways of apoptosis
through the regulation of MAPK activity, as has been observed in starfish
(Chiba, 2004; Greenwood and Gautier, 2005) and Drosophila (Greenwood and
Gautier, 2005). Therefore, it is more likely that the combination of several

factors, rather that only one, determines oocyte developmental competence.

No information about the effect of oocyte diameter or morphology of
COC in embryo quality has been found in prepubertal goats. In this study, we
have tried to evaluate embryo quality in terms of hatching rate and cell mean
number per blastocyst. Our results showed no differences in the total hatched
blastocysts among diameter and morphology groups, and we obtained a mean
hatching rate at 8 dpi of 52.7%. Studies performed in different species showed
variable hatching rates: in cattle, Nedambale et al. (2006) reported a mean
hatching rate of 69%, while Balasubramanian and Rho (2006) obtained only
16.8% of hatched blastocysts; in sheep, a mean of 60% of blastocysts hatched
at 7 dpi (Garcia-Garcia et al., 2006). Taking into account that we used
oocytes from prepubertal animals to produce blastocysts, our hatching rate
indicates that the quality of the blastocysts obtained was not substantially
lower than those obtained from adult animals. Although no differences in the
mean cell number were found between blastocyst of different groups, we
observed a tendency to increase the mean cell number in the blastocysts
coming from the largest oocytes classified as Healthy. We obtained a mean

cell number of 110, which is similar to the mean cell number reported by
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Koeman et al. (2003) (120 + 32) in blastocysts obtained from prepubertal goat
oocytes. The fact that Koeman et al. (2003) did not detect differences
between blastocysts obtained from prepubertal and adult goats reflects that
blastocyst quality in goats does not depend on animal age, and validates the

use of prepubertal goats as oocyte donors for embryo production.

In conclusion, in this study and in our experimental conditions, oocyte
quality, assessed by incidence of apoptosis in prepubertal goat oocytes and
cumulus cells, influenced blastocyst yield but not blastocyst quality. We
confirmed that COC morphology in prepubertal goats was related to a
differential incidence of apoptosis in cumulus cells and oocyte developmental
competence. We observed an effect of oocyte diameter on prevalence of
apoptosis in oocytes and cumulus cells, as well as in oocyte developmental
competence. Therefore, selection of prepubertal goat oocytes according to
oocyte diameter and COC morphology is a useful tool to select the COCs with
a lower incidence of apoptosis and a higher competence to reach blastocyst

stage.

5. ACKNOWLEDGEMENTS

This study was supported by a grant from the Ministry of Education and
Science of Spain (Project number: AGL2004-04737-C03-01/GAN) and a grant
from the Universitat Autonoma de Barcelona (Grant number: EME2004-25) and
from the Generalitat de Catalunya (2006FIC 00187).

147



6. REFERENCES

Andree H.A., Reutelingsperger C.P., Hauptmann R., Hemker H.C., Hermens
W.T., Willems G.M., 1990. Binding of vascular anticoagulant alpha (VAC alpha) to
planar phospholipid bilayers. J Biol Chem.265, 4923-4928.

AnguitaB., Jimenez A.R., Izquierdo D., Mogas T., Paramio M.T., 2006. Effect
of oocyte diameter on meiotic competence, embryo development, P34 (cdc2) expression
and MPF activity in prepubertal goat oocytes. Theriogenology,
doi:10.1016/j.theriogenol ogy.2006.09.003.

AnguitaB., Vandaele L., Mateusen B., Maes D., Van Soom A., 2006.
Developmental competence of bovine oocytes is not related to apoptosis incidence in
oocytes, cumulus cells and blastocysts. Theriogenology.
doi:10.1016/j.theriogenol ogy.2006.09.004.

Bachvarova R.F., 1992. A maternal tail of poly(A): the long and the short of it.
Cell.69, 895-897.

Balasubramanian S., Rho G.J., 2006. Effect of cysteamine supplementation of in
vitro matured bovine oocytes on chilling sensitivity and development of embryos. Anim
Reprod Sci. doi:10.1016/j.animreprosci.2006.03.011.

BilodeauGoeseels S., Panich P., 2002. Effects of oocyte quality on development
and transcriptional activity in early bovine embryos. Anim Reprod Sci.71, 143-155.

Blondin P., Sirard M.A., 1995. Oocyte and follicular morphology as determining
characteristics for developmental competence in bovine oocytes. Mol Reprod Dev.41,
54-62.

Boni R., Cuomo A., Tosti E., 2002. Developmental potentia in bovine oocytes
isrelated to cumulus-oocyte complex grade, calcium current activity, and calcium
stores. Biol Reprod.66, 836-842.

Brackett B.G., Oliphant G., 1975. Capacitation of rabbit spermatozoa in vitro.
Biol Reprod.12, 260-274.

Bretscher M.S., 1972. Asymmetrical lipid bilayer structure for biological
membranes. Nat New Biol.236, 11-12.

Chiba K., 2004. M| arrest and apoptosis in starfish oocytes. Zoolog Sci.21, 1193.

Corn C.M., Hauser-Kronberger C., Moser M., Tews G., Ebner T., 2005.
Predictive value of cumulus cell apoptosis with regard to blastocyst development of
corresponding gametes. Fertil Steril.84, 627-633.

148



Crozet N., Motlik J., Szollési D., 1981. Nucleolar fine structure and RNA
synthesis in porcine oocytes during early stages of antrum formation. Biol Cell.41, 35-
42.

de Loos F., Kastrop P., Van Maurik P., Van Beneden T.H., Kruip T.A., 1991.
Heterologous cell contacts and metabolic coupling in bovine cumulus oocyte
complexes. Mol Reprod Dev.28, 255-2509.

De SousaP.A., Westhusin M.E., Watson A.J., 1998. Analysis of variation in
relative mRNA abundance for specific gene transcripts in single bovine oocytes and
early embryos. Mol Reprod Dev.49, 119-130.

de Wit A.A., Kruip T.A., 2001. Bovine cumulus-oocyte-complex quality is
reflected in sensivity for apha-amanitin, oocyte-diameter and developmental capacity.
Anim Reprod Sci.65, 51-65.

deWit A.A., Wurth Y.A., Kruip T.A., 2000. Effect of ovarian phase and follicle
quality on morphology and developmental capacity of the bovine cumulus-oocyte
complex. JAnim Sci.78, 1277-1283.

Dode M.A., Dufort I., Massicotte L., Sirard M.A., 2006. Quantitative expression
of candidate genes for developmental competence in bovine two-cell embryos. Mol
Reprod Dev.73, 288-297.

Exley G.E., Tang C., McElhinny A.S., Warner C.M., 1999. Expression of
caspase and BCL-2 apoptotic family members in mouse preimplantation embryos. Biol
Reprod.61, 231-239.

Fujino Y., Ozaki K., Yamamasu S, Ito F., Matsuoka l., Hayashi E., Nakamura
H., OgitaS,, Sato E., Inote M., 1996. DNA fragmentation of oocytes in aged mice.
Hum Reprod.11, 1480-1483.

Gandolfi T.A., Gandolfi F., 2001. The maternal legacy to the embryo:
cytoplasmic components and their effects on early development. Theriogenology.55,
1255-1276.

GarciaGarciaR.M., Ward F., Fair S., OMearaC M., Wade M., Duffy P.,
Lonergan P., 2006. Development and quality of sheep embryos cultured in commercial
G1.3/G2.3 sequential media. Anim Reprod Sci.
doi:10.1016/j.animreprosci.2006.03.007.

Greenwood J., Gautier J., 2005. From oogenesis through gastrulation:
developmental regulation of apoptosis. Semin Cell Dev Biol.16, 215-224.

149



GutierrezAdan A., Rizos D., Fair T., Moreira P.N., Pintado B., de la Fuente J.,
Boland M.P., Lonergan P., 2004. Effect of speed of development on mRNA expression
pattern in early bovine embryos cultured in vivo or in vitro. Mol Reprod Dev.68, 441-
448.

Hashimoto S., Saeki K., Nagao Y., Minami N., Yamada M., Utsumi K., 1998.
Effects of cumulus cell density during in vitro maturation of the developmental
competence of bovine oocytes. Theriogenology.49, 1451-1463.

Holm P., Booth P.J., Schmidt M.H., Greve T., Callesen H., 1999. High bovine
blastocyst development in a static in vitro production system using SOFaa medium
supplemented with sodium citrate and myo- inositol with or without serum-proteins.
Theriogenology.52, 683-700.

Jurisicova A., Latham K.E., Casper R.F., Varmuza S.L ., 1998. Expression and
regulation of genes associated with cell death during murine preimplantation embryo
development. Mol Reprod Dev.51, 243-253.

Koeman J,, Keefer C.L., Baldassarre H., Downey B.R., 2003. Developmental
competence of prepubertal and adult goat oocytes cultured in semi-defined media
following laparoscopic recovery. Theriogenology.60, 879-889.

LeeK.S,JooB.S,NaY.J, Yoon M.S, Choi O.H., Kim W.W., 2001. Cumulus
cells apoptosis as an indicator to predict the quality of oocytes and the outcome of 1VF-
ET. JAssst Reprod Genet.18, 490-498.

Martin S.J., Reutelingsperger C.P., McGahon A.J., Rader JA., van Schie R.C,,
LaFace D.M., Green D.R., 1995. Early redistribution of plasma membrane
phosphatidylserine is a general feature of apoptosis regardless of the initiating stimulus:
inhibition by overexpression of Bcl-2 and Abl. J Exp Med.182, 1545-1556.

Metcalfe A.D., Hunter H.R., Bloor D.J,, Lieberman B.A., Picton H.M., Leese
H.J., Kimber S.J., Brison D.R., 2004. Expression of 11 members of the BCL-2 family of
apoptosis regulatory molecules during human preimplantation embryo development and
fragmentation. Mol Reprod Dev.68, 35-50.

Nedambale T.L., Du F., Xu J., Chaubal S.A., Dinnyes A., Groen W., Faber D.,
Dobrinsky JR., Yang X., Tian X.C., 2006. Prolonging bovine spernmoocyte incubation
in modified medium 199 improves embryo development rate and the viability of
vitrified blastocysts. Theriogenology.1951-1960.

150



Nicholas B., Alberio R., Fouladi-Nashta A.A., Webb R., 2005. Relationship
between low- molecular-weight insulin-like growth factor-binding proteins, caspase-3
activity, and oocyte quality. Biol Reprod.72, 796-804.

Otoi T., Yamamoto K., KoyamaN., Suzuki T., 1995. In vitro fertilization and
development of immature and mature bovine oocytes cryopreserved by ethylene glycol
with sucrose. Cryaobiology.32, 455-460.

Parks J.E., Ruffing N.A., 1992. Factors affecting low temperature survival of
mammalian oocytes. Theriogenology.37, 59-73.

Parrish J., Susko-Parrish J., Leibfried-Rutledge M., Crister E., Eyeston W., First
N., 1986. Bovine in vitro fertilization with frozen thawed semen. Theriogenology.25,
591-600.

Pujol M., LopezBegjar M., Paramio M.T., 2004. Developmental competence of
heifer oocytes selected using the brilliant cresyl blue (BCB) test. Theriogenology.61,
735-744.

Santos T.A., El Shourbagy S., St John J.C., 2006. Mitochondrial content reflects
oocyte variability and fertilization outcome. Fertil Steril.85, 584-591.

Tait J.F., Gibson D., Fujikawa K., 1989. Phospholipid binding properties of
human placental anticoagulant protein-1, a member of the lipocortin family. J Biol
Chem.264, 7944-7949.

Takase K., Ishikawa M., Hoshiai H., 1995. Apoptosisin the degeneration
process of unfertilized mouse ova. Tohoku J Exp Med.175, 69-76.

Tamassia M., Nuttinck F., May-Panloup P., Reynier P., Heyman Y., Charpigny
G., Stojkovic M., Hiendleder S., Renard J.P., Chastant-Maillard S., 2004. In vitro
embryo production efficiency in cattle and its association with oocyte adenosine
triphosphate content, quantity of mitochondrial DNA, and mitochondrial DNA
haplogroup. Biol Reprod.71, 697-704.

Tanghe S., Van Soom A., Nauwynck H., Coryn M., de Kruif A., 2002.
Minireview: Functions of the cumulus oophorus during oocyte maturation, ovulation,
and fertilization. Mol Reprod Dev.61, 414-424.

Tatemoto H., Sakurai N., Muto N., 2000. Protection of porcine oocytes against
apoptotic cell death caused by oxidative stress during In vitro maturation: role of
cumulus cells. Biol Reprod.63, 805-810.

151



Van Blerkom J., Davis P.W., 1998. DNA strand breaks and phosphatidylserine
redistribution in newly ovulated and cultured mouse and human oocytes: occurrence
and relationship to apoptosis. Hum Reprod.13, 1317-1324.

van Engeland M., Nieland L.J., Ramaekers F.C., Schutte B., Reutelingsperger
C.P., 1998. Annexin V-affinity assay: areview on an apoptosis detection system based
on phosphatidylserine exposure. Cytometry.31, 1-9.

Wang B., Baldassarre H., Tao T., Gauthier M., Neveu N., Zhou J.F., Leduc M.,
Duguay F., Bilodeau A.S., Lazaris A., Keefer C., Karatzas C.N., 2002. Transgenic goats
produced by DNA pronuclear microinjection of in vitro derived zygotes. Mol Reprod
Dev.63, 437-443.

Warzych E., Peippo J., Szydlowski M., Lechniak D., 2007. Supplementsto in
vitro maturation media affect the production of bovine blastocysts and their apoptotic
index but not the proportions of matured and apoptotic oocytes. Anim Reprod Sci.97,
334-343.

Watson A.J,, De Sousa P., Caveney A., Barcroft L.C., Natale D., Urquhart J.,
Westhusin M..E., 2000. Impact of bovine oocyte maturation media on oocyte transcript
levels, blastocyst development, cell number, and apoptosis. Biol Reprod.62, 355-364.

YounisA.l., Zuelke K.A., Harper K.M., OliveiraM.A., Brackett B.G., 1991. In
vitro fertilization of goat oocytes. Biol Reprod.44, 1177-1182.

Yuan Y.Q., Van Soom A., Leroy JL., Dewulf J, Van Zeveren A., de Kruif A.,
Peelman L.J., 2005. Apoptosis in cumulus cells, but not in oocytes, may influence
bovine embryonic developmental competence. Theriogenology.63, 2147-2163.

Zeuner A., Muller K., Reguszynski K., Jawgenow K., 2003. Apoptosis within
bovine follicular cells and its effect on oocyte development during in vitro maturation.
Theriogenology.59, 1421-1433.

152



Table 1. Apoptosis rate in immature and IVM- oocytes assessed by Annexin-V

staining depending on oocyte diameter and COC morphology.

Healthy Early Atretic
110-125 125-135 >135  110-125 125-135 >135
um um um um um um
Oocytes 79 125 69 68 109 62

evaluated

Apoptotic 2337  31P7  19%®%p p9@¥  33@7 13D~
oocytes (%)  (29.1) (24.8)  (27.5) (42.6)  (30.3) (21)

Immature
oocytes

. N 73 86 27 63 104 47
1 Q O 7y i) > > it 7
§ ‘:>>, Apoptotic 4379 0¢" 1 abe? 11 P §ac: 0ac:
~ 3 oocytes (%)  (5.5) B.7) (175 (4.8

Values in the same row with different superscripts (> > © 9 differ significantly
(P<0.05). Values in the same column with different superscripts () differ

significantly (P<0.05).
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Table 2. Apoptotic rate in cumulus cells assessed by Annexin-V staining and

their distribution in immature and IVM- COCs depending on COC morphology

and oocyte diameter

Healthy Early Atretic
110-125 125-135 >135 110-125 125-135 >135
Hm pm pHm pm pHm pHm
COCs 87 103 56 54 77 70
evaluated
Apoptotic 86 © 972 552 54 77° 70
COCs (%)  (98.8) (94.2)  (98.2)  (100) (100)  (100)
4 25 % 70272 8527’2 53P72  22° 37° 42°
% (81.4) (87.6)  (96.4) (40.7)  (48.05)  (60)
= 25-50 % 437 627 1377 16° 16" 127
£ (4.6) 6.2) (1.8) (29.6) (20.8) (17.1)
~ TEB075% 7™ 3" 0° 97 97 5
(8.1) (3.1) (16.7) (11.7)  (8.6)
>75 % 5 37 1P 7% 15° 10°
(5.8) (3.1) (1.8)  (13) (19.5)  (14.3)
COCs 59 75 50 45 65 60
evaluated
Apoptotic 59 75 50 45 65 60
COCs (%)  (100) (100) (100)  (100) (100)  (100)
25 % 29 27 457 37°P7 217 37 2%
é (49.1) (60) (74)  (46.7)  (57.9)  (53.3)
; 25-50 % 17 ° 17 ° 13 °? 9 10 9
= 28.8)  (22.7) (26) (20)  (15.4)  (15)
50-75 % 77 ga 0° 9@ 97 97
(11.9) (10.7) (20) (13.8) (15)
>75 % 67 5 0° 62 97 107
(10.2) (6.7) (13.3)  (13.8)  (16.7)
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Values in the same row with different superscripts (> > ¢ % differ significantly
(P<0.05). Values in the same column with different superscripts () differ

significantly (P<0.05).
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Table 3. Embryo development at 8 dpi depending on COC morphology and

oocyte diameter

%) N Total 8-16 Mor  Blast. Deg Hatched Cell
(um) Div Cells (%) (%) (%) Blast.* Mean
(%) (%) Blast.
-~ 110- 222 71° 6° 4¢ 0¢ 18 °¢ 0
S 125um G2 @7 (1.8 8.1)
% 125- 510 303° 41° 20 % 27° 31° 14/27 92.52 +
135 pum (59.4) (8) (3.99 (6.3) (6.1) (51.85) 51.87
>135 230 165° 28 ™° 16>  33° 17 ¢ 16/33 128.90
Hm (71.7)  (12.2) () (4.3) (7.9 (48.48)  +81.40
110- 284 95 ° 12° 5% 1° 34 % 1/1 146
o 125um (33.4) (4.2) (1.8) (0.3) (12 (100)
g 125- 463 292° 59 ¢ 13° 19° 42 & 9/19 106.7 +
°_§, 135 um (63.1) (12.7) (2.8) (4.1) (9.1) (47.37) 77.12
u;j >135 215 145 ¢ 38° 17°¢ 11° 31° 8/11 107.38
Hm (68.8) (17.7) (7.9) (5.1) (14.4)  (72.72) +67.73

Values in the same column with different superscripts (% ®) differ significantly

(P<0.05).

* These results are expressed as the hatched blastocysts related to the total

number of blastocysts

N: oocytes inseminated; Mor: Morulae; Blast: Blastocysts; Deg: Degenerated

embryos.
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Figure 1. Experimental design

H COCs H COCs H COCs EA COCs EA COCs EA COCs
110-125 pm 125-135 pm >135 um 110-125 pm 125-135 pm >135 um
Annexin-V staining Cumulus cells COCs = 447
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Denuded oocytes = 512
VM
Annexin-V staining Cumulus cells COCs = 354
27 h
IVF
Denuded oocytes = 400
IVC
Hatching evaluation
172 hpi 5, 6, 7, 8 dpi

Hoechst staining
(embryos, N = 1834)
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8. DISCUSION GENERAL

La produccion in vitro de blastocistos a partir de ovocitos de cabras
prepuberes (6%; Koeman et al., 2003) es bastante ineficiente, en comparacion
con los resultados obtenidos en cabras adultas (33%, Keskintepe et al., 1996),
0 en otras especies como el bovino (40%, revisado por Lonergan et al., 2003).
Se ha comprobado en numerosas especies que el uso de hembras prepuberes
como donantes de ovocitos perjudica el desarrollo embrionario posterior
(revisado por Armstrong, 2001), debido principalmente a deficiencias en su
maduracion citoplasmatica (Damiani et al., 1996; Salamone et al., 2001). Sin
embargo, se ha logrado obtener blastocistos, gestaciones y nacimientos a
partir de ovocitos de hembras prepuberes (Armstrong et al., 1992). En
numerosas especies, incluido el caprino, se ha observado que la competencia
del ovocito se incrementa con el tamafio folicular (vaca: Lonergan et al.,
1994; Blondin y Sirard, 1995; Lequarre et al., 2005; Kauffold et al., 2005;
cabra: Crozet et al., 1995; bufalo: Raghu et al., 2002; oveja: Ledda et al.,
1999), y éste, a su vez, se correlaciona con el didmetro ovocitario (vaca:
Arlotto et al., 1996; cabra: De Smedt et al., 1994; Crozet et al., 2000; bufalo:
Raghu et al., 2002; yegua: Goudet et al., 1997). Por lo tanto, el crecimiento
del ovocito es indispensable para que éste adquiera competencia para
mantener el desarrollo embrionario. En cabras adultas, los foliculos mayores a
5 mm de didametro son los que contienen los ovocitos que dan lugar a un
mayor porcentaje de blastocistos (Crozet et al., 1995). Sin embargo, la
mayoria de foliculos presentes en los ovarios de cabras prepuberes no superan
los 3 mm de diametro (Martino et al., 1994), lo que podria indicar que el
menor porcentaje de desarrollo embrionario obtenido a partir de ovocitos de
cabras prepuberes podria ser consecuencia de la mayor proporcién de ovocitos
que todavia no han completado su crecimiento, pero el potencial para el
desarrollo de los ovocitos de cabras prepuberes podria ser el mismo que el de
los ovocitos de cabras adultas en el mismo estadio de crecimiento. Por otro
lado, en diversas especies se ha observado que el diametro de los ovocitos

obtenidos a partir de foliculos del mismo diametro es menor en hembras
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prepuberes que en adultas (bovino: Gandolfi et al., 1998; ovino: Ledda et al.,
1999). El objetivo de esta tesis fue estudiar la competencia de los ovocitos de
cabras prepuberes a nivel meidtico, de fecundacién y de desarrollo
embrionario, dependiendo de su diametro y, asi, poder determinar la utilidad
del diametro ovocitario como un parametro de seleccion de la calidad de los
ovocitos. Por otro lado, el diametro ovocitario también ha sido utilizado para
investigar qué papel podrian desempefiar el MPF y la apoptosis en la
adquisicion de la competencia ovocitaria, en un intento por entender un poco
mas qué factores pueden estar influyendo en la maduracion citoplasmética

del ovocito.

Se sabe que el MPF juega un papel muy importante en la progresién de
la maduracion meiotica del ovocito, ya que es el responsable de la
desestructuracion de la ldmina nuclear (Peter et al., 1990a) y de los nucleolos
(Peter et al., 1990b), de la condensacion cromosdmica (Moreno y Nurse, 1990)
y de la reorganizacion de los microfilamentos (Morgan et al., 1989) y de la red
de filamentos intermedios (Chou et al., 1990). Nuestros resultados muestran
que, en cabras prepuberes, la competencia meiotica de los ovocitos, asi como
la competencia para el desarrollo embrionario, se adquiere a medida que

4cdc2

aumenta la acumulacion de Ciclina B1, p3 y la actividad del MPF en el

ovocito. Nuestros resultados concuerdan con otros estudios en los que se

observé que los dos componentes del MPF, la p34°i©

y la Ciclina B1, se van
acumulando durante el crecimiento del ovocito y alcanzan niveles maximos a
medida que el ovocito adquiere competencia meidtica (raton: Mitra y Schultz,
1996; de Vantery et al., 1996; cabras: Dedieu et al., 1998). Sin embargo, la
relacion observada en cabras prepuberes entre la concentracion y actividad
del MPF y la competencia para el desarrollo de los ovocitos indica que,
ademas del importante papel que juega en la progresion meiética, el MPF
también jugaria un papel importante en la regulacion de la maduracion
citoplasmatica del ovocito. Borsuk et al. (1991) y Naito et al. (1992) fueron los
primeros en sugerir la participacion del MPF en la maduracion citoplasmatica
al observar que los niveles de MPF tras la MIV estaban relacionados con la

capacidad del ovocito para descondensar la cabeza del espermatozoide y
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formar el prondcleo masculino. Por otro lado, la menor competencia de los
ovocitos de hembras prepuberes también ha sido relacionada con una menor
actividad del MPF en comparacion con ovocitos de hembras adultas (bovino:
Salamone et al., 2001; ovino: Ledda et al., 2001).

En cabras preplberes, la acumulacién de mRNA de p34°°?

y Ciclina B1
no parece ser la responsable de la competencia ovocitaria, ya que los niveles
fueron similares en todos los didmetros de ovocitos estudiados. En cambio, si

4cd02

se observaron diferencias en cuanto a los niveles de RNA de p3 y Ciclina

B1 almacenado en el ovocito antes de la maduracion, pero no después,

4°9°2 se detectaron

mientras que las diferencias en la cantidad de proteina p3
después de la maduracion, pero no antes. Estos resultados parecen indicar
que la acumulaciéon de transcritos de las dos subunidades del MPF para su
utilizacion posterior determinard la actividad del MPF y, por lo tanto, la
adquisicion de competencia meidtica y, posiblemente, de competencia para
el desarrollo. Sin embargo, la competencia del ovocito no soOlo estd
determinada por su capacidad para almacenar todos los factores necesarios
para el mantenimiento de la actividad celular hasta la activacion del genoma
embrionario, sino también en su capacidad de movilizar los transcritos
almacenados y traducirlos a proteinas, como se demuestra en la menor
cantidad de RNA total detectado en los ovocitos mas competentes después de

la maduracion.

En general, nuestros resultados muestran que a lo largo de la
maduracion in vitro se produjo acumulacién de RNA de las subunidades del
MPF, sobretodo en los ovocitos mas incompetentes; sin embargo, esta
acumulacién no condujo a una mayor progresion meidtica en estos ovocitos.
De Vantéry et al. (1997) observaron que la inyeccién de mRNA p34° en
ovocitos meidticamente incompetentes daba lugar a la acumulacién de

proteina p34°i®

en niveles similares a los ovocitos competentes, pero no se
reiniciaba la meiosis. Estos resultados sugieren que otros factores que
probablemente intervienen en la regulacion del MPF pueden estar en

deficiencia en los ovocitos que todavia no han completado su crecimiento.

163



Diversas hipotesis pueden explicar los resultados: 1) aunque se produzca
acumulacion de p34°®?, es posible que el ovocito incompetente no sea capaz
de producir las modificaciones post-traduccionales que permitirdn la

4cd02

asociacion de la p3 y la Ciclina Bl para formar el pre-MPF (Kanatsu-

Shinohara et al., 2000), posiblemente debido a la incapacidad para que el
p3
pueda asociarse con el pool endégeno de Ciclina B1 (de Vantéry et al., 1997);

4°°? seq fosforilado, paso indispensable para que la subunidad catalitica

2) la acumulacién de p34°? es suficiente para formar el heterodimero con
Ciclina B1, pero su activacion puede estar comprometida si el ovocito no ha
sido capaz de acumular factores necesarios para su regulacion, como la
fosfatasa Cdc25 o las kinasas Wee (Goudet et al., 1998; revisado por Jones,
2004); 3) es posible que la translocacion del MPF del citoplasma al nucleo,
donde se encuentran algunos de sus sustratos, como la histona H1l, esté
comprometida en ovocitos incompetentes (Kanatsu-Shinohara et al., 2000).
Esta translocacion esta regulada por la fosforilacion de la Ciclina Bl, que
impide que el nuclear export sequence sea reconocido por el nuclear export
factor CRM1 (Yang et al., 1998), produciendo asi su acumulacién en el ndcleo;
y 4) la incompetencia meidtica de los ovocitos puede estar ligado a la
inhabilidad para activar la MAPK, que es necesaria para dar lugar al reinicio
de la meiosis en muchas especies. No obstante, en cabras la activacion de la
MAPK se produce después de la activacion del MPF y la ruptura de vesicula
germinal, al igual que en cerdos (Inoue et al., 1995) y ratén (Verlhac et al.,
1994), con lo que esta hipotesis queda descartada. En cambio, se ha
comprobado que los ovocitos caprinos meidticamente incompetentes
contienen menos cantidad de Cdc25 fosfatasa que los ovocitos competentes
(Gall et al., 2002); sin embargo, es necesario realizar mas estudios para
comprobar si algunos de los factores de regulacion del MPF mencionados en
las otras hipétesis intervienen también en la adquisicion de competencia

meidtica y para el desarrollo.
En cabras prepuberes la capacidad del ovocito para progresar

meioticamente hasta el estadio de metafase Il, ser fecundado normalmente,

dividirse y alcanzar el estadio embrionario de blastocisto aumenta con el
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diametro ovocitario, hecho que ha sido previamente observado en numerosas
especies (vaca: Arlotto et al., 1996; cabra: De Smedt et al., 1994; Martino et
al., 1994; Crozet et al., 2000; bufalo: Raghu et al., 2002; yegua: Goudet et
al., 1997). Sin embargo, nuestros resultados también muestran que el estadio
meidtico de los ovocitos inmediatamente después de su liberacién de los
foliculos varia con el diametro; asi, los ovocitos de mayor tamafo presentaban
una gran proporcion que ya habian reanudado la meiosis dentro del foliculo.
Los ovocitos que se encuentran dentro de los foliculos estan en parada
meiodtica debido a sustancias inhibidoras de la meiosis que se encuentran en el
liquido folicular y que llegan al ovocito a través de las células del cumulus
(Dekel, 1988). Unicamente se produce la reanudacion de la meiosis en el
ovocito que contiene el foliculo dominante después del pico de LH, o en
foliculos atrésicos debido a la expansion prematura de las células del
cumulus. En consecuencia, nuestros resultados parecian indicar que la
mayoria de ovocitos recuperados de cabras prepuberes eran atrésicos, y que
la atresia aumentaba con el didmetro ovocitario. Esta hipGtesis parecia
concordar con estudios previos, en el que se observd que los ovocitos recién
recuperados de los foliculos que ya habian reanudado la meiosis presentaban
mayor incidencia de apoptosis que aquellos que todavia permanecian en
parada meidtica (Warzych et al., 2006). Sin embargo, en el estudio realizado
sobre apoptosis en cabras prepuberes observamos que los ovocitos que habian
reanudado la meiosis en el momento de ser obtenidos del foliculo presentaban
menor incidencia de apoptosis que los que se encontraban todavia en parada
meidtica, mientras que en ovocitos de vacas observamos lo contrario. Es
posible que la dinAmica de reanudacion meidtica tras la liberacién del foliculo
en ovocitos de cabras prepuberes sea mucho mas rapida que en cabras adultas
(Le Gal et al., 1992), que presentan el 100% de los ovocitos en estadio de
vesicula germinal a las 3 h de la liberacion del foliculo. En cambio, en bovino,
los ovocitos de menor tamafio que han reanudado la meiosis en el momento
de ser liberados de los foliculos son los que mayoritariamente provienen de

foliculos atrésicos.
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Diversos estudios han descrito que los COCs que muestran signos
tempranos de atresia dan lugar a un mayor porcentaje de blastocistos
(Blondin y Sirard, 1995; Boni et al., 2002; de Wit et al., 2000; Nicholas et al.,
2005), debido a que estos COCs sufren un proceso similar a la maduracién
dentro del foliculo (Assey et al., 1994) que les proporciona mayor
competencia para el desarrollo. Sin embargo, en cabras prepuberes el efecto
de la atresia del COC en su capacidad para el desarrollo no habia sido
evaluado hasta el momento. Para ello, la incidencia de apoptosis en los
ovocitos y las células del cumulus fue evaluada mediante dos técnicas
complementarias: la tincion mediante Annexin-V, que permite distinguir las
células en estadios tempranos de apoptosis de las células en estadios mas
tardios; y la técnica de TUNEL, que permite observar las células que se
encuentran en las ultimas fases de la apoptosis. Estas técnicas fueron puestas
a punto mediante la realizacién de un estudio previo en COCs bovinos, y
posteriormente se aplicaron en COCs de cabras prepuberes. En general,
pudimos observar que los COCs de mayor diametro, que son mas competentes
para dar lugar a un embrion viable, son también los que sufren menor
incidencia de apoptosis, tanto en vacas como en cabras prepuberes. La
incidencia de apoptosis en ovocitos fue similar en las dos especies, segun el
tamafio y la técnica de deteccién utilizada. En ambos casos se pudo observar
una reduccion de la apoptosis ovocitaria durante la maduracién in vitro, como
habia sido observada previamente en ovocitos humanos por Van Blerkom y
Davis (1998). Sin embargo, estudios realizados en otras especies muestran un
incremento de los niveles de apoptosis en ovocitos en cultivo (Fujino et al.,
1996; Takase et al., 1995; Van Blerkom y Davis, 1998), que puede ser
indicativo del posible efecto que los diferentes medios de cultivo pueden
tener sobre estos ovocitos. En cabras prepuberes, al contrario de lo observado
en otras especies, los COCs que no presentan ningin signo morfoldgico de
atresia son los que dan lugar a un mayor porcentaje de blastocistos. La
morfologia del COC y el diametro ovocitario en cabras prepuberes no parece
afectar a la calidad de los blastocistos obtenidos, evaluada segun el
porcentaje de blastomeros apoptdéticos (ACR), capacidad de eclosion y nimero

de células del blastocisto. Curiosamente, el porcentaje de blastomeros
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apoptoticos detectado en blastocistos de cabras prepuberes fue menor que el
obtenido en blastocistos bovinos, aunque estos ultimos estuvieron menos
tiempo en cultivo. No obstante, los indices de apoptosis en los blastocistos de
ambas especies se encuentran dentro de los indices que ya habian sido
observados previamente en otros estudios (2.89 %, Warzych et al., 2006; 3-7 %
Boelhauve et al., 2005; 4-9 %, Fabian et al., 2005; 10.3 %, Pomar et al., 2005;
12 %, Yuan et al., 2005; 9.8-14.2 %, Vandaele et al., 2006)

Teniendo en consideracion todos los estudios realizados en esta tesis,
podemos concluir que la capacidad de los ovocitos para llegar al estadio de
blastocisto es mayor en ovocitos de mayor didmetro, con mayor actividad de
MPF y menor incidencia de apoptosis, tanto a nivel ovocitario como en las
células del cumulus. Parece ser que existen indicios de la existencia de una
conexién entre la regulacién de la maduracién ovocitaria y la de la muerte
celular, segun diversos estudios realizados en invertebrados (Drosophila:
Ivanovska et al., 2004; starfish: Sasaki y Chiba, 2004; Greenwood y Gautier,
2005; Xenopus: Smith et al., 2000; revisado por Greenwood y Gautier, 2005;
Caenorhabditis elegans: Kritikou et al., 2006) y en mamiferos (ratén: Tatone
et al., 2006; cerdo: Ma et al., 2005). Sin embargo, seria necesario realizar
estudios complementarios para averiguar de qué modo se relacionan las dos

rutas de regulacion, y cual seria el efecto en la competencia del ovocito.
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9. CONCLUSIONES

Las conclusiones de esta tesis fueron las siguientes:

? El didmetro del ovocito y la morfologia del COC son buenos indicadores
no invasivos de la competencia ovocitaria para producir embriones en
cabras prepuberes. Asi, para obtener el mayor porcentaje de
blastocistos deben seleccionarse los COCs con un didmetro ovocitario

superior a 135 um y sin signos visibles de atresia.

? Los ovocitos de cabras prepuberes con una mayor competencia para el
desarrollo también presentaron un mayor nivel de expresion de Ciclina
B1-ARN en ovocitos inmaduros, una mayor acumulacion de proteina
p34°9°2 y mayor actividad kinasa del Maturation Promoting Factor
después de la maduracion in vitro. Por lo tanto, estos parametros

pueden utilizarse como indicadores invasivos de calidad ovocitaria.

? Envacas y cabras prepuberes, el porcentaje de apoptosis en ovocitos y
células del cumulus varia con el diametro ovocitario. Ademas, una
mayor incidencia de apoptosis en ovocitos y células del cumulus no
afecto a la calidad de los blastocistos resultantes, evaluada segun la

incidencia de apoptosis en estos blastocistos.

? Las diferencias de morfologia entre COCs sin signos y con signos visibles
de atresia en cabras prepuberes se relaciona con un diferente grado de
apoptosis en ovocitos y células del cumulus. La seleccién de COCs
mediante su morfologia antes de la MIV incrementa el porcentaje de

blastocistos s6lo en los ovocitos que han completado su crecimiento.
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