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The work of a thesis is a process, not an event; it is about the journey, not only the
destination. And this journey is as much a journey of self-learning and personal
fransformation as it is an academic exploration. It is about developing one'’s identity as

a researcher and writer, gaining confidence and frust in oneself, finding voice.
- Ardra L. Cole

The Thesis Journey: Travelling with Charley
Brock Education (2003), 13(1):1-13

Always remember, a cat looks down on man, a dog looks up to man, but a pig will look

man right in the eye and see his equal.

- Winston Churchill
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Abstract

I'\bstract

This thesis deals with challenges that currently concern in vitro production (IVP), sex
determination procedures and sex-related survival of porcine IVP embryos. Sex is
considered one of the most important genetic traits for animal production. The ability to
effectively select the desired sex of livestock offspring prior to conception has always
been one of the main goals sought not only by breeders, but also by researchers. Sex
preselection of IVP porcine embryos, together with cryopreservation and embryo
fransfer techniques, can be used to manipulate the sex ratio of offspring. This can
improve the herd for desired purposes, reduce the generation interval, accelerate
genetic improvement programmes and, thus, increase the biological and economic
efficiency of productivity. Moreover, carrying out research on the selective loss of
porcine male or female embryos under specific in vifro conditions will highlight novel
physiological markers and molecular mechanisms responsible for sex ratio skews. In
addition, it will provide the basis of how in vitro production can be enhanced in a sex-
related manner. Nevertheless, these goals cannot be considered commercially
applicable until the porcine IVP and sex determination procedures improve their

efficiency.

With the aim of improving IVP techniques, two different approaches have been
conducted to determine: (1) how the development of IVP porcine embryos is affected
by replacing glucose with pyruvate and lactate in the culture medium for the first 48 h
of culture; (2) how the addition of different concentrations of hyaluronic acid (HA) o
the culture medium affect the development of IVP porcine embryos, and whether
these putative effects of HA depend on the major energy substrate of the culture
medium; and (3) how fthe development of IVP porcine embryos is affected by the
timing of the first embryonic cleavage of embryos cultured with glucose- or pyruvate-
and lactate-based media. Furthermore, both approaches have also been carried out
to study sex-related embryo survival of embryos cultured under these condifions using a

new developed duplex polymerase chain reaction (PCR) procedure.

First, and regardless of both the fiming of the first embryonic cleavage and the
presence of HA in the culture medium, results demonstrate that pyruvate and lactate
at specific concentrations of 0.17 and 2.73 mM, respectively, are the preferred energy

substrates at the early stages of porcine embryos. Embryos cultured with pyruvate-



Abstract

lactate have significantly higher blastocyst rates than those cultured with 5.55 mM
glucose. Moreover, culture with glucose decreases the kinetics of IVP embryo
development. Second, it has been observed that the effects of HA on embryo
development depend on its concentration and are not influenced by the energy
substrate in the culture medium during the first 48 h post-insemination (pi). While 0.5
mg-ml HA have no effect on embryo development, 1.0 mgml! HA significantly
decreases blastocyst rates in both glucose- and pyruvate and lactate- based media.
Finally, successful development to the blastocyst stage markedly decreases when both
the time from fertilisation to first cleavage and the percentage of fragmented and
degenerated embryos at the time of the first cleavage increase. Moreover, a
differential influence of energy substrate on the successful development of embryos
that first cleaved at different time intervals has also been observed. The blastocyst
development stage and the average number of cells per blastocyst in early- and late-
cleaving embryos significantly differ between embryos cultured with glucose and those
cultured with pyruvate and lactate. Culture with pyruvate and lactate, but not with
glucose, causes a detrimental effect on late-cleaving embryos (30-48 h pi). It increases

the proportion of early blastocysts with fewer average cells.

On the other hand, a new suitable PCR-based method for sexing porcine embryos at
different developmental stages with a high degree of efficiency, accuracy and
specificity has been developed. This technique was designed to co-amplify two
different repetitive sequences: (1) the porcine Y chromosome-specific repeat
sequence X12696', and (2) the porcine multicopy 125 rRNA mitochondrial gene. The
presence or absence of the former determines samples to be male or female,
respectively. In contrast, the presence of the latter, common to both sexes, distinguishes
amplification failures or female embryos when Y-specific product is absent. The results
shows that the procedure is sensitive enough (0.001 ng DNA) to identify the sex of
porcine single cells and IVP cell-stage embryos (2-, 4-, 8- and 16-cell embryos) with 100%

efficiency, as well as the sex of blastocysts with 96.6% accuracy and 96.7% efficiency.

This PCR technique was used to determine sexual dimorphisms in terms of selective loss
of embryos of a determined sex under the culture conditions described herein. The
results show a sex ratio deviation towards males among cleavage-stage embryos that
completed their first cell cycle within 26 and 30 h pi and fowards females among those

embryos that underwent the first cleavage later, in both glucose- or pyruvate and

! GenBank Accesion Number. GenBank Home — National Center for Biotechnology Information. Available on-
line via <http://www.ncbi.nlm.nih.gov/genbank/>
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lactate-based media. However, our findings also reveal that the energy substrate
present in the medium during the first 48 h of culture has a differential and critical effect
on the selective loss of embryos of one determined sex during their development up to
the blastocyst stage. Particularly, the suboptimal conditions associated with glucose in
the culture medium lead to a selective loss of male embryos first cleaved between 26
and 30 h pi, resulting in a similar proportion of male and female blastocysts at 168 h pi.
In addition, the decrease in blastocyst formation rate in those embryos cultured with 1.0
mg ml-' HA seems to be caused by a preferential loss of female embryos, leading to a
slight skew in the sex ratio fowards males in the group of embryos cultured with

pyruvate and lactate, and by an equal loss of embryos of both sexes in the glucose

group.

In conclusion, all together these results provide new knowledge about physiology,
development and sexual dimorphisms in survival rates and kinetics of development in
porcine embryos produced under specific in vifro conditions. In addifion, this thesis
establishes new conditions that may enhance porcine IVP techniques and develops a
new suitable procedure able to determine the sex of porcine embryos at different

developmental stages.






Resum

Hesum

La present tesi fracta alguns dels reptes que actualment afecten a la produccid in vitro
(PIV), les técniques de determinacid del sexe i les diferéncies de supervivencia entre
embrions porcins mascles i femelles PIV sota unes determinades condicions de cultiu.
En produccié animal, el sexe és considerat un dels trets genetics més importants. La
possibilitat de seleccionar eficacment el sexe de la descendéncia ha estat sempre un
dels principals objectius perseguits no només pels ramaders, sind també pels
investigadors. La determinacid i seleccid del sexe dels embrions porcins PIV, utilitzades
conjuntament amb la criopreservacié i les técniques de tfransferéncia embrionadria,
poden ser emprades per manipular la proporcié de sexes de la descendéncia. La
desviacié de la proporcid de sexes pot accelerar els programes de millora genética,
reduir I'interval generacional i, conseqlentment, incrementar I'eficiencia bioldgica i
economica de la productivitat. D'altra banda, la investigacid sobre la perdua
selectiva d'embrions porcins mascles o femelles sota condicions especifiques de cultiu
pot permetre coneixer nous marcadors fisiologics i mecanismes moleculars
responsables de la desviacid de la proporcid de sexes. A més, pot proporcionar la
base sobre com millorar I'eficieéncia de les técniques de PIV d'embrions porcins, fins i tot
desviant la proporcié de sexes dels embrions produits. No obstant, aquests objectius no
podran ser considerats comercialment aplicables fins que les técniques de PIV i de

determinacié del sexe d'embrions porcins no millorin la seva eficiéncia.

Amb l'objectiu de millorar les tecniques de PIV, s’han dut a terme dos estudis diferents
per tal de determinar: (1) com es veu afectat el desenvolupament dels embrions
porcins PIV després de substituir la glucosa del medi de cultiu durant les primeres 48
hores per piruvat i lactat; (2) com I'addicid de diferents concentracions d'acid
hialuronic (AH) al medi de cultiu afecta el desenvolupament dels embrions, i si els
efectes putatius de I'AH depenen del substrat energetic present en el medi; i (3) com
es veu afectat el desenvolupament dels embrions PIV i cultivats amb glucosa o piruvat
i lactat segons el moment de la seva primera divisi6 embriondria. D'altra banda,
aqguests dos estudis també s'han realitzat per determinar si hi ha diferencies en la
supervivencia d'embrions mascles i femelles sota les condicions de cultiu descrites

anteriorment, utilitzant una nova técnica de PCR dissenyada amb aquesta finalitat.
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En primer lloc, obviant el temps de la primera divisié embriondria i la presencia d'AH en
el medi de cultiu, els resultats demostren que el piruvat i el lactat a les concentracions
de 0,171 2,73 mM, respectivament, son els substrats energetics optims durant els primers
estadis de desenvolupament dels embrions porcins. Els embrions cultivats amb piruvat i
lactat presenten taxes de blastocist significativament més altes que les dels embrions
cultivats amb 5,55 mM de glucosa. A més, el cultiu amb glucosa disminueix la velocitat
de desenvolupament dels embrions. En segon lloc, s'ha observat que els efectes de
I'AH en el desenvolupament dels embrions porcins PIV depenen de la seva
concentracié i no estan influenciats pel substrat energétic present al medi de cultiu
durant les primeres 48 hores post inseminacié (h pi). Malgrat que I'addicié de 0,5
mg ml!' d’AH al medi de cultiu no té efecte en el desenvolupament dels embrions, 1,0
mg ml-' d’'AH disminueix significativament les taxes de blastocist dels embrions cultivats
amb ambdds substrats energétics. Finalment, s'ha demostrat que I'éxit del
desenvolupament embrionari fins a I'estadi de blastocist disminueix notablement a
mesura que el temps des de la fecundacié fins la primera divisi®é embriondria, i el
percentatge d’'embrions fragmentats i degenerats a la primera divisi6 mitotica
augmenten. A més, s'ha observat que el substrat energetic té un efecte diferencial en
el desenvolupament dels embrions dividits per primera vegada a diferents temps. El
cultiv amb piruvat i lactat incrementa la proporcié de blastocists amb estadis
primerencs i amb un nombre menor de célilules en aquells els embrions dividits
tardanament (entre 30-48 h pi). Aquestes diferéncies no s’han observat en els emlbrions

cultivats amb glucosa.

D'altra banda, s'ha desenvolupat una nova técnica de PCR per a poder determinar el
sexe d'embrions porcins en diferents estadis de desenvolupament amb una alta
eficiencia, especificitat i precisid. Aguesta tecnica s'ha dissenyat per amplificar
conjuntament dues seqUencies repetitives diferents: (1) la seqUéncia repetitiva X126962
del cromosoma Y de porci, i (2) la seqUencia multicopia del gen mitocondrial 125 RNA
de porci. La preséncia o absencia de la primera determina que les mostres pertanyin a
mascles o femelles, respectivament, mentre que la preséncia de la segona ajuda a
distingir entre problemes d'amplificacié o mostres femella, quan I'amplicé de la
seqUéncia especifica del cromosoma Y no hi és present. Els resultats mostren que la
técnica és suficientment sensible (0,001 ng DNA) per determinar el sexe de cel-ules

individuals i d'embrions porcins en estadi de céldules amb un 100% d'eficiencia, aixi
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com també el sexe de blastocists amb una precisié i eficiencia del 96.6% i 96.7%,

respectivament.

Aquesta tecnica de PCR ha estat utilitzada per determinar dimorfismes sexuals en
relacié a la pérdua selectiva d'embrions d'un determinat sexe en les condicions de
cultiu descrites anteriorment. Els resultats mostren una major proporcié d’'emibrions
mascles entre els embrions en estadi de cellules que han experimentat la seva primera
divisid mitotica entre les 26 i 30 hores pi, i una major proporcié d'embrions femelles
entre els embrions que s’han dividit per primera vegada més tard, independentment
del substrat energéetic present en el medi de cultiu durant les primeres 48 hores. No
obstant, s'"ha demostrat que el substrat energétic té un efecte diferencial en la pérdua
selectiva d’embrions d'un defterminat sexe durant el seu desenvolupament fins a
I'estadi de blastocist. Concretament, les condicions suboptimes associades al cultiu
amb glucosa han provocat una pérdua selectiva d'embrions mascles dividits per
primera vegada entre les 26 i 30 h pi, obtenint una proporcié similar de blastocists
mascles i femelles a les 168 h pi. A més, la disminucié de les taxes de blastocist en
aquells embrions cultivats amb 1,0 mg-ml' d’AH sembla ser provocada per una perdua
preferencial d'embrions femella, donant lloc a una major proporcidé de blastocists

mascles entre els embrions cultivats amb piruvat i lactat.

En conclusid, aquesta tesi ofereix nous coneixements sobre la fisiologia, el
desenvolupament i els dimorfismes sexuals en les taxes de supervivéncia i la cinetica
del desenvolupament d'embrions porcins PIV sota unes condicions especifiques. A
més, estableix noves condicions de cultiu necessaries per millorar les tecniques de PIV
d'embrions porcins, i presenta una nova tecnica apte per a determinar el sexe

d’embrions porcins a diferents estadis de desenvolupament.
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Hesumen

La presente tesis trata algunos de los retos que actualmente atafen a la produccion in
vitro (PIV), las técnicas de determinacion del sexo y las diferencias de supervivencia
entre embriones porcinos machos y hembras PIV bajo unas determinadas condiciones
de cultivo. En produccién animal, el sexo es considerado como uno de los factores
genéticos mds importantes. La posibilidad de seleccionar eficazmente el sexo de la
descendencia ha sido siempre uno de los principales objetivos de los criadores de
ganado, asi como también de los investigadores. La determinacion y seleccién del
sexo de los embriones porcinos PIV, utilizadas conjuntamente con la criopreservacion y
las técnicas de transferencia embrionaria, pueden utilizarse para manipular el sexo de
la descendencia. El sesgo en la proporcién de sexos puede acelerar los programas de
mejora genética, reducir el intervalo generacional y, por lo tanto, incrementar la
eficiencia bioldgica y econdmica de la productividad. Por otro lado, la investigacién
sobre la pérdida selectiva de embriones porcinos machos o hembras bajo condiciones
de cultivo in vitro especificas pueden dar a conocer nuevos marcadores fisioldgicos y
mecanismos moleculares responsables del sesgo en la proporcidon de sexos. Ademds,
puede proporcionar la base sobre cédmo mejorar la eficiencia de las técnicas de PIV
de embiriones porcinos, incluso sesgando la proporcidén de sexos de los embriones
producidos. No obstante, estos objetivos no podrdn ser considerados comercialmente
aplicables hasta que las técnicas de PIV y de determinacién del sexo de embriones

porcinos no mejoren su eficiencia.

Con el objetivo de mejorar las técnicas de PIV, en la presente tesis se han realizado dos
estudios diferentes para determinar: (1) cdmo se ve afectado el desarrollo de los
embriones porcinos PIV después de sustituir la glucosa del medio de cultivo durante las
primeras 48 horas por piruvato y lactato; (2) cémo la adiciébn de diferentes
concentraciones de dcido hialurénico (AH) al medio de cultivo afecta al desarrollo de
los embriones, y si los efectos potenciales del AH dependen del sustrato energético
presente en el medio; y (3) cdmo se ve afectado el desarrollo de los embriones PIV y
cultivados con glucosa o piruvato y lactato segin el momento de su primera divisidon
embrionaria. Por ofro lado, estos dos estudios también se han realizado para
determinar diferencias en la supervivencia de embriones machos y hembras bajo las
condiciones de cultivo descritas anteriormente, utilizando una nueva técnica de PCR

disenada para este fin.
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En primer lugar y sin tener en cuenta el tiempo de la primera divisibn embrionaria y la
presencia de AH en el medio de cultivo, los resultados demuestran que el piruvato vy el
lactato a concentraciones de 0,17 y 2,73 mM, respectivamente, son los sustratos
energéticos Sptimos durante los primeros estadios de desarrollo de los embriones
porcinos. Los embriones cultivados con piruvato y lactato presentan tasas de
blastocisto significativamente mds altas que las de los embriones cultivados con 5,55
MM de glucosa. Ademds, el cultivo con glucosa disminuye la cinética de desarrollo de
los embriones. En segundo lugar, se ha observado que los efectos del HA en el
desarrollo de los embriones porcinos PIV dependen de su concentracion, y no se ven
influenciados por el sustrato energético presente en el medio de cultivo durante las
primeras 48 horas post inseminaciéon (h pi). Mientras que la adiciéon de 0,5 mg ml' de
AH al medio de cultivo no tiene efecto sobre las tasas de desarrollo, 1,0 mg-ml!
disminuye significativamente las tasas de blastocisto de los embriones cultivados con
ambos sustratos energéticos. Finalmente, se ha demostrado que el éxito del desarrollo
embrionario hasta el estadio de blastocisto disminuye notablemente a medida que el
tiempo desde la fecundacion hasta la primera division embrionaria, y el porcentaje de
embriones fragmentados y degenerados en la primera division mitética aumentan.
Ademds, se ha observado que el sustrato energético tiene un efecto diferencial en el
desarrollo de los embriones divididos por primera vez a distintos tiempos. El cultivo con
piruvato y lactato incrementa la proporcién de blastocistos en estadios tempranos vy
con un menor numero de células en aquellos embriones divididos tardiamente (entre
30-48 h pi). Estas diferencias no se han observado en los embriones cultivados con

glucosa.

Por ofro lado, se ha desarrollado una nueva técnica de PCR para poder determinar el
sexo de los embriones porcinos en diferentes estadios de desarrollo con una alta
eficiencia, especificidad y precisiéon. Esta técnica se ha disehado para amplificar
conjuntamente dos secuencias repetitivas diferentes: (1) la secuencia repetitiva
X126963 del cromosoma Y de porcino, y (2) la secuencia multicopia del gen
mitocondrial 125 RNA de porcino. La presencia o ausencia de la primera determina
que las muestras pertenezcan a machos o hembras, respectivamente, mientras que la
presencia de la segunda ayuda a distinguir entre problemas de amplificacién o
muestras hembra, cuando el amplicdn de la secuencia especifica del cromosoma Y
no estd presente. Los resultados muestran que la técnica es suficientemente sensible

(0,001 ng DNA) para determinar el sexo de células individuales y de embriones
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porcinos en estadio de células con un 100% de eficiencia, y el sexo de blastocistos con

una precisiéon y eficiencia del 96.6% y 96.7%, respectivamente.

Esta técnica de PCR ha sido utiizada para determinar dimorfismos sexuales
relacionados con la pérdida selectiva de embriones de un determinado sexo bajo las
condiciones de cultivo descritas anteriormente. Los resulfados muestran una mayor
proporcion de embriones machos entre los embriones en estadio de células que han
experimentado su primera division mitdtica entre las 26 i 30 horas pi y una mayor
proporcion de embriones hembra entre los embriones que se han dividido por primera
vez mds tarde, independientemente del sustrato energético presente en el medio de
cultivo durante las primeras 48 h. No obstante, se ha demostrado que el sustrato
energético tiene un efecto diferencial en la pérdida selectiva de embriones de un
determinado sexo durante su desarrollo hasta el estadio de blastocisto.
Concretamente, las condiciones subdptimas asociadas al cultivo con glucosa han
dado lugar a una pérdida selectiva de embriones machos divididos por primera vez
entre las 26 y 30 h pi, obteniendo una proporcién similar de blastocistos machos y
hembras a las 168 h pi. Ademds, la disminucién de las tasas de blastocisto en aquellos
embriones cultivados con 1,0 mgml! de AH parece ser provocada por la pérdida
preferencial de embriones hembra, sesgando la proporcidon de sexos a favor de los

machos entre los blastocistos cultivados sélo con piruvato y lactato, y no con glucosa.

En conclusién, esta tesis ofrece nuevos conocimientos sobre la fisiologia, el desarrollo y
los dimorfismos sexuales relacionados con las tasas de supervivencia y cinética del
desarrollo de los embriones porcinos PIV bajo condiciones especificas. Ademds,
establece nuevas condiciones de cultivo necesarias para mejorar las técnicas de PIV
de embriones porcinos, y presenta una nueva técnica apta para determinar el sexo de

embriones porcinos en diferentes estadios de desarrollo.
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Chapter 1
ﬂnfroducﬁon

1.1  Thesis Outline

This thesis is about challenges that currently concern in vitro production (IVP), sex
determination procedures and sex-related survival of in vitro-produced porcine
embryos. It is built as an article compendium, preceded by this infroduction, which
presents the set of arficles, and an extended bibliographic revision, and closed by the
general discussion and conclusions derived from them. It also includes a summary and

its franslation into Catalan and Spanish.

In this infroduction (Chapter 1), an outline of the thesis (Section 1.1) and a general and
brief state of the art (Section 1.2) are set out in order to put in context and justify the
issues that this thesis addresses. In Section 1.3, the main objectives are described.
Chapter Il is an extended bibliographic revision of the three main points that concern
this thesis: (1) importance of reproductive biotechnologies in swine (Section 2.1), (2) in
vitro production of porcine embryos (Section 2.2), and (3) embryo sex determination
and selection (Section 2.3). The results and the methodology of the present
investigation are comprised within three main articles, and are found in Chapters lll, IV
and V. Chapter lll deals with the development of a suitable PCR procedure for sexing
porcine embryos at different developmental stages with a high degree of efficiency,
accuracy and specificity. Conversely, Chapter IV and Chapter V study how the
addition of some energy sources and glucosaminoglycans may improve in vitro culture
(IVC) and the development of in vitro-produced porcine embryos. They also determine
how the development of IVP porcine embryos, culfured with glucose or pyruvate and
lactate, is affected by the timing of the first embryonic cleavage. Moreover, they also
study whether these new IVC conditions differentially affect the survival of male and
female embryos, through determining any sex ratio deviation of the resulted embryos.
Finally, Chapter VI and Chapter VIl deal with the most important findings obtained in

the articles as a whole and summarises the global conclusions, respectively.
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1.2 State of the art

Assisted reproductive technologies in domestic animals have experienced tfremendous
growth over recent decades, and they have developed into new techniques that
present both swine industries and biomedical research with numerous opportunities.
Some of these reproductive technologies are in widespread use for commercial pork
operations, such as artificial insemination (Al) (Riesenbeck, 2011); however, others still
need to be improved and they are in limited use in specific segments of both the
industry and the research field compared to those in other species such as bovine
(Knox, 2011). Examples of the latter group are IVP of porcine embryos and sex

preselection of the offspring.

Sex is the individual characteristic that exerts the largest impact on mammalian
phenotype (Ober ef al., 2008). Until recently, although it remained a matter of chance,
the ability to predetermine the sex in farm animals has been one of the main goals
pursued by both breeders and researchers. Sperm sexing by flow citometry and sex
determination by embryo biopsy are currently the only reliable methods to obtain
offspring of a determinate sex (Niemann et al., 2003; Johnson et al., 2005; Naqgvi, 2007).
However, sperm sexing by flow cytometry (Johnson and Clarke, 1988; Johnson, 1997)
has severe limitations because of the small number of cells that can be sorted per hour,
the high cost of the equipment and the lower fertility that has been reported, especially
compared with the use of non-sorted semen samples for assisted reproductive
technologies (Niemann et al., 2003; Bodmer et al., 2005; Frijters et al., 2009; Garner et al.,
2013). In confrast, embryo sex determinatfion is a potential alternative for both

commercial and research purposes.

Sex preselection of porcine in vitro preimplantation embryos, used together with
cryopreservation and embryo transfer (ET) techniques, can be used to manipulate the
sex ratfio of offspring. This can improve the herd for desired purposes, reduce the
generation interval, accelerate genetic improvement programmes and, thus, increase
the biological and economic efficiency of productivity (Jonhson ef al., 2005).
Moreover, carrying out research on selective loss of porcine male or female embryos
under specific in vitro conditions would highlight novel physiological markers and
molecular mechanisms responsible for those sex ratio skews. In addition, it would
provide the basis of how in vitro production can be enhanced in a sex-related manner
and thus, it would offer a method for altering sex ratio of embryos produced for fransfer
commercially in a lesser cost and time-consuming way (Bermejo-Alvarez, 2010).

Nevertheless, these goals cannot be considered commercially applicable until the
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porcine IVP (PAPER Il and PAPER Ill) and sex determination (PAPER I) procedures

improve their efficiency.

A large source of cleavage stage embryos and blastocysts is needed for practical
application of embryo sex preselection techniques. However, despite many efforts to
improve IVP systems in pigs, the efficiency of this technique is still low compared to its in
vivo production counterpart and to those in other species, such as bovine one. Up to
now, development rates of IVP blastocysts range from 6-7% to 20-30%, depending on
laboratories and culture conditions (Nagai et al., 2006; Isom ef al., 2012). Although the
main limiting factor that controls the efficiency of IVP mammalian embryos appears to
be the oocyte and zygote quadlity (Lonergan et al., 1999; Booth et al., 2007; Isom et al.,
2012), the composition of the culture medium and its conditions are also critical for the
subsequent pre- and postimplantational embryo development (Kidson, 2004; Rubessa
et al., 2011). Several recent studies have shown a strong correlation between oocyte
competence, early zygotic cleavage and subsequent embryonic development (Dang-
Nguyen et al., 2010; Isom et al., 2012). Moreover, many laboratories have been trying to
supplement culture media with different energy substrates (Kikuchi et al., 2002; Karja et
al., 2006), glycosaminoglycans (Kim ef al., 2005a), hormones (Lee ef al., 2005) or other
regulatory molecules at different concentrations and timings in order to make media as
similar as possible to the microenvironment found in vivo. It is known that the presence
of optimal concentrations of specific energy substrates, for instance, at each stage of
embryonic development is crucial, since it determines the optimal embryo metabolism

to develop properly (Swain et al., 2002; Rubessa et al., 2011).

Concerning these notions, the study and availability of contentious results regarding
how the replacement of some energy substrates with ofhers at different stages of
embryo development affects the kinetics of the first embryonic divisions, and
subsequent embryo development are needed. Moreover, it is important to determine
the effects of adding other substances at different concentrations, such as hyaluronic
acid (HA), which is known to play an important role in reproductive physiology, and its
interaction with the energy substrates present in the culture media. These questions will
be addressed in PAPER Il and PAPER IIl.

On the ofher hand, due to sex-related physiological, franscriptional and epigenetic
differences, phenotypic dimorphism has been reported for male and female bovine
preimplantation embryos under some specific culture conditions. It include differences
in speed of embryo development, survival after vitrification, cell number at blastocyst
stage, and metabolism (Gutierrez-Addan et al., 2001; Helle et al., 2008; Bermejo-Alvarez
et al., 2011). However, to our knowledge, this information is not yet available for porcine
embryos (PAPER Il and PAPER IIl).
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In addition, although several approaches have been attempted to determine the sex
of mammalian embryos, the low efficiency, accuracy and speed of these methods
preclude their routine application in the field. In contrast, polymerase chain reaction
(PCR)-based assays have undergone rapid development and their use for sexing
bovine embryos has become increasingly prevalent due to their sensitivity, specificity,
speed and cost-effectiveness (Shea 1999; Bredbacka 2001; Park ef al., 2001; Bermejo-
Alvarez et al., 2008a; Rattanasuk et al., 2011). However, because of the few genes and
sequences that, so far, have been sequenced and mapped from the porcine genome,
molecular genetics in sexing techniques are poorly developed in swine (Niemann ef al.,
2003). Accordingly, few PCR-based methods for porcine embryo sex determination
have been developed, and they are noft sufficiently sensitive, accurate, efficient and
specific to be used for porcine sex determination using small amounts of genomic DNA

(Pomp et al., 1995; Sathasivam et al., 1995; Fontanesi et al., 2008).

Therefore, what is required by researchers when determining sex-dependent
differences in porcine embryo physiology and survival under different culture conditions
(PAPER Il and PAPER lll) is the availability of suitable procedures to allow sex
determination of porcine embryos, with a high degree of efficiency and accuracy
(PAPER 1). The development of highly sensitive sex determination procedures is also
really needed for the sex determination of biopsied blastomeres and the subsequent
biopsied embryo culture and fransfer to obtain offspring of a determined sex. In
addition, identifying conditions that lead to deviation from 1:1 sex ratio would give
insight into factors controlling sex ratio and would offer a method for altering sex ratio of
embryos produced for fransferring commercially in a lesser cost and time-consuming

way.
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1.3 Objectives

Based on all stated in the previous section, this thesis proposes six main objectives
according fo challenges that currently concern in vifro production, sex deftermination
and sex-related survival of porcine embryos. Three papers have been published in
response to these six objectives, which are named at the end of each aim. In concrete,

the objectives are:

1. To develop a suitable PCR-based method for sexing porcine embryos af
different developmental stages with a high degree of efficiency, accuracy and
specificity (PAPER1).

2. To determine the effects on the development of IVP porcine embryos of
replacing glucose with pyruvate and lactate in the culture medium for the first
48 h of culture (PAPER Il and PAPER III).

3. To determine the effects on the development of IVP porcine embryos of adding
different concentrations of HA to the culture medium and whether these
putative effects of HA depend on the major energy substrate of the culture
medium (PAPER II).

4. To determine whether the fiming of the first embryonic cleavage affect the
development of IVP porcine embryos cultured with glucose- or pyruvate- and
lactate-based media (PAPER III).

5. To determine sexual dimorphisms in terms of selective loss of embryos of a
determined sex under different conditions: a) the absence or presence of two
different concenftrations of HA during all the culture period, together with b) the
presence of glucose or pyruvate and lactate in the IVC medium during the first
48 h of culture (PAPER II).

6. To determine dimorphisms in terms of selective loss of embryos of a determined
sex on embryos cleaved for the first time at different time intervals, and cultured
with glucose- or pyruvate- and lactate-based media during the first 48 h of
culture (PAPER III).

21
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Chapter 2

Bibliographic Revision

2.1. Importance of Reproductive Biotechnologies in Swine

2.1.1 Swine Industry for Meat Production

Around the world, meat is a valuable source of protein that helps to supplement the
intake of essential nutrients for humans. The pig is efficient for conservation of a variety
of available food stuffs intfo high quality protein. In addition, among livestock species,
the pig is noted for its high fertility. The efficiency of this large animal is realised from its
short inferval fo mafturity, short gestation period, multiple offspring per pregnancy, and
quick fendency to rebreed (Knox, 2014).

South America; -
45% Africq; Oceania;

North and . 1,2% 0,4% Asia;
Central America; | 56,47%

12,5%
AN

Europe;
25,0%

Figure 1. World production of pig meat in 2011
Modified from the Statistics Division of the Food and Agriculture Organization of the

United Nations (FAOSTAT). February 2013. Avaliable via:
<http://faostat.fao.org/site/339/default.aspx>
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Regarding these notions, pigs have been playing an important role in meat production
in many countries. In 2011, pork meat accounted for 38.4% of the total meat production
in the world, and the largest worldwide producers were Asia (56.4 %), Europe (25 %) and

North and Central America (12.5 %; Figure 1).

The highest annual apparent consumption in the European Union (EU) of meat products
was recorded for pork products, averaging 37 kg per capita in the EU, a value that is
similar fo the sum of meat from pouliry, cattle, sheep and goats (European Union, 2011).
The production of pig meat in the EU was over 22 million tonnes with above 145
thousands of censed animals in 2012 (European Union, 2013). Since 2001, after
Germany, Spain has been the second largest pig producer in the EU, as well as the
fourth worldwide pig producer beneath China, the United States and Germany (Figure

2 and Figure 3).
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Figure 2. Production of pig meat in the EU in 2012 (1000 tonnes of carcass weight)

Modified from the Statistical Office of the European Communities (EUROSTAT). 2013.
Eurostat Pocketbooks. Agriculture, foresfry and fishery statistics. Avaliable on-line via
Eurostat Home European Comission:
<http://epp.eurostat.ec.europa. eu/por‘rol/poge/por‘roI/produc‘r details/publication?p_
product_code=KS-FK-13-001>
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Figure 3. Ranking of the largest worldwide pig producers in 2001, 2010 and 2012

Numbers in green mean 1000 tonnes of carcass weight, the production of pig meat in
2011. Modified from the Statistics Division of the Food and Agriculfure Organization of
the United Nations  (FAOSTAT). February 2013. Avadliable on-line via:
<http://faostat.fao.org/site/339/default.aspx>
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Figure 4. Production of pig meat in Spain in 2012 (1000 tonnes of carcass weight)

Modified from Departament d'Agricultura, Ramaderia, Pesca, Alimentacié i Medi
Natural (DAAM). Generalitat de Catalunya. Juliol 2013. Informe del sector porci.
Exercici 2012. Avaliable on-line via:
<http://gsp.iws.es/sites/default/files/ué/Informe%20del%20sector’%20porc%C3%AD%20c
atal%C3%A0%202012.pdf>
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Catalonia is the first Spain community in number of pig livestock with above 6.5 million
censed in 2012 (DAAM, 2013). With an annual production of more than 3.5 million
fonnes of pork meat, over 1.4 million fonnes in Catalonia, pork industry in Spain is the

highest livestock sector accounting for over 4000 millions of Euros per year (Figure 4).

Thereby, the availability of efficient pork production systems in terms of quality, number
and desirable sex of the offspring born has important economic consequences,
especially in those countries where pork industry is a significant source of income. For
that reason, research in genetic improvement of production traits (e.g., growth rate,
meat percent, feed efficiency, piglet production), but also in offspring sex rafio
manipulation according to the market demand is needed with the main purpose of

improving pork quality for its consumption.

2.1.2 Pig for Biomedical Purposes

Research in pigs is important not only for agricultural purposes, but also for their use as
models in biomedical studies. The increasing life expectancy of humans has led to
growing numbers of patients suffering from chronic diseases and end-stage organ
failure. In addition, organ failure also appears in newborns and during infancy. The
demand for organ transplantation already surpasses by far the number of available
donors. This situation, together with the serious shortage of human organs for
fransplantation, results in the need for the development of xenotransplantation (Klymiuk
et al., 2010; Flisiokowska et al., 2013). Pigs share many similarities with humans in body
size, anatomy, diet and their physiological and pathophysiological responses.
Furthermore, they offer the possibility fo be raised under the highest possible hygienic
standards and, owing to their high fertility and prolificacy, large numbers of offspring
can be produced. Therefore, there are few additional requirements for the use of pigs
to model human disease and for the use of pig organs as human organ replacement
(Nieman and Rath, 2001; Nagai et al., 2006; Flisiokowska et al., 2013).

However, although the numerous advantages of porcine xenotransplantation, the most
profound barrier is the immunological rejection of the organ graft (Yang and Sykes,
2007; Le Bas-Bernardet ef al., 2008; d'Apice and Cowan, 2009). One solution for this
problem is to genetically modify pigs to allow their organs not to be recognised as
foreigners when transplanted into humans. Up to now, plenty of genetically modified or
fransgenic pig lines have been established with the aim to overcome the various

rejection mechanisms of pig-to-primate xenografts (Ekser et al., 2009). For instance, the
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identification of Gala(1,3)Gal as the major antigen target for human and non-human
primate anti-pig antibodies (Good et al., 2002), and the introduction of techniques of
nuclear and embryo transfer (Polejaeva ef al., 2000) enable the knock-out 1,3-
galactosyltransferase gene. This gene is responsible for the production of an enzyme
that adds terminal Gal epitopes to many tissues in pigs (Phelps et al., 2003; Kolber-
Simonds et al., 2004). However, clinical xenotransplantation will require multi-fransgenic
pigs tfransmitting effective genetic modifications in a non-segregating manner (Klymiuk

ef al., 2010). Thus, more research regarding these items is required.

Furthermore, apart from a useful model for xenotransplantation, the transgenic
technology has also been applied in swine to enhance agricultural applications
(growth and development), to increase disease resistance and as a useful model of
human disease, as donors of embryonic stem cell lines, and as bioreactors of
pharmaceutical products (Niemann and Rath, 2001; Kgtska-Ksigzkiewicz, 2006;
Flisiokowska et al., 2013).

Given the immense potential of xenofransplantation and, despite forward steps being
made in cloning and fransgenesis in pigs using nuclear transfer strategies, more
research in cloning and fransgenesis fechnology is warranted to generate single- or
multi-transgenic pigs as organ donors for xenotransplantation and also as pig models
developed fo enhance human health. Moreover, more efficient embryo production

systems for pigs are required to achieve all these purposes.

2.1.3 Reproductive biotechnologies in porcine

The combined inferest in swine biotechnologies by both biomedical field and swine
industry creates an increased desire for the development of new technologies as well
as for the implementation of the existing ones (Day, 2000). Biotechnology in livestock
comprises an arsenal of reproductive biotechnological procedures and molecular
genetics (Naqgvi, 2007). The main objective of these procedures in pigs is to increase
reproductive efficiency and rates of genetic improvement, while maintaining genetic
diversity. They also offer the potential for greatly extending the multiplication and
fransport of genetic materials and for conserving unique genetic resources in
reasonably available forms for possible future use (Okere and Nelson, 2002; Naqguvi,
2007). The development and improvement of reproductive technologies are focusing
on gamete and embryo collection, Al, cryopreservation of gametes and embryos, IVP

of embryos, ET, and manipulation of embryos (biopsy, sexing, nuclear transfer,
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production of chimeras, establishment of embryo stem cells, and gene transfer; Nieman
and Rath, 2001; Okere and Nelson, 2002, Martinez et al., 2005).

The application of these techniques can only be understood if their research and
development are done in parallel, since the final purposes for food production and
biomedical research require their combination. Furthermore, reproductive
biotechnologies, particularly the IVP of embryos as well as fransgenic and somatic cell
nuclear transfer (SCNT), are totally necessary for the research and application of
molecular-genetic techniques. These include genome analysis (e.g., sequencing,
mapping and determination of polymorphisms of porcine genes), molecular tests to
identify genetic disorders, genetic identity and/or diversity, functional genomics (e.g.,
expression patterns and interaction of genes) and transgenic modification including
either gain or loss of function (Nieman and Rath, 2001). Therefore, the real impact on
genetic progress will come from combining new reproductive techniques with

throughput of molecular fechniques (Okere and Nelson, 2002, Naqgvi, 2007).

The movement of genetic resources in the swine industry currently relies predominantly
on the shipping of live animals. The high cost of shipping plus the risk of disease
fransmission are some of the disadvantages of transporting genetics via live animals
(Okere and Nelson, 2002; Martinez et al., 2005). Moreover, apart from the problems
associated with cryopreservation of boar semen (Casas and Flores, 2013), the use of Al
can only change half the genetics of the offspring and may involve high risks of disease
fransmission (Casas, 2010; Bussalleu and Torner, 2013; Knox, 2014). Therefore, shipping
embryos derived from genetic valuable boars and sows might be a more cost-effective
method for disseminating genetic material (Martinez et al., 2005; Knox, 2014). However,
the high cost of surgical collection and transfer of embryos, in conjunction with the
relative inability to cryopreserve and sex porcine embryos, has limited, so far, the
commercial application of this fechnology (Okere and Nelson, 2002). Improvements in
IVP of porcine embryos, embryo cryopreservation, non-surgical embryo transfer (ns-ET)

and embryo sexing procedures are required.

The development of ns-ET technology and its application in the pig industry has recently
been of considerable interest. The embryo transfer includes the collection or production
of embryos (ex vivo or in vifro) from donor pigs, the temporary culture and/or
manipulation (such as embryo sexing) and reintroduction/transfer info a recipient
animal (Okere and Nelson, 2002). The use of this fechnology would allow the movement
of genetic resources with enhanced animal welfare, minimal risk of disease transmission
and reduced transportation costs, in comparison with transport of live animals (Martinez
et al., 2005; Knox, 2014). Furthermore, ET is also essential for the application of other

reproductive biotechnologies such as embryo sex determination by embryo biopsy.
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However, the commercial application of the ET in swine industry has been limited
because of the requirement of surgical procedures for both the collection and transfer
of the embryos and because of the difficulties for long-term storage of pig embryos
(Martinez et al., 2005; Yoshioka et al., 2012). Recently, new perspectives for ET have
arisen with the development of new procedures for embryo cryopreservation and ns-ET
methods (Martinez et al., 2005; Knox, 2014).

Particularly, research efforts have been given to ns-ET and success has been achieved
with improved designs in fransfer instruments (Cameron et al., 20064), paying attention to
the number and developmental age of embryos to fransfer (Yoshioka ef al., 2012) and
to the volume and composition of transfer medium (Martinez et al., 2004; Nakazawa et
al., 2008; Yoshioka et al., 2012). Moreover, variations in synchronisafion of donors and
recipients have been tested in order to increase ns-ET efficiency (Hazeleger and Kemp,
1999). Likewise, early research has demonstrated that the removal of part of the
embryo lipid content prior to freezing using vitrification, rather than conventional
freezing procedures, improves the freezability and survival rates after embryo transfer (Li
ef al., 2006b; Du et al., 2007; Nagashima ef al., 2007). The development of delipidation
technologies has provided evidences that intracellular lipids are linked to hypothermic
sensitivity (Nagashima et al., 1995). In addition, vitrification has been shown to be able
fo elude the difficulties associated with cooling sensitivity and ice crystallisation
(Cameron et al., 2006). Other factors that have contributed to successful
cryopreservation of pig embryos at early stages include: a) the use of cytoskeletal
stabilizing agents and specific cryoprotectants, b) the increase of cooling rates using
open pulled straws and micro droplets, and c) the assisted hatching (Cameron et al.,
2006).

Against this background, further development of ns-ET, long-term embryo preservation
and IVP systems, together with the establishment of methods for sex determination and
selection of embryos are required to provide a basis for an effective propagation of

world’s most valuable genetic resources for both agricultural and biomedical purposes.
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2.2. In Vitro Production of Porcine Embryos

2.2.1. State of the Art and Applications

In vitro production of porcine embryos has been of particular interest to researchers for
many years (Gil et al., 2010). This process includes three technological steps (Figure 5),
which in chronological order are: (1) the in vifro maturation (IVM) of immature oocytes
obtained from abattoir-derived ovaries, (2) in vitro fertilisation (IVF) of matured oocytes
and (3) in vitro culture (IVC) of zygotes. These three steps comprise a complex set of
physiological processes, each one conditioning per se the success or failure of the next
step (Yoshioka, 2011).

\_ IVM/ k. IVF)\ IVC/

Figure 5. Schematic diagram of in vitro production of porcine embryos

Successful large-scale IVP of porcine embryos can now provide viable embryos more
efficiently with less cost and time compared with the surgical collection of in vivo-
derived embryos from sows. Moreover, since swine ovaries contain large numbers
(>200000) of primordial follicles (Grupen ef al., 1995), this resource provides large
number of viable oocytes and, subsequently, embryos valuable not only for research in
reproductive physiology, but also for the conservation of geneftic resources in swine and
for the production of genetically modified pigs and clones for biomedical purposes
(Day, 2000; Alminana ef al., 2008; Yoshioka, 2011). Indeed, IVP of porcine embryos

together with embryo sex determination and selection, embryo storage technology
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and ns-ET can produce offspring of a predicted sex from specific superior sows and/or
boars at any time and, hence, improve the dissemination of high value genetics to
other farms at an affordable cost (Day, 2000; Yoshioka ef al., 2012). Moreover, the
production of a large number of embryos can benefit research in several areas,
including micromanipulation of embryos to provide genetically modified swine as
potential donors of fissues and organs for xenotransplantation, as well as biomodels. In
addition, pork production might also benefit from the advances in IVP of porcine
embryos and could gain efficiency (Day, 2000; Gil et al., 2010). Similarly, IVP of porcine
embryos could also stimulate research on the factors controling early embryonic
development as they underlie the large economic loss that the high rate of early

embryonic mortality in livestock implies (Day, 2000).

Although different IVF techniques and media available to successfully culture pig
embryos for a short period had been developed previously (Iritani et al., 1978), the first
successful production of piglets from in vitro-matured and in vifro-fertilized cocytes was
reported by Mattioli et al. (1989), in whose experiments, 2- to 4-cell embryos at 44 h
post-insemination (pi) were fransferred info female recipients. However, it was not untfil
the early 1990s that improvements in IVM, IVF and IVC systems and media have let
more laboratories succeed in producing piglets following IVM and IVF from cleaved
embryos at the 2- to 4-cell stage cultured for 24-36 h pi (Yoshida et al., 1993; Funahashi
et al., 1996; Funahashi ef al., 1997) and from 8-cell to morula-stage embryos cultured for
96 h pi (Abeydeera et al.,, 1998). The presence of reduced sodium chloride (NaCl)
concentration or the presence of organic osmolytes in the embryo culture medium was
found to provide the capability to culture single-cell embryos through the four-cell
stage (Day, 2000). Notwithstanding, it was not until the last decade that porcine IVP
blastocysts were demonstrated to be able to develop up to the full term when cultured
for 5 or 6 days after IVF (Marchal ef al., 2001; Kikuchi et al., 2002).

Although several improvements in porcine IVP techniques have been achieved and, in
spite of 40000 in vitro pig embryos are produced each year (Terlouw and Dobrinsky,
2010), the use of IVP of porcine embryos is limited in applied production systems, as
embryo production technology has not progressed far enough both in economic and
technical terms (Nagai et al., 2006; Gajda, 2009; Dang-Nguyen et al., 2011; Yoshioka,
2011; Zhang et al., 2012). Embryos produced in vitro show a high rate of early
developmental failure. Approximately, 10-15% of IVP embryos permanently arrest in
mitosis at the 2- to 4-cell cleavage stage (Jeon et al., 2011). Furthermore, IVP porcine
embryos are generally even less viable than both their in vivo produced counterparts
and bovine or murine IVP embryos (Dang-Nguyen et al., 2011; Yoshioka, 2011). The

development rates of IVP blastocysts range from 6-7% to 20-30%, depending on
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laboratories and culture conditions (Nagai et al., 2006; Isom et al., 2012). Moreover, the
total number of cells per blastocyst produced in vitro is lower than that obtained in vivo
(58-139 vs. 150-250; Gajda and Smorag, 2004). Similarly, blastocysts produced in vitro
are characterized by a higher number of nuclei exhibiting DNA fragmentation (Bryla et
al., 2009) as well as more chromosomal abnormalities (MacCauley ef al., 2003; Ulloa
Ulloa et al., 2008). In addition, the transfer of IVP mammalian embryos results in
considerable developmental abnormalities such as increased embryo mortality,

extended gestation and considerably greater body weight of progeny (Gajda, 2009).

Both the high rate of early developmental failure and the low developmental
competence of porcine IVP embryos can be caused by several factors. Within these
factors, we can find: (1) the infrinsic characteristics of the cocytes and spermatozoaq, (2)
an inadequate or incomplete cytoplasmatic maturation, (3) a reduced incidence of
male pronuclear formation, (4) a high incidence of polyspermy, (5) an inadequate
formulation of culture media, and/or (4) suboptimal conditions for embryo culture
(Abeydeera et al., 2002; Yoshioka, 2011).

2.2.2. Intrinsic Characteristics of the Oocyte and the Spermatozoon

The characteristics that an embryo exhibits during early development and ifs
consequent viability following monospermic in vitro fertilisation are generally considered
to depend largely on the quality of the oocyte, but also on the spermatozoon (Booth et
al., 2007).

The developmental block that preimplantation embryos undergo when they are
cultured in vifro occurs when embryonic genome takes over control of development
from the maternal genome (Schoenbeck et al., 1992). Thus, the early cleavage divisions
are mainly under maternal control, using transcripts accumulated during oogenesis.
Depending on the level of specific maternal stores and the typically low gene
expression profiles of most genes, early-cleaving embryos, which are extremely sensitive
to their micro-environment, may signal permanent embryo arrest at this stage of
development as a means to prevent further development of low-quality embryos (Betfs
and King, 2001). Therefore, inherent oocyte quality, which can be determined by the
presence of a normal set of chromosomes and its mitochondrial genome, seems to be
an important factor while determining whether an embryo will yield to premature
embryonic failure or develop appropriately (Lonergan et al., 1999; Isom et al., 2012).
Several recent studies have shown a strong correlation between oocyte competence

and early zygotic cleavage, the latfter being also conditioned by the abundance of
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maternal transcripts, the number of mitochondria within the ococyte and the oocyte
diameter (Lechniak ef al., 2008).

The first zygotic cleavage, partficularly the time interval from fertilisation to first
cleavage, has been reported to affect the developmental competence of human
(Holte et al., 2007), bovine (Somfai ef al., 2010a) and porcine (Booth ef al., 2007; Dang-
Nguyen ef al., 2010; Isom ef al., 2012) IVP embryos. Specifically, the fastest developing
embryos free of chromosomal aberrations present a higher cell number and
developmental potential in bovine (Lonergan et al., 2000; Pers-Kamczyz ef al., 2012)
and in porcine (Dang-Nguyen et al., 2010; Isom et al., 2012) embryos. Moreover, they
have fewer apoptotic cells (Vandaele ef al., 2006; Pers-Kamczyz et al., 2012) and better
pregnancy rates after bovine embryo fransfer (Lechniak ef al., 2008; Somfai et al.,
2010a) compared to their slower counterparts. The better developmental ability of
those embryos that cleave faster can be influenced by the number of mitochondria
present in the cocyte as well as by the stability of several gene transcripts (Lonergan ef
al., 2000; Van Soom et al., 2007). Fast cleaved embryos show higher levels of histone 2A
(H2A) and histone 3A (H3A), which are required to replace the protamines of the sperm
nucleus after fertilisation and to assemble embryonic DNA into chromatin for the first
cleavage. They also show higher levels of stem-loop binding protein (SLBP), which is
involved in histone stabilisation, and isocitrate dehydrogenase (IDH), which modulates

oxidative damage (Van Soom et al., 2007).

A considerable variation in the copy number of oocyte mitochondrial DNA (mtDNA)
has been described both within and between species (Jansen and Burfon 2004). The
number of MIDNA copies varies from 10000 to 700000 in porcine oocytes and the
probability of an oocyte being successfully fertilized increases with the mtDNA copy
number (El Shourbagy et al., 2006). Moreover, the timing of the first zygotic cleavage
may be related to the number of mitochondria within the oocyte, since the rate of
cleaving embryos has been reported to be over 2-fold higher (46.67% vs. 22.7%) in the
group of oocytes with higher number of mtDNA copies (El Shourbagy ef al., 2006).

Another important factor contributing to oocyte competence is the oocyte diameter.
Small bovine oocytes (< 110 ym) display lower cleavage and blastocyst rates, reduced
blastomer number, higher incidence of apoptosis in cleaved embryos and morula, and
higher DNA fragmentation before maturation than oocytes of larger diameters (> 120
um; Vandaele ef al., 2007). Moreover, the aberrant chromosome number is often
observed in smaller (113.16 pym) rather than larger (116.83 um) bovine oocytes
(Lechniak et al., 2002). In addition, reaching a critical diameter of 110 um coincides, at
least in the case of bovine oocyte, with the acquisition of full competence for

completing maturation up to metaphase Il (Hyttel ef al., 2001). Large oocytes that
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mature early are able to process the sperm DNA more efficiently, thereby having higher
probabilities to transform into more viable, early-cleaving zygotes. In addition, fast-
cleaving embryos derived from large oocytes display significantly lower apoptotic cell

ratio at all time points (Lechniak ef al., 2008).

It has also been suggested that the diameter of the follicle from where the oocyte
derives is strongly related fo its developmental potential. Indeed, a lower
developmental potential has already been demonstrated for oocytes derived from
smaller follicles (< 4 mm) versus those coming from larger follicles (> 6 mm; Lequarre et
al., 2005). The higher embryo vyield of oocytes from larger follicles has been related
directly to differences in messenger RNA (MRNA) transcripts of genes involved in
chromatin structure, such as H2A, or in cell cycle regulation, such as cyclin dependent
kinase subunit 1 (CKS1B), pituitary tumour-transforming 1 (PTTG1) and cyclin B2 (CCNB2)
(Mourot et al., 2006). On the other hand, cumulus cells communicate each other and
with the oocyte via gap junctions, which are essential for fransport of nutrients and
regulatory factors. Thus, a high prevalence of apoptotic cumulus cells surrounding the
oocyte may predict a low developmental potential of the oocyte (Van Soom et al.,
2007).

On the other hand, in the early years of human in vitro fertilisation, it was postulated
that sperm quality, its confributions beyond ferfilisation and early embryonic
development were independent. However, today, it is known that sperm is not only a
vector that delivers paternal DNA to the ococyte after fertilisation (Yeste, 2013b). Sperm
also have a dynamic and crifical participation in normal embryogenesis that clearly
extends beyond the fertilisation process (Barroso ef al., 2009). Moreover, suboptimal
spermatozoa with damages in their DNA have been reported to negatively affect early

embryo development (Ménéezo, 2006; Van Soom et al., 2007; Yeste, 2013b).

2.2.3. In Vitro Culture of Embryos

Since, as stated, the main limiting factor that controls the efficiency of in vitro
producing mammalian embryos is the oocyte and zygote quality, research should be
focused on improving the quality of zygotes produced by IVF, rather than on
developing maturatfion/culture media (Hardy ef al., 2001). However, the IVC of
embryos, which is the longest step in IVP procedure, is the period when the highest
percentage of system losses takes place and when the quality of the embryos and
blastocysts is determined (Rizos ef al., 2002). The reasons by which many efforts have
been used in improving maturation/culture media are not only related with the yield of

embryos for transfer but they also look for minimizing the effects of stress that may
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impair further foetal development (Summers and Biggers, 2003). Therefore, the
composition of the culture medium and its conditions are critical for the subsequent

embryo development (Lane and Gardner, 2007; Dang-Nguyen et al., 2011).

In vitro culture per-se and components of IVC medium have been proven to influence,
even in the absence of visible effects, the pre- and postimplantacional embryonic
development of mammalian embryos. It is known that culture media may affect the
mammalian embryo cryotolerance (Men et al., 2005; Castillo-Martin et al., 2013a) and
developmental potential (Karja ef al.,, 2006; Wang ef al.,2009), their ultrastructural
morphology (Rizos et al., 2002), transcript abundance (Rizos et al., 2002; Lonergan et al.,
2003; Bermejo-Alvarez 2011), incidence of chromosome abnormalities (Lonergan et al.,
2004; Ulloa Ulloa et al., 2008), and pregnancy rates (Lazzari ef al., 2002; Bermejo-Alvarez
et al., 2012). Moreover, under certain conditions, the speed of development (Dang-
Nguyen et al., 2010; Isom et al., 2012; Li et al., 2013) and the sex ratio (Gutiérrez-Addn et

al., 2001; Bermejo-Alvarez et al., 2012) can also be altered.

In the last decade, there has been a substantial increase in knowledge regarding the
physiology, biochemistry, genetics and epigenetic control of the mammalian embryo,
including several studies performed on the porcine embryo (Lane and Gardner, 2007).
All these advances have led to improve the formulation/composition of culture media
and the type and condifions of culture systems (single-step, sequential or co-culture
system) in order to mimic the microenvironment found in vivo and, so on, enhance the

efficiency of porcine IVP in terms of developmental rates.

2.2.3.1. Key Components of Culture Media

Since the establishment of technologies for IVP of porcine embryos worldwide, a variety
of media have been used for IVC of porcine embryos (Table 1) including modified
Whitten's medium (mWM; Beckmann and Day, 1993), North Carolina State University
(NCSU) 23 or 37 medium (Petters and Wells, 1993), Beltsvile Embryo Culture Medium
(BECM)-3 (Dobrinsky et al., 1996) and, more recently, Porcine Zygote Medium (PZM;
Yoshioka et al., 2002). Although all of them support porcine embryo development to

the blastocyst stage, NCSU-23 medium is now widely used followed by PZM.

The formulation of the inorganic and energy substrates of PZM medium (Table 1) is
based on the reported concentrations of pig oviductal fluid (Table 2) with the addition
of glutamine, hypotaurine and premixed solutions of basal medium Eagle's (BME)
essential amino acids and minimum essential medium (MEM) non-essential amino acids
(Yoshioka, 2011). In contrast, NCSU-23 is designed to mimic the metabolism and nutrient

needs of porcine embryos containing glucose and glutamine as main energy substrates
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as well as taurine and hypotaurine, among other components (Wang et al., 2009).
Whereas the NCSU-23 is the most commonly used medium, some authors (Im et al.,
2004; Yoshioka et al., 2008; Wang et al., 2009) reported that PZM was more effective in
supporting the development of in vitro-matured and in vitro-fertilized porcine embryos
when compared to NCSU-23, NCSU-37 or BECM-3 media (Im ef al., 2004; Yoshioka et al.,
2008). Nevertheless, none of them is still entirely appropriate since all are suboptimal for

embryonic development compared to embryos cultured in vivo (Gil ef al., 2010).

Table 1. Composition (mM) of the most commonly used media for IVC culture of
porcine embryos (modified from Beckman and Day, 1993'; Dobrinsky et al., 19962
Petters and Wells, 19933 and Yoshioka et al., 20024

Component (mM) mWM! BECM-32 NCSU-373 NCSU-233 PZIM*
NaCl 68.49 94.59 108.73 108.73 108.00
KCI 4.78 6.00 4.78 478 10.00
CaCl2-2H20 - 1.71 1.70 1.70 -
MgCl2 - 6H20 - - - - -
MgSO4-7H20 1.19 1.19 1.19 1.19 0.40
NaHCO3 25.07 25.07 25.07 25.07 25.07
NaH2PO4 - - - - -
KH2PO4 1.19 - 1.19 1.19 0.35
Glucose 5.56 5.56 5.55 5.55 -
Na-lactate 25.20 23.00 - - -
Na-pyruvate 0.33 0.33 - - 0.20
Ca-lactate 1.71 - - - -
Ca-(lactate)2 - 5H.0 - - - - 2.00
L-glutamine - 1.00 1.00 1.00 1.00
D-Sorbitol - - 12.00 - -
Taurine - - - 7.00 -
Hypotaurine - - - 5.00 5.00
BME amino acids (100x) - 20.00 ml/I - 20.00 ml/l
MEM amino acids (100x) - 10.00 ml/I - 10.00 ml/I
Phenol red - 0.001 g/l - - -
Gentamicin - - - - 0.05 mg/ml
Penicillin - - 0.18 0.18 -
Streptomycin sulphate - - 39 Ul/ml 39 Ul/ml -

Generally, the basic formulation of culture media do not contain protein sources but they
tend to be supplemented by different concentrations of fraction-V BSA, FAF-BSA, FBS or PVA
depending on the media and laboratories.

Several studies have focused on the individual components present in the majority of
these porcine embryo culture media. They all agree that the basic formulation of the
IVC media contains: (1) simple minerals at low concentrations, (2) energy sources, (3)
amino acids, (4) pH stabilizer, (5) frace elements, and (6) antibiotics (Kim et al., 2007).

However, many laboratories have also fried to supplement these media with different
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energy sources (Gandhi ef al., 2001; Kikuchi et al., 2002; Karja et al., 2006), amino acids
(Beebe et al., 2009), growth factors (Makarevich et al., 2006), antioxidants (Lee ef al.,
2004; Jang et al., 2005), and/or macromolecules (Kim ef al., 2004; 2005a) at different
concentrations. As such, improvements require the inclusion of key constituents, but
also the choice of proper concentrations of these constituents is crifical to support
growth and development. Most importantly, this involves the design of media that
minimises the stressful effects that are inevitably inflicted on preimplantation embryos

when placed in a chemically-defined environment (Summers and Biggers, 2003).

2.2.3.1.1. Energy Sources

Embryo metabolism is a valuable tool for evaluating and enhancing the efficiency of
IVP systems since it is an indicator of embryo viability (Lane and Gardner, 1996; Gandhi
ef al, 2001, Leese et al, 2008). Understanding the metabolic needs of
preimplantational embryos is vital for an appropriate formulation of culture medium, as
well as for optimizing embryo growth and development (Swain ef al., 2002; Leese et al.,
2008).

Table 2. Composition of inorganic and energy substrates in porcine oviductal fluid
(modified from Iritani et al., 1974 and Nichol et al., 1992)

Component (mM) Oviductal fluid

Na* 136.90
Cl- 107.60
Caz+ 2.64
K* 12.40
Mg2* 0.25
H3PO3 1.09
Glucose 0.59
Pyruvate 0.21
Lactate 5.71

An excessive availability of nutrients may perturb metabolic homeostasis (Leese ef al.,
2008), resulting in either embryo mortality (Dumollard ef al., 2009) or epigenetic
alterations leading fo reduced implantation, foetal malformations, and long-term
health consequences in the mammalian offspring (Wyman et al., 2008). Indeed, if the
necessary energy substrates are not present in sufficient concentrations or at the
appropriate time, the embryo will be unable to develop (Swain ef al., 2002). The main

energy sources of an IVC medium are glucose, pyruvate and lactate and their
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concentrations in the porcine oviduct have been reported to be 0.59 mM, 0.21 mM
and 5.71 mM, respectively (Table 2). These values differ greatly from those present in the
most commonly used medium, NCSU-23 (5.5 mM glucose, no pyruvate, no lactate;
Petters and Wells, 1993), whereas they are a bit more similar to those present in PZM
medium (0.2 mM pyruvate, 2.0 mM lactate and no glucose; Yoshioka ef al., 2002).
However, it has been reported contentious results about which of those media
outperforms more efficiently the porcine embryo culture in terms of blastocyst
development and quality (Yoshioka ef al., 2008, Wang et al., 2009). These findings
indicate that embryos appear to be quite adaptable to the variable concentrations of
energy substrates they are exposed to during in vitro culture. Nevertheless, it is
increasingly recognised that an embryo with altered metabolism, particularly in its pre-

compactation stage, results in a loss in viability (Lane and Gardner, 2007).

Table 3. Differences in the physiology of the mammalian embryo for development from
the zygote to the blastocyst stage (modified from Lane and Gardner, 2007)

Pre-compactation stage Post-compactation stage

Low biosynthetic activity High biosynthetic activity

Low metabolic quotient High metabolic quotient

Pyruvate-based metabolism Glucose-based metabolism

Maternal genome Embryonic genome

Single cell Transporting epithelium

Low ability to maintain cellular Complex systems for maintenance of

homeostasis cellular homeostasis

Totipotent Differentiation into inner cell mass and
tfrophectoderm

The morphological changes occurring during development from zygotes to the
blastocyst stage take place concomitantly with dynamic changes in the homeostasis,
gene expression and metabolism of the embryo (Table 3). Both the declining gradient
of pyruvate and lactate and the increasing gradient of glucose from the mammalian
oviduct to the uterus reflect the changing nutrient preference of the developing
embryo, as it switches from a carboxylic-acid-based metabolism to a glucose-based
metabolism (Lane and Gardner, 2007). Thus, while preimplantation development
progresses, glycolysis metabolism and glucose usage increases, and pyruvate and
lactate usage decreases (Gandhi ef al., 2001). Particularly, at the earliest stages of
development, the embryo has a low metabolic and biosynthetfic activity. It

predominantly uses the carboxylic acids pyruvate and lactate as its preferred energy
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substrates and it is completely reliant on mitochondrial-based metabolism for ATP
generation (Lane and Gardner, 2007). With the onset of embryo genome activation
and the concomitant increase in biosynthesis, there is a switch in nutrient preference to
a glucose-based metabolism, so that, during compactation and blastulation, glucose
becomes the preferred nutrient and the production of ATP through glycolysis increases
(Figure 6; Flood and Wiebold, 1988; Thompson et al., 1991; Rieger et al., 1992).

fertlized egg
oocyte  (zygote) 2-cell

a E15
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: E7 yolk sac

' primitive
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Figure 6. Oxygen and metabolic status during embryo development in mouse

Early embryos transit from relative aerobic (grey area, ~8% O2) and low glucose to
anaerobic (green area, < 5% 0O2) and high glucose conditions. Redox metabolism
transits from oxidative phosphorylation (low glucose, high oxygen) to glycolysis (high
glucose, low oxygen). Pyruvate or oxaloacetate are essential substrates during early
cleavage whereas glucose and lactate prevail from the eight-cell stage embryos to
peri-implanted blastocyst. Modified from Ufer and Wang, 201 1.

Some studies have reported an inhibitory role of high concentrations of glucose in the
development of mouse (Chatot ef al., 1990; Fraser et al., 2007; Pantaleon ef al., 2010)
and bovine (Kim et al., 1993; Kimura et al., 2005) embryos when it is present in culture
before the maternal-zygotic transition, and in the development of all stages of hamster
embryos (Schini and Bavister, 1988; Seshagiri and Bavister, 1989; Barnett et al., 1997).
Murine developing embryos prefer pyruvate as their main energy source unftil they
reach the blastocyst stage (Leese and Barton, 1984), whereas lactate is essential for the

development of hamster and bovine embryos (Sturmey and Leese, 2003). Although

41



Chapter 2

species-specific preferences are evident, metabolism of pig embryos is different from
that of other species, as they metabolize glucose and produce lactate throughout
preimplantation development (Gandhi ef al., 2001; Swain et al., 2002). An additional
factor that sets preimplantafion porcine embryos is the abundance of small
aggregates of mitochondria infimately associated with intracellular lipid vesicles; in
other species, in contrast, the mitochondria are homogeneously distributed throughout
the cytoplasm (Smith and Alcivar 1993). This suggests that mitochondrial metabolism is
different in porcine embryos and, thus, medium requirements should be also different
(Gandhi et al., 2001). Table 4 shows other differences and similarities between embryos

of some mammalian species.

Table 4. Differences and similarities between embryos of some mammalian species
(modified from Vajta et al., 2010)

Characteristic Pigs Cattle and sheep Mice Humans
Volume of the Similar fo Similar fo humans ~ 5-8 times -
zygote, metabolic humans smaller than
reserves human
Cytoplasmatic lipid Extremely high High Low Moderate
content
Development to On day 5-6 On day 6-8 On day 4-5 On day 5-6
blastocyst
Embryo genome 4-8 cell stage 8-16 cell stage 2.cell stage 4-8 cell stage
activation
Amino acid Similar to Different from Different
metabolism humans humans from

humans
Pyruvate/lactate No absolute No absolute Switches to No absolute
versus glucose need for glucose need for glucose  glucose af need for glucose

before hatching  before hatching 48 h before hatching
Overall sensitivity in Extremely high High Low High
vitro
Genome sequencing  Almost Proceeding Completed Complete
completed

Genome structure Close to humans  Unknown Far from -

humans
Demethylation and Moderate Considerable Extensive Probably
methylation during (cafttle), moderate
early embryo moderate
development (sheep)
Time and location of Flexible Exact match Exact mach  Flexible
embryo transfer required required
Development Very rare Frequent and May occur Very rare
anomalies after in serious

vitro culture
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At early stages of development, the porcine embryo also takes up low levels of
glucose, which is predominantly metabolized through hexosamine biosynthesis and
pentose phosphate pathways (PPP) (Lane and Gardner, 2007; Figure 7). Although
metabolism of glucose through the PPP does not generate ATP, it is essential for setfting
the subsequent metabolic program for the maintenance of reducing power in the cell,
particularly in the production of reduced glutathione for the protection against
oxidative stress, and for nucleic acid and lipid biosynthesis (Swain ef al., 2002; Lane and
Gardner, 2007). In addition, the metabolism of glucose through the hexosamine
biosynthesis pathway in the embryo is important as it establishes O-linked glycosylation
for later stage of development (Lane and Gardner, 2007). Likewise, at the blastocyst
stage, glucose is metabolized by both the tricarboxylic acid (TCA)/Krebs cycle and by
aerobic glycolysis, approximately 30-50% of all of this glucose being converted to
lactate. This unusual conversion of glucose to lactate in the presence of significant
levels of oxygen is thought to result either from the high biosynthetic demand, or from

an inability fo maintain redox conftrol in the cell (Lane and Gardner, 2007).

Glucose

Glucose-6-P
@/Fruclose-ﬁ- I l b
Fructose-1:6-BiP IGFPT Il

Gle-6-P

Glyceraldehyde 3-P
N-AcetylGlc-6-P
1,3-bis-phosphoglycerate
N-AcetylGlc-1-P
3-phosphoglycerate
UDP-N-AcetylGlc

2-phosphoglycerate / \

Hyaluronic  O-linked
Phosphoanolpyruvate acid glycosylation

Pyruvate

Il

Lactate

Glycolysis Hexosamine

Figure 7. Metabolic pathways through which glucose can be utilised within the embryo

Pathways that are known to be active include the glycolysis (left), hexosamine
pathway (middle) and pentose phosphate pathway (right). Text within boxes indicates
rate-limiting or important enzymes. G6PDH, glucose-é6-phosphate dehydrogenase;
GFPT, glucosamine:fructose acetyl fransferase; HAS2, hyaluronan synthase 2; HK,
hexokinase; OGT, O-linked glycosylation fransferase; PFK, phosphofructokinase; TK,
fransketolase. Modified from Sutton-McDowall et al., 2010.
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On the other hand, attempts to produce pig embryos in a lower glucose concentration
than that of NCSU-23 medium, such those in potassium simplex optimisation medium
(KSOM) and G1.1/2.1 medium, have failed to give rates of blastocyst development
comparable to those achieved with NCSU-23 medium (Machaty et al., 1998; Gandhi et
al., 2001). Moreover, some studies have reported that glucose and glutamine, which
are the only energy sources present in the most widely used medium (NCSU-23), can
serve as the sole energy substrates for embryo development from zygote to the
blastocyst stage in pigs (Pefters ef al., 1990; Swain et al., 2002). Therefore, glucose-
containing media are commonly used for producing porcine embryos in vitro (Petters
and Wells, 1993; Gandhi et al., 2001). However, the metabolic profiles of IVP porcine
embryos culfured in glucose-containing medium seem not to be reflective of the
correct metabolism of the in vivo porcine embryo. As stated previously, the
concentration of glucose commonly used in the culture medium is much higher than
that found in the oviduct (Nichol ef al., 1992). Furthermore, the metabolism of in vivo-
derived embryos differs significantly from that of in vitro-derived embryos, and that in
vivo-derived embryos have higher rates of glycolysis at all development stages (Swain
ef al., 2002; Sturmey and Leese, 2003). In addition, in vifro-derived embryos increase
their glycolytic activity after the 8-cell stage and increase lactate production, while

glycolytic activity decreases for in vivo-derived ones (Swain ef al., 2002).

It has been also hypothesised that metabolic activity of pig embryos, which is reflected
by glucose and pyruvate uptake, as well as lactate production, differs depending on
the culture medium used, since a series of interactions between components
commonly present in the culture media have been described (Gandhi et al., 20071;
Karja ef al., 2006). In this regard, previous studies indicated an inhibitory effect of
glucose on pig embryonic development (Youngs and McGinnis, 1990; Misener ef al.,
1991). However, later studies suggested that this apparent toxicity of glucose appears
fo be manifested only when it is present in a medium, typically lacking of amino acids,

in combination with phosphate (Petters ef al., 1990) or lactate (Abeydeera et al., 1999).

It has been reported that glucose, in combination with inorganic phosphate, inhibits the
development of early porcine (Petters ef al., 1990) and hamster (Seshagiri and Bavister,
1991) embryos. Embryos cultured in the presence of high levels of glucose and
phosphate have their respiratory capacity and mitochondrial function reduced.
Specifically, phosphate leads to an increase in glycolysis pathway rather than oxidafive
phosphorylation, causing an inhibitory effect on mitochondrial respiration and leading
fo in a loss in ATP production and, therefore, developmental arrest (Seshagiri and
Bavister, 1991). Several studies have determined that this inhibitory effect of glucose in

the presence of phosphate could be alleviated by adding amino acids,
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ethylenediaminetetraacetic acid (EDTA) or vitamins to the culture media (Gardner and
Lane, 1996; Lane and Gardner, 1998). All these components would help to prevent the
loss in respiration and metabolic control and, thus, embryos would be able to maintain
a more normal metabolism and adequate ATP production for growth and

development.

On the ofher hand, although lactate is known to enhance the embryotrophic role of
pyruvate, to regulate intracellular pH, the proper NAD*:NADH ratio and the redox
equilibrium in the embryo (lwasaki et al., 1999; Swain ef al., 2002), the combination of
lactate and glucose in the same culture medium seems to be defrimental for the
development of cleavage-stage pig IVP embryos (Abeydeera et al., 1999). Abeydeera
et al. (1999) reported that whereas blastocyst rates achieved when embryos were
cultured in NCSU-23 medium without lactate were higher than those achieved in mWM
medium containing 25 mM sodium lactate (30% vs. 5%), a significant reduction in
blastocyst rates was observed when embryos were cultured in NCSU-23 medium
supplemented with 25 mM lactate (14% vs. 30%). In addition, the same authors
observed that higher blastocyst rates were obtained when embryos were cultured with
lowa State University medium than with mWM (14% vs. 5%). Unlike mWM, the lowa State

University medium has lower levels of lactate (12.9 vs. 25 mM) and no glucose.

The first 48 h pi seem to be crucial for the embryonic development. The activation of
the embryonic genome occurs between the four- to eight-cell stage, and a four-cell
block is observed in pigs at this time (Jarrell et al., 1991; Schoenbeck ef al., 1992). Since
pyruvate and lactate are the preferred energy substrates during the early in vitro
development of human (Hardy ef al., 1989), mouse (Biggers et al., 1967; Leese and
Barton, 1984) and bovine embryos (Rieger ef al., 1992, Kim ef al., 1993), some
laboratories have tried to establish an improved IVC system for porcine embryos by
replacing glucose with pyruvate and lactate in NCSU medium. However, the results
obtained are inconsistent. Indeed, some studies have reported improvements in
blastocyst development (Kikuchi et al., 2002; Karja et al., 2004) and quality of porcine
IVP embryos in terms of total cell number (Kikuchi ef al., 2002; Beebe et al., 2007)
following the replacement of glucose with pyruvate and lactate, whereas others have
observed no differences in blastocyst formation rate (Kim et al., 2004; Beebe et al.,

2007; Castillo-Martin et al., 2013a) or cell number (Karja et al., 2004; Kim et al., 2004;
Castillo-Martin et al., 2013a). However, according to these results, it has been suggested
that, as in other species, pyruvate and lactate could be more optimal energy sources
than glucose during early stages of porcine embryo development, but only when they
are present at specific concentrations in the culture medium. It is known that correct

concentrations and an optimal ratio of pyruvate and lactate are critical for regulating
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the oxidation-reduction equilibrium between the cytoplasm and mitochondria, and for

avoiding their detrimental effect on embryo development (Karja et al., 2006).

2.2.3.1.2. Protein Sources: Macromolecules

Several substrates have been used as protein source in the culture media. The most
widely used for ages are foetal bovine serum (FBS) and bovine serum albumin (BSA;
Dobrinsky et al., 1996; Wang et al., 1997; Kim et al., 2007; Zhang ef al., 2012).

The serum is the liquid fraction resulting from the process of blood coagulation and it
provides energy substrates, amino acids, vitamins, growth factors and heavy-metal
chelators needed for embryo development in vitro (Mucci et al., 2006; Kim et al., 2007).
However, the presence or concenfrations of these components may vary among
batches, since it depends on the sample and/or the animal from where they have
been exiracted. The globular un-glycosylated protein BSA is a major component of
foetal bovine serum. It has an acidic character, is water soluble and has a molecular
weight of about 65,000 kDa. It plays an important role in stabilizing extracellular fluid
volume, since it sequesters ions and small molecules, acts as a chelator for heavy
metals and other toxins, and also serves as a protein carrier for steroids, fatty acids and
thyroid hormones (Garcia-Vdazquez and Matds, 2010). In addition, serum albumin is the

most abundant protein in the oviductal fluid of mammails (Leese, 1988).

The effects on the embryo that justify the use of FBS and BSA in IVC are: (1) defensive
effects against toxic materials within the culture media, (2) provision of substances
needed for IVP of embryos, and (3) reduction of the surface tension of the medium,
thereby the embryo being prevented to adhere to culture plates, pipettes and fubes
(Mucci et al., 2006; Kim et al., 2007).

Both FBS and BSA have a similar role as a protfein supplement. However, the possible
presence of unidentifiable elements in its composition makes difficult fo determine
which ingredients of the serum are influential, since some aspects of its function are not
yet clearly understood (Mucci ef al., 2006). In recent years, the serum has been studied
extensively to determine whether its addition to culture media definitely enhances
embryo IVP efficiency in terms of quantity and quality of IVP embryos and blastocysts.
The results of these studies are highly variable and even contradictory, possibly due to
the variations among batches of serum in both type and concentration of
embryotrophic factors. In addition, the response of embryos to the addition of FBS or
BSA to culture medium, whilst not completely understood, depends on species and

stage of embryos development (Gajda et al., 2009; Garcia-Vdazquez and Matas, 2010).

46



Bibliographic Revision

A beneficial effect of both BSA and FBS addition on the development of embryos
(especially at more advanced stages of development) has been reported in pigs (Robl
and Davis, 1981; Rho and Hwang, 2002; Okada ef al., 2006). Pig blastocysts cultured
with  BSA or FBS have a significantly lower number of nuclei displaying DNA
fragmentatfion and show a lower apoptotic index compared to blastocysts cultured
without protein addition (Gajda ef al., 2008). Studies conducted by other researchers
have also demonstrated that BSA supplementation positively affects the first divisions of
hamster embryos (McKierman and Bavister, 1992), the in vifro development of pig and
bovine embryos (Bavister, 1995; Kircher et al., 1999), the formation of pig blastocysts
(Rho and Hwang, 2002) and the number of cells in bovine embryos (Kircher ef al., 1999).
In addition, although some authors prefer a serum supplementation (Wang ef al., 1997;
Rizos et al., 2003), bovine embryos during early development are most often grown in
culture medium with BSA (Bavister, 1995). Likewise, Gajda et al. (2008) reported that BSA
supplementation significantly increased the proportion of obtained pig blastocysts

compared to both FBS-containing media and protein-free culture.

Supplementing culture media with BSA appears to have a biphasic effect, because
such addition inhibits the development of porcine blastocysts at early stages of growth,
but also promotes development and rates of hatched blastocysts at later stages of
preimplantation development (Robl and Davis, 1981; Dobrinsky et al., 1996; Wang et al.,
1997). Supplementation with FBS at 20 and 48 h pi reduces blastocyst formation rates,
but increases these rates when added at 96 h pi (Yoshioka ef al., 2011). Bavister (1995)
observed a similar effect for early bovine embryos. These observations have led some
authors to propose a two-stage system for porcine embryo culture in which BSA is
replaced with FBS when the morula develops info blastocyst (Dobrinsky et al., 1996; Kim
ef al., 2004).

Nevertheless, the difficulty to standardize culture conditions with the use of animal
protein in the form of serum or BSA, as well as the need of avoiding their putative
effects as inhibitors of embryonic development at same developmental stages have
caused a growing interest in the development of media with a strictly defined chemical
composition. A chemically defined medium is useful for a precise analysis of the
physical action of new added substances, since it is free from unknown biological
activities which may affect the embryo response. The use of a chemically defined
medium also improves the reliability of media formulations, vyields a higher
reproducibility of results and ensures biosafety of culture media (Summers and Biggers,
2003; Yoshicka, 2011).

For these reasons, it has been suggested that the use of BSA-fraction V (BSA-V) should

be replaced with the use of fatty acid-free BSA (FAF-BSA), since its exiraction processes
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may partially or totally eliminate the presence of undefined substances such as steroids,
vitamins, fatty acids and cholesterol and, therefore, contribute to a greater product
definition (Maurer, 1992; Dobrinsky et al., 1996).

Another attempt to use media with defined chemical composition is the replacement
of both FBS and BSA by synthetic polymers. Among the most studied polymers, there
are polyvinylalcohol (PVA) and polyvinylpyrolidone (PVP). Both are recognised for their
role as simpler and consistent stimulus-inducing materials and their good surfactant
activity, thereby avoiding adhesions gamete-gamete and/or gamete-contact surface,
as well as facilitating the embryo manipulation (Garcio-Vdazquez and Matds, 2010).
However, some authors have found that embryos cultured in PVA-containing media
have important metabolic differences compared to those cultured in BSA-based
media (Thompson and Peterson, 2000; Orsi and Leese, 2004), as well as an altered RNA

franscription of relevant genes involved in embryo development (Wrenzcki et al., 1999).

2.2.3.1.3 Protein Sources: Amino Acids

Although the amino acid concenfration in the reproductive tract can vary across
species, oviductal and uterine fluids of all mammals contain significant levels of free
amino acids. Moreover, oocytes and embryos possess specific fransport systems for
amino acids to maintain the endogenous pool (Miller and Schultz 1987; Van Winkle
2001). Likewise, the utilisation of amino acids by the embryo is flexible (Gardner, 1998),
and embryos can produce amino acids in a dependent manner upon the stage of
development (Kgtska-Ksigzkiewicz, 2006). Therefore, these changes in the amino acid
uptake and metabolism suggest that their addition to culture medium at appropriate
concentrations should be beneficial for the development of mammalian embryos (Li ef
al., 2007).

The content of ftotal free amino acids in the sow reproductive tract fluid is shown in
Table 5. As shown, both oviductal and uterine fluids contain lower amounts of amino
acids in oestrus than in dioestrus (Iritani et al., 1974). The same differences between
oestrus and dioestrus are known for the uterine fluid in cattle (Fahning ef al., 1967). The
investigations of Booth et al. (2005b) have also shown that the net rates of depletion
and uptake of amino acids by pig embryos vary among amino acids and the day of
embryo development. These cyclic changes in the concentration of amino acids imply
that their demand differ between both gametes before fertilisation and in the early

embryo (Iritani et al.,, 1974).
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Table 5. Content (mM) of total free amino acids in sow reproductive tract (modified
from Iritani et al., 1974)

Amino acids Oviduct fluid Uterine fluid

Oestrus Dioestrus Oestrus Dioestrus
Alanine 026 £0.02 0.31x0.11 0.28+0.04 0.94+0.31
Arginine 0.08£0.01 0.09£0.02 0.06 £0.03 0.07 £0.01
Aspartic acid Nd 0.02+0.00 0.03+0.01 0.04+0.01
Cystine 0.01£0.00 0.01£0.00 0.01£0.00 0.04x0.01
Glutamic acid Nd 0.14+£0.02 0.21+£0.02 0.39%0.10
Glycine 0.38+0.10 0.57+0.11 0.40+0.11 1.32+0.30
Histidine 0.06 £0.00 0.06 £0.02 0.07+£0.02 0.29+0.05
Isoleucine 0.07+0.01 0.12£0.03 0.12+0.02 0.36+0.08
Leucine 0.13+£0.01 0.11+0.06 0.25+0.01 0.68+0.19
Lysine 0.21£0.01 025%0.08 0.23+£0.03 1.00x0.02
Methionine Nd 0.02+0.00 0.02+£0.00 0.09 £0.03
Phenylalanine 0.07 +0.01 0.07 +0.00 0.09+0.00 0.29 +0.04
Proline T T 0.01+£0.00 0.78%0.21
Serine Nd 0.05+0.01 0.08£0.00 0.06 £0.00
Threonine Nd 0.08 £0.03 0.06 £0.01 0.06 +0.01
Tyrosine 0.05+£0.01 0.06+0.02 0.08+0.00 0.26 +0.06
Valine 0.14+0.02 0.31%0.11 0.37+0.03 0.79+0.05
TOTAL 1.46+0.25 2.27 +£0.63 2.37+0.50 7.46+2.05

Nd: not detected; T: tfrace amounts, less than 0.01 mM

Although the concentrations of amino acids in culture media are not the same as those
found in oviductal and uterine secretions (Thompson, 2000), literature reveals that the
addition of amino acids to the IVC medium enhances the development of mouse
(Gardner and Lane, 1993), sheep (Gardner et al., 1994), cow (Steeves and Gardner,
1999; Li et al., 2006a) and pig (Steeves and Gardner, 1999; Yoshioka et al., 2002; Bebee
ef al., 2007, 2009) embryos to the blastocyst stage, and increases their subsequent
viability. However, the concentratfion, types and time when the amino acids are
included in the culture medium are essential to allow them performing their functions
properly. Amino acids have been grouped by Eagle (1959) into essential (EAA) and
non-essential (NEAA), and are normally added to culture media as commercial
concentrated stock solutions prepared at a dilution of 1:50 for EAA and 1:100 for NEAA
(Beebe et al., 2009). Early cleavage development was found to be stimulated by the
addition of NEAA to the culture medium but inhibited by EAA in both mouse (Lane and
Gardner, 1997) and cow embryos (Steeves and Gardner, 1999). It is worth nofing that
although the presence of EAA during the first 48 h of culture in a protein-free medium
inhibits the development of porcine embryos, their addition after 48 h does stimulate it
(Van Thuan et al., 2002). Likewise, adding NEAA to the culture for the first 48 h, and
NEAA and EAA (all at a 1:100 dilution) from 48 h onwards improves the cell number of

porcine embryos (Beebe ef al., 2007). Moreover, the stimulatory effect of low
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concentrations of EAA has also been demonstrated in the mouse (Lane et al., 2001)
and cow (Steeves and Gardner, 1999), but only when the EAA were added 48 or 72 h

pi in mouse and cow, respectively.

The putative effects of amino acids on embryo development seem to be mediated by
their important roles in culture media, including chelators, osmolytes, pH buffers,
anfioxidants, regulators of energy metabolism, biosynthetfic precursors and energy
substrates (Bavister, 1995). Moreover, the absence of amino acids and/or their addition

fo the culture media significantly alters the blastocyst gene expression (Ho et al., 1995).
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Figure 8. Chemical structure of L-Glutamine

Modified from Sigma-Aldrich Co. LLC. Copyright © 2014. Available on-line via:
<http://www.sigmaaldrich.com/spain.html>

For instance, glutamine (Figure 8) is known to confribute to the production of ATP
(Rieger ef al., 1992) and, in pigs, it can replace glucose as the sole energy source
throughout the preimplantation embryo development (Petters et al., 1990). Moreover,
certain amino acids such as glycine and glutamine, and related compounds, may
protect the embryo against variafion of osmofic pressure (Biggers ef al., 1993). This
regulafion of the osmotic pressure seems to be related to an increase in protein
synthesis (Anbari and Schuliz, 1993). Glutamine also has the property to protect the
embryo from oxidative damage, helping to maintain the intracellular levels of cysteine
(Bannai and Ishii, 1988).

In addition, some non-protein amino acids, such as taurine or hipotaurine (Figure 9), are
present naturally at high concentrations in both oviductal and uterine secretions, and in
mammalian oocytes and embryos (Miller and Schutz, 1987; Gardner, 1999), but they
are not contained in the Eagle formulation (Eagle, 1959). For this reason, both are often
used to supplement IVC media in pig, such as NCSU-23 and PZM (Table 1). Hypotaurine,
also known as 2-aminoethanesulfonic acid, is a sulfinic acid that results from
degradation of cysteine, and it is a precursor of taurine, an organic acid widely
distributed through animal tissues. Interestingly, both hypotaurine and taurine also have
many fundamental biological roles such as antioxidation, osmoregualtion, membrane

stabilisation and modulation of calcium signalling (Huxtable, 1992). Furthermore, the
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addition of taurine and/or hypotaurine to the basic NCSU-23 medium has been
demonstrated to significantly improve the development of IVP porcine embryos (Petters
ef al., 1990). Although it is known that taurine is a potent osmoprotectant, the
mechanism by which this organic acid improves embryo development remains to be

fully elucidated.

Figure 9. Chemical structures of hipotaurine (left) and taurine (right)

Modified from Sigma-Aldrich Co. LLC. Copyright © 2014. Available on-line via:
<http://www.sigmaaldrich.com/spain.html>

2.2.3.1.4 Water and Inorganic Compounds

Water is the basis of all culture media since they are composed of 99% water (Loutradis
et al., 2000). Thus, its purity is strongly crucial as it has been related to embryonic
development (Marquant-Leguienne and Humblof, 1998). Indeed, the best type of
water in terms of culture media basis is double-distilled Milli®-Q water, which has the
lowest concentration of inorganic ions, organic compounds as well as any pathogen
(Fukuda et al., 1987).

The basic components of embryo culture media, together with energy and protein
sources, are salts, which dissociate into their inorganic ions in agqueous solution and form
ionic nets. All embryo culture media contain the same six inorganic ions: Na*, K+, CI,
Ca?, Mg?, and SO4z, and most of them also contain PO42 (Baltz, 2012). All these
inorganic compounds are carefully balanced to formulate proper culture media to

more closely mimic the concentrations reported in vivo (Table 2).

2.2.3.1.5 Antioxidants

In vitfro culture of embryos per se and/or its specific conditions may cause oxidafive
stress, which is, in tfurn, involved in many different types of cell injuries, including
membrane lipids peroxidation, oxidation of amino acids and nucleic acids, apoptosis
and necrosis. All these injuries may subsequently decrease the viability and efficiency of
IVP of embryos (Johnson and Nasr-Esfahani, 1994; Kitagawaa ef al., 2004). In addition,

pig embryos have a relatively high content of lipids (Table 4) and, thus, they are more
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susceptible to peroxidation of fatty acids than other species, fact that is known to inhibit
the function of cells and induce cell death (Spiteller, 2001). Therefore, protecting
embryos against oxidative stress during IVC has been proposed as one of the key steps
to improve mammalian embryo development and quality. Previous studies have
reported that supplementing culture medium with antioxidants, such as vitamin E
(Kitagawa ef al., 2004; Gajda ef al., 2008; Hossein ef al., 2007), L-ascorbic acid (Hossein
et al., 2007, Hu et al., 2012; Castillo-Martin et al., 2013b), or p-mercaptoethanol
(Kitagawa et al., 2004; Hosseini et al., 2009) may be beneficial for the development of
mammalian embryos, including pig, because they lead to a decrease in reactive

oxygen species (ROS) levels and DNA fragmentation.
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Figure 10. Chemical structure of Vitamine E or [t]-a-tocopherol

Modified from Sigma-Aldrich Co. LLC. Copyright © 2014. Available on-line via:
<http://www.sigmaaldrich.com/spain.html>

Vitamin E or [t]-a-tocopherol (Figure 10) is the predominant lipid-soluble antioxidant in
animal cells, and it is considered as a major ROS scavenger that can block lipid
peroxidation in cell membranes (Tappel, 1980). For this reason, its addition to culture
media has been suggested to improve the development of IVP porcine embryos.
Research conducted forty years ago showed that vitamin E supplementation has a
beneficial on the development of rat embryos (Steele ef al., 1974). Furthermore, recent
studies have indicated that vitamin E supplementation increases the proportion of both
parthenogenetic (Yuh ef al., 2010) and IVP porcine embryos reaching the blastocyst
stage (Kitagawa et al., 2004; Gajda et al., 2008), protects chromatin integrity (Kitagawa
et al., 2004; Gajda ef al., 2008; Yuh et al., 2010) and maintains triglyceride content
(Romek et al., 2011). Additionally, the positive effects of vitamin E on the proportion,
quality and accumulation of lipids in IVP embryos have also been reported for bovine
embryos (Olson et al., 2000; Reis et al., 2003).

L-ascorbic acid (vitamin C; Figure 11), the most important antioxidant in extracellular
fluids, plays a key role in many biological processes such as the biosynthesis of collagen
and other components of the extracellular matrix, or the protection of lipid structures

against peroxidation (Rose and Bode, 1993; Buettner, 1993). Moreover, it is a potent
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ROS scavenger that protects cells against oxidative damage (Rose and Bode, 1993).
Whereas previous reports showed that the addition of L-ascorbic acid to culture media
improves blastocyst development rates and total cell number per blastocyst, and
decreases the number of apoptotic cells in IVP (Hossein ef al., 2007), SCNT and
parthenogenetic-activated (PA) porcine embryos (Huang ef al., 2011; Hu et al., 2012), a
recent study reported no effects on blastocyst yield, total number of nuclei or
percentages of apoptosis of IVP embryos (Castillo-Martin et al., 2013b). In addition,
despite these inconsistent results regarding developmental ability, total cell number or
apoptotic indexes in IVP porcine embryos, ROS formation have been reported to be
significantly lower and cryotolerance higher in embryos cultured with L-ascorbic acid
than in those cultured without this antioxidant (Castillo-Martin et al., 2013b). Thus,
adding L-ascorbic acid to IVC media seems to be an efficient strategy to enhance the
ability of IVP porcine blastocysts to sustain cryopreservation and to improve their
quality. Furthermore, lower ROS levels obtained in fresh blastocysts cultured with L-
ascorbic acid, together with the reduction of ROS formation in vitrified/warmed
blastocysts suggest that including this antioxidant is beneficial in all critical procedures,
such as IVC or cryopreservation. In agreement with this, some studies have
demonstrated that L-ascorbic acid is able to protect mice and cattle embryos from the
detrimental effects of cryopreservation and biopsy (Lane ef al., 2002; Korhonen ef al.,
2012).
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Figure 11. Chemical structure of L-ascorbic acid

Modified from Sigma-Aldrich Co. LLC. Copyright © 2014. Available on-line via:
<http://www.sigmaaldrich.com/spain.html>

On the other hand, beta-mercaptoethanol (Figure 12) is a low molecular weight thiol
compound used to reduce disulfide bonds and also used as a biological antioxidant by
scavenging hydroxyl radicals (amongst others). It is often included in IVM and IVC
media (Kikuchi et al., 2002; Karja et al., 2004; Castillo-Martin et al., 2013b) since a
number of studies have indicated beneficial effects of p-mercaptoethanol during IVP of
embryos (Feuagang et al., 2004; Kitagawa ef al., 2004; Hashem et al., 2006; Hosseini et

al., 2009). The mechanism of action through which p-mercaptoethanol exerts its effect
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on embryos is not yet completely understood. Literature reveals that although B-
mercaptoethanol can directly interact with some oxidized radicals and can chelate
metallic ions, its main action is to protect the oxidation of cysteine, a precursor of
glutathione (GSH), into cystine and increase its entry into the cell, which is known to
frigger GSH synthesis (Takahashi ef al., 1993, 2002).

HS/\/OH

Figure 12. Chemical structure of B-mercaptoethanol

Modified from Sigma-Aldrich Co. LLC. Copyright © 2014. Available on-line via:
<http://www.sigmaaldrich.com/spain.html>

It has also been reported that B-mercaptoethanol suppresses oxidative damage in the
IVP embryos and improves their developmental ability. For IVP porcine embryos
cultured under 20% O2 and exposed to 50 uM B-mercaptoethanol, Kitagawa et al.
(2004) reported higher blastocyst rates compared to those cultured without PB-
mercaptoethanol (57% vs. 28%). Hashem et al. (2006) demonstrated that
supplementing KSOM and NCSU-23 media with L-ascorbic acid and/or pB-
mercaptoethanol improves developmental competence and quality of IVP porcine
embryos. In contrast, Castillo-Martin et al. (2013b) have recently observed that,
although supplementing NCSU-23 culture medium with B-mercaptoethanol does not
render better results in the development and quality of fresh IVP porcine embryos, it

does slightly improve the quality of in vitro vitrified/warmed blastocysts.

Therefore, it seems that data on the effects of B-mercaptoethanol supplementation are
conflicting or inconsistent regarding favourable culture conditions and/or
developmental stage in which p-mercaptoethanol better supports embryo
development. As such, some authors (Hosseini ef al., 2009) have reported that -
mercaptoethanol supplementation of IVC medium promotes overall developmental
competence and quality of bovine IVP embryos (as measured by the proportion of
blastocyst formation, hatching, cell viability, and apoptosis) either during days 1-8
and/or 9-10 of embryo culture, while others have observed such improving pB-
mercaptoethanol effect when added at 4-8 cell (Geshi ef al., 1999), 8-16 cell

(Caamano et al., 1996) and beyond the morula stages (Feuagang ef al., 2004).
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2.2.3.1.6 Growth Factors: Insulin-Like Growth Factor-1 (IGF-I)

Some studies have demonstrated the presence of several growth factors and their
receptors in the oviductal fluid and epithelium, respectively, during the in vivo
development of embryos in various species including human (Pfeifer and Chegini,
1994), cafttle (Schmidt ef al., 1994), and pigs (Chang ef al., 2000). Moreover, growth
factors including insulin-like growth factor families, colony stimulating factor-1,
fransforming growth factor-p, granulocyte- macrophage colony- stimulating factor,
epidermal growth factor, and platelet activating factor are secreted from the uterine
epithelium during preimplantation embryo development (Lonergan et al., 1996; De
Moraes et al., 1999; Tiemann et al., 2001; Pushpakumara et al., 2002). These growth
factors and their receptors play an important role in blastocyst development, in the
regulatfion of cellular events and in the maternal-embryonic dialogue through an

autocrine and/or paracrine manner (Kim ef al., 2005b; Weimar et al., 2013).

In particular, the Insulin-ike growth factor (IGF)-l is a receptor-mediated
autocrine/paracrine growth/survival factor for mammalian embryo development. It has
been reported that IGF-I receptor encoding mRNA is expressed in IVP porcine embryos
during preimplantation embryo development, and that IGF-I improves the in vitro
development of these embryos through its specific receptors (Kim ef al., 2005b).
Likewise, the addition of IGF-I to culture medium also enhances the development of
bovine embryos to blastocyst stage (Prelle ef al., 2001; Moreira et al., 2002; Block ef
al.,2003) and improves embryonic survival following transfer to recipients without
altering birth weight or sex ratio of offspring (Block et al., 2003). Moreover, it has been
suggested that the addition of IGF-I to embryo culture may enhance embryo survival
by improving embryo metabolism during preimplantation period, since IGF-I increases
glucose uptake and translocates glucose fransporter 8 in murine blastocysts (Panfaleon
and Kaye, 1996; Pinto et al., 2002).

2.2.3.1.7 Hormones: Insulin and Leptin

It is known that insulin stimulates granulose cell mitosis and has a positive effect on
ovarian cell proliferation (Spicer and Echternkamp, 1995). Moreover, it affects both
oocyte maturation and embryo development in vitro. In particular, Lee ef al. (2005)
reported that insulin, when added during IVC period, increases the number of IVP
porcine embryos reaching the blastocyst stage (34.1 £ 2.7 vs. 23.1 £ 1.4% in confrol).
Furthermore, the rates of blastocyst formation are dramatically increased (2-fold) when
this hormone is added during both IVM and IVC periods, and when it is added together

with metformin, an insulin-sensitiziing agent (52.4 + 2.7 vs. 40.4 + 2.3 %). Therefore, it has
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been demonstrated that insulin can be beneficial for the production of transferable
embryos in pigs, since, alone or more efficiently in combination with metformin, it
improves the oocyte maturation and preimplantation embryo development of IVP
porcine embryos. The effects of insulin and metformin depend on the time length of
supplementation. Moreover, the beneficial effect of insulin appears to be independent
from the maturation period and is directly associated with an increase of GSH content
in oocyte. Metformin, in turn, significantly enhances the action of insulin on GSH content

and tyrosine kinase activity (Lee ef al., 2005).

Recent studies have also suggested that leptin plays an important role in embryo
development (Craig et al., 2005). It increases oocyte maturation in vitro, and its
inclusion in both IVM and embryo culture media further increases blastocyst
development. These results suggest that leptin has a synergistic role on both oocyte

maturation and preimplantation embryo development (Craig et al., 2005).

2.2.3.1.8 Hyaluronic Acid

Hyaluronic acid (HA) or hyaluronan is a nonsulfated linear glycosaminoglycan (GAG)
that comprises alternating units of D-glucuronic acid and N-acetyl-D-glucosamine

linked by B1-3 and B1-4 glycosidic bonds (Figure 13; Laurent and Fraser, 1992).
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Figure 13. Chemical structure of hyaluronic acid

The polymer is built from alternating units of D-glucoronic acid (GlcUA) and N-acetyl-D-
glucosamine (GIcNAc). Modified from Laurent and Fraser, 1992.

Hyaluronic acid regulates cellular events such as gene expression, signalling,
proliferation, motility, adhesion, metastasis, and morphogenesis (Laurent and Fraser,

1992). As a result of the physicochemical properties of HA solutions, various
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physiological functions have been assigned to them, including regulation of protein
and water distribution, water-binding capacity, filtering effects and lubrication
(Stojkovic ef al., 2002). It is the major component of the extracellular matrix. It is also a
normal component of mammalian folicular, oviductal, and uterine fluids (Lee and Ax,
1984; Yeste, 2003a), and it thus plays a significant role in mammalian fertfilisation,
implantation, extraembryonic cavitation, and embryo growth, as well as fissue
morphogenesis and embryo-maternal communication (Choudhary et al., 2007).
Moreover, it promotes differentiation of extra-embryonic tissues of murine (Hamashima,
1982) and porcine (Kim et al., 2005a) embryos and affects sperm motility as well as

capacitation and acrosome reaction (Furnus et al., 2003; Yeste et al., 2008).

Hyaluronic acid is one of the most abundant glycosaminoglycans in the porcine female
fract (0.04-1.83 mgml! and 0.32-0.59 mgml' in oviductal and uterine fluids,
respectively) and their physiological concentrations increase during the peri-
implantation period (Kano ef al., 1998). The reported reproductive physiology roles of
HA on embryo development consist of increasing blastocyst development in bovine
(Stojkovic et al., 2002; Block et al., 2009) and murine (Gardner ef al., 1999) species, and
the cryosurvival of bovine (Stojkovic et al., 2002; Block et al., 2009) and human (Lane
and Gardner, 2007) embryos. Moreover, it enhances implantation rates and foetal
development following embryo fransfer in mice (Gardner ef al., 1999), sheep (Dattena
et al., 2007) and humans (Lane and Gardner, 2007). In pigs, the addition of HA to the
culture medium decreases the proportion of degenerated embryos and stimulates
blastocyst formation of in vivo-fertilised embryos (Miyano et al., 1994) and electro-PA
oocytes (Kurebayashi et al., 1995; Toyokawa et al., 2005). However, results obtained for
IVP porcine embryos remain contentious. Whereas Kano et al. (1998) suggested that HA
supports the development of porcine oocytes matured and fertilised in vitro to the
blastocyst stage, Miyoshi et al. (1999) and Kim et al. (2005a) reported that the effects of
HA on the development of IVP porcine embryos could depend on the medium and on

the conditions of oocyte maturation, fertilisation and culture.

Therefore, although HA has been used to improve early embryo culfure systems in pigs
(Miyano et al., 1994; Kano ef al., 1998; Miyoshi et al., 1999; Kim et al., 2005a), the results
reported in the literature are stfill controversial and the mechanism by which HA
improves the number and the quality of IVP embryos has not yet been clarified.
Nevertheless, it seems that HA influences the development of mammalian embryos
from the very early stages of embryonic development (Palasz ef al., 2006) through
receptor-mediated pathways (Stojkovic et al., 2003; Toyokawa et al, 2005), by
regulating the action of factor(s) synthesized by the embryo, acting in an autocrine

manner (Furnus et al., 2003; Toyokawa et al., 2005; Palasz et al., 2006) and/or regulating
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the gene expression of developmentally important gene transcripts (Stojkovic et al.,
2003; Palasz et al., 2006; Block et al., 2009).

It has been described that the zona pellucida of the embryo does not prevent
exogenous HA from having access to its own receptors in order to be internalized
(Palasz et al., 2006; Choundhary ef al., 2007) or to mediate a cellular response
(Toyokawa ef al., 2005). The two main receptors known to bind HA are the cell surface
receptor CD44 and HA-mediated mofility/infracellular HA-binding protein
(RHAMM/IHABP:; Stojkovic et al., 2003; Palasz ef al., 2006; Choundhary et al., 2007).

The cell surface receptor CD44 is the principal cell membrane receptor for HA (Furnus
et al., 2003; Borg and Holland, 2008) and it has been identified on a wide range of cells,
including all developmental stages from the germinal vesicle to the blastocyst stage in
porcine parthenotes and IVP embryos (Kim ef al., 2005a; Toyokawa et al., 2005). In
contrast, CD44 expression has been detected throughout preimplantation human
embryo development (Campbell et al., 1995), but not in immature oocytes. CD44 is
distributed throughout the cell surface and, in particular, the clustering of receptors is
intensively observed in the morula and blastocyst stage parthenotes (Toyokawa ef al.,
2005). Although a blocking approach carried out by Toyokawa et al. (2005) in order to
interrupt the interaction between HA and CD44 did not dramatically inhibit the
development of parthenotes, some of them were prevented from development by
blocking HA-CD44 interactions. Thus, it is suggested that CD44 may play a role in HA
action on parthenogenetic embryo development, along with the action of other
factors or receptors such as RHAMM/IHABP (Stojkovic ef al., 2003; Toyokawa et al.,
2005). The expression of the cell surface RHAMM/IHABP receptors particularly
disappears when cell-to-cell contact increases. However, additfion of extracellular HA
promotes the rapid appearance of RHAMM/IHABP at the cell surface (Palasz ef al.,
2006).

On the ofther hand, it has been suggested that due fo its high molecular weight and
structure, HA might fill a finite space around the embryo, thereby allowing the embryo
to access to maximal concentrations of self-derived growth factors. In turn, the growth
factors and cytokines act in autocrine manner on embryos (Gandolfi, 1994, Palasz et
al., 2006). Moreover, HA may also provide a unique environment for embryos to
synergistically interact with each other via paracrine growth factors in the medium,
which has been demonstrated to be important for the development of the early
embryo (O'Nell et al., 1997).

Regarding the role of HA in the regulation of the gene expression of developmentally
important gene franscripts, exogenous HA significantly increases the expression of IGF-II

and glucose transporter | (GLUT-1) genes, as well as it reduces the expression of
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apoptosis regulator (BAX), oxidative stress (SOX) and embryo cell-to-cell adhesion
associated with embryo compactation (ECAD) genes in bovine (Palasz et al., 2006;
Block ef al., 2009). Thus, the addition of HA would enhance the embryo capacity for
glucose transport, reduce apoptosis and oxidative stress and, thus, facilitate embryonic

survival and quality of embryos cultured during all the period with glucose.
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Figure 14. Effect of macromolecules in the culture medium on re-expansion after
freezing and thawing of bovine blastocysts

Culture medium was supplemented with 8 mg/ml bovine serum albumin (BSA), 8 mg/ml
BSA plus 0.125 mg/ml HA, recombinant albumin 2.5 mg/ml, or recombinant albumin 2.5
mg/ml plus 0.125 mg/ml HA. *Significantly different from BSA (P < 0.05). **Significantly
different from BSA (P < 0.01). Modified from Lane et al., 2003b.

Regardless of the mechanism by which HA may improve the number and the quality of
IVP embryos, HA has an important role in embryo culture media. HA can substitute for
albumin in culture media but HA together with BSA of biological origin (Palasz ef al.,
1993) or recombinant BSA (Lane ef al, 2003b) significantly increases embryo
development and embryo cryosurvival (Figure 14). It has also been reported an
improvement of blastocyst rates when both in vivo-derived (70% vs. 45%; Miyano ef al.,
1994) and in vitro-produced porcine embryos (17% vs. 0%; Kano et al., 1998) are
cultured in IVC medium supplemented with 0.4% BSA and 0.5 mg/ml HA. However,
when the concentration of BSA increases from 0.4 to 1.5%, the addition of HA does not
produce this beneficial effect (Miyano et al., 1994). This suggests that for an unknown
reason, the addition of BSA af high concentrafions has a negative impact on the
stimulatory acfion of HA. In addition, synthetic oviductal fluid (SOF) medium
supplemented with HA and BSA has been reported to also enhance the development

of IVP bovine blastocysts (Stojkovic et al., 2003). This may be related to the fact that, in
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absence of serum, more RHAMM receptors on embryo cells are available to exogenous

HA, than otherwise are taken by serum molecules (Palasz et al., 2006).

2.2.3.2 Culture Systems

Most of IVC media for porcine embryos have been used in monoculture systems.
Monoculture or single systems are defined as single medium formulation that is used to
support the enfire embryonic development, from zygote to blastocyst stage, without
reflecting any changes in the physiology of the embryo (Lane and Gardner, 2007).
Nevertheless, the environment that confronts the mammalian embryo in the female
reproductive tract, as well as the embryo physiology and they nutritional requirements
change along the preimplantation period. Therefore, the optimal culture conditions for
the development of the zygote are not the same as those for the development and
differentiation of blastocysts (Gardner, 1998). Accordingly, it has been reported that the
use of sequential culture systems, which are formulated to address the changing
requirements of the developing embryos, improve the viability and embryonic
development of murine (Lane and Gardner, 1997), human (Gardner ef al., 1998),
bovine (Lane ef al., 2003a) and also porcine (Gandhi et al., 2001) embryos. These
sequential culture systems seem to reduce cellular stress and limit the need for the
embryo to undergo adaptation to grow up to the blastocyst stage (Lane and Gardner,
2007). As reported by Kikuchi et al. (2002), the sequential culture system that uses
pyruvate and lactate for the first 48 h pi and, then, replaces them with glucose for the
subsequent embryo development, enhances the rate of blastocyst formation and the
fotal cell number per blastocyst compared to the monoculture system that only uses
glucose as energy source. Furthermore, as described above (Section 2.2.3.1.2), a two-
stage system for porcine embryo culture, in which BSA is replaced with FBS as the
morula develops into blastocyst, has been suggested by some authors (Dobrinsky ef al.,
1996; Kim et al., 2004). Likewise, a sequential medium system containing NEAA for the
first 48 h pi and NEAA and EAA for the subsequent development has been reported to
stimulate development and increase cell number in porcine embryos (Van Thuan ef al.,
2002; Beebe et al., 2007). However, although further investigations comparing
sequential and monoculture systems could better demonstrate the reliability of using
the former procedures, they do not seem to be necessary (Summers and Biggers, 2003)
and monoculture procedures without renewal of the medium have been reported to

be arealistic alternative (Vajta et al., 2010).

On the other hand, it has been shown that co-culturing porcine (Kikuchi ef al., 2002;

Lloyd et al., 2009), bovine (Rizos et al., 2002) or mouse (Xu et al., 2004) embryos with
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oviductal cells or, with medium conditioned by oviductal cells increase the success of
IVP. The co-culture system was first reported for the mouse embryo in co-culture with
iradiated HelLa cells (Allen and Bright, 1984). Recently, a “womb-on-a-chip” design has
been developed (Mizuno et al., 2007). This system consists of endometrial cells grown in
a lower chamber, while embryos are cultured in an upper chamber, separated from
the lower by a thin membrane. In a co-culfure system, somatic cells might provide
unknown embryo growth promoting factor(s) and/or delete embryo toxic factor(s) from
basic medium, resulfing in more suitable culture condifions for embryo development
(Yoshioka, 2011). However, any physical role of co-culture remains unclear, but is likely
to be dependent upon co-culture cell type or species of embryos (Swain and Smith,
2011). Furthermore, a high price has to be paid for the benefits. Co-cultures have
serious drawbacks, including extra work and technical difficulties with standard
establishment and handling, the risk of contamination, the possible involvement of
animal or human serum in phases of isolation and culture, and the lack of appropriate
control over factors involved. Therefore, nowadays, with the movement towards the
use of a defined media, co-culture has received less and less aftention (Vajia ef al.,
2010; Swain and Smith, 2011).

2.2.3.3 Culture Conditions

2.2.3.3.1 Oxygen Tension

The oxygen environment could influence the metabolism and the oxidation-reduction
potenfial in the embryo (Karja ef al.,, 2006). The oxygen concenfration in the
mammalian oviduct and uterus is about 5-10% (Fisher and Bavister, 1993), whereas in
vitro cultured embryos are usually maintained under 20% O2 (5% CO2 in air). However,
there is a current tfrend towards reducing the oxygen concentration from 20% to 5% (5%
CO2and 90% Nz), although this is still a confroversial issue. Whereas some authors have
suggested that low O2 concentration (5-7%) is helpful for the in vitro development of
embryos (Kitagawa et al., 2004; Karja et al., 2006), other reports have observed that the
developmental rates and total cell numbers of blastocyst are higher in embryos
cultured in an atmosphere of 20% Oz in air than under 5% O2 (Machaty et al., 1998).
Likewise, other authors have also pointed out no differences under low and high
oxygen concentrations in cleavage rate, blastocyst formation, total cell number and
incidence of apoptosis in porcine embryos (Ock ef al., 2005). Moreover, in in vivo
conditions, porcine embryos reach the uterine horns, where the O2 concentration has
been reported to be lower than in the oviduct, before the compact morula stage

(Fisher and Bavister, 1993). This lower oxygen tension could be partly responsible for the
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switch in the production of ATP from oxidative phosphorylation to glycolysis, during
compactation and blastulation (Figure 6). Thus, since the effect of oxygen tension on
embryonic development appears to be dependent on embryo type (Booth ef al.,
2005a), the use of a sequential culture environment containing 20% O2 up to the morula
stage and 5% O2 for later stages has been suggested (Abeydeera, 2002). However,
further studies are required to better understand the exact role of oxygen and other

gas tensions during in vitro culture on the development of porcine oocytes.

2.2.3.3.2 Communal or Individual Culture?

In the uterus, porcine embryos are surrounded by a small volume of medium (1.5 -2 nl)
since they are placed in the folds of the uterine horns. In addition, when they are in the
oviduct, the amount of medium that surrounds the embryos appears to be lesser than
in the uterus (probably picoliter amounts; Garcia-Vdazquez and Matds, 2010). Supporting
this nofion, the volume of the medium, the number of embryos cultured together and
the distance between embryos are undoubtedly significant factors in the experimental

design of the IVP protocols (Swain and Smith, 2011).

In various animal models, increased embryo density in smaller volumes improves
development. Indeed, it has been reported that when culture of mouse (Paria and
Dey, 1990; Lane and Gardner, 1992), bovine (Palma et al., 1992) and ovine (Gardner ef
al., 1994) embryos is performed in small volumes of medium and/or in groups, the
efficiency of IVP of embryos in terms of quality and blastocyst rates, as well as survival
rates after embryo fransfer improve. According to Stokes et al. (2005), porcine embryos
should be cultured in groups of 20 embryos per 10 - 20 yl of medium. In contrast, other
authors have obtained better results culturing 40 — 50 embryos per 500 ul of medium
(Matds et al., 2003). However, what appears to be clear is that the manipulation of the
physical culture environment by altering embryo spacing can potentially alter the

chemical environment and thus, impact embryo development (Swain and Smith, 2011).

It has been hypothesised that the beneficial effect of culturing embryos in groups and
in small volume of medium is the concentration of autocrine/paracrine trophic factors
secreted by the embryos in culture that may stimulate their own development and that
of neighbouring embryos (Paria and Dey, 1990; Stokes et al., 2005Bormann et al., 2006;
Katz-Jaffe et al., 2006). Accordingly, embryo culture in larger volumes would resulf in a
dilution of the beneficial factors produced by the embryo, and their concentration in
the culture medium would not be enough to perform their effects properly (Gardner,

1994). However, greater atftention to detail is required with these approaches, since
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conditions using low media volume may be more permissive for detrimental changes to

media conditions, such as osmolality (Swain et al., 2010) or pH (Swain and Smith, 2011).

On the other hand, embryo development is also influenced by the distance between
embryos when they are cultured together. Studies in pig and calf have shown that
when embryos adhere to the bofttom of culture dishes at varying distances from one to
another, or using polyester mesh to control distance, embryos in closer proximity o
each other improve their development (Stokes et al., 2005; Gopichandran and Leese,
2006; Somfai ef al., 2010b). Indeed, the development of individual porcine zygotes to
the blastocyst stage is optimal when they are cultured at a distance of between 81 and
160 um. Therefore, as the distance between the embryos increases, blastocyst rates
decline significantly, possibly because the beneficial factors produced by the embryos
are diluted. Likewise, as the distance is too much reduced, such beneficial effects may
be neutralized due to local high concentrations of toxic metabolites (Strokes ef al.,
2005).
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2.3 Embryo Sex Determination and Selection

2.3.1 Generdlities and Applications

Sex is the individual characteristic that exerts the largest impact on mammalian
phenotype, growth rates and susceptibility to diseases (Ober ef al., 2008). Moreover, as
a genetic trait, sex is a singular case that cannot be manipulated by genetic selection,
but only by sex predetermination methods (Seidel, 2003). Control of sex-linked
hereditary diseases in human, captive management and recovery of wildlife species
and, especially, genetic improvement and optimisation of livestock productivity, are

some of the areas in which sex determination and selection is a very important tool.

In livestock production, the sex preselection of the offspring accelerates genetic
improvement programs, increases biological and economic efficiency of productivity,
and improves reproductive management due to the ability to plan matings for a
specific sex (Hohenboken, 1999; Seidel, 2003; Johnson ef al., 2005). Particularly for
porcine breeding, sex determination of in vitro preimplantation embryos before freezing
or fransferring info recipient females has obvious benefits for porcine industries and
commercial animal production. Indeed, in this scenario, sex determination of offspring
can reduce the generation interval, accelerate genetic improvement programmes
and increase the biological and economic efficiency of productivity (Johnson et al.,
2005). Moreover, the manipulation of the sex ratio of the offspring can improve the herd
for desired purposes, in accordance with the production requirements following the
market demand. Specifically, meat from boars that are nearing sexual maturity has
high potential for an odour and flavour problem commonly called “boar taint”. Boar
faint in pork is associated with two compounds produced in the live animal:
androsterone and skatole, and it refers to objectionable odour and flavour
characteristics that many consumers detect in cooked pork from intact males. For this
reason, castration of male livestock infended for meat production is a long-standing
management practice. It helps to control the aggressive behaviour in pigs, as well as to
reduce the boar taint perceived during cooking of meat mature males (Squires, 1999).
However, the discussion about banning castration in male piglets is a current topic in
Europe. Indeed, the European Commission welcomed the announcement that several
main actors in the pig meat chain have agreed on a plan to voluntarily end the
surgical castrafion of pigs in Europe by 1 January 2018 (European Union, 2010).

Therefore, alternatives for producing higher number of females will need to be found. In
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this regard, female production through sex preselection must be considered as one

alternative (Johnson ef al., 2005).

Figure 15. Woodcut illustrating the right-left theory of sex determination

This is a 16th century woodcut illustrating a statement from an Alexandrian manuscript
of the 1st century A.D. stating that if a bull descends from the right side of the cow,
conception will result in a bull calf, while descending from the left side will result in @
heifer calf. From Mittwoch, 1985.

The possibility of determining the sex of the offspring before conception, both in
domestic animals and in humans, is an idea that has occupied the mind of human
beings for thousands of years. Debates on the origin of sexes took place long before
the beginning of the scientific era and provide an insight info the culture of the times
(Mittwoch, 2005). Different cultures have believed in diverse methods to control the sex
of the offspring. Greek philosophers firstly suggested sidedness as the cause of sex
determination, based on the association of the right side with the goodness, the sun,
the hot and the man, and the left side with the evil, the moon, the cold and the
woman (Bermejo-Alvarez, 2010). However, details differed. Parmemides (515 B.C.)
proposed that the sex of the embryo was determined by its position on the right or left
side in its mother's womb: males are on the right, females on the left; whereas
Anaxagoras (500 to 428 B.C.) thought that the side of the father's testis was the
deciding factor: semen from the right side becoming male and from the left side
female (Mittwoch, 2005). Although the criticisms on this left-right theory, it withstood for
more than 2000 years. During the course of centuries, there was ample time for the
right-left theory of sex determination to become simplified, popularized and applied in

diverse methods for predicting and selecting the offspring (Mittwoch, 1985). An
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Alexandrian manuscript of the 1st cenftury A.D. contains the statement that if after
service the bull dismounts from the cow on the right side, this will result in a bull calf,
while dismounting on the left side leads to the conception of a heifer calf (Mittwoch,
1985; Figure 15). In Hebraic culture, Talmud (5th century B.C.) suggested that both an
orgasm by the woman before the man and placing the marriage bed in a north-south
direction favoured the conception of boys. Asiatic cultures believed in an influence of
the astfronomy on sex ratio. Indian Ayurvedic texts by Sushruta (5th century B.C.) and
Charaka (2nd century B.C.) suggested the use of different herbs combined with
astrological events at 2 months of gestation to increase the probability to engender a

son (Bermejo-Alvarez, 2010).

The scientific study of sex determination began in the 17th century with the discovery of
spermatozoa, but the origin and function of the “spermatic animalcules” eluded
investigators until 1841. The mammalian cocyte was discovered in 1827, and in the last
quarter of the 19th century fertilisation was observed. Until the end of that century, the
idea that sex was influenced by environmental conditions on a zygote of indeterminate
sex prevailed (Mittwoch, 2005). It was believed that many environmental factors co-
operate in the determination of sex, the mother’'s nutrition being the most decisive
factor. Adverse conditions, particularly poor nutrition, but also temperature, tended to
result in males, while favourable conditions result in females (Miftwoch, 2005).
Environmental theories of sex determination were popular until the first quarter of the
20th century, when sex chromosomes were discovered and, thus, the theory of

chromosomal determination was accepted.

According to the chromosome theory of sex determination, the genetic sex of the
embryo in placental mammails is established at fertilisation with the inheritance of an X
or Y chromosome from the male progenitor. Although the role of the Y chromosome in
mammalian sex determination has been known since the early twentieth century, it was
not until 1959 when scientists were able to identify the region of the Y chromosome that
controlled this process (Hake and O'Connor, 2008). The Y chromosome, through the
testis-determining gene SRY, acts dominantly to trigger differentiation of testes from the
indifferent gonads that would otherwise develop as ovaries (Gubbay et al., 1990;
Sinclair et al., 1990). The gene Sry is essential to establish male development, as shown
by transgenic experiments where XX mice carrying the Sry gene develop as males
(Koopman et al., 1991). Conversely, mutations in Sry or SRY can lead to relatively normal
female development of XY mice and humans, respectively (Gubbay et al., 1992;
Hawkins ef al., 1992). Nevertheless, research has provided data to convince that this
theory is only part of the fruth. In addition to the Y chromosome, a multitude of other

genes located in more than one autosomal chromosome or even in the X
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chromosome, growth factors and hormones are found fo be involved in sex
determination (Karkanaki et al., 2007). The gender identity is the final result of genetic,
hormonal and morphologic sex (Figure 16). Sex-determining process is set in motion only
during the period of organogenesis when the gonads develop. Before gonad
differentiation occurs, male and female preimplantation embryos display phenotypic
differences such as in the epigenetic status and in the expression level of both X-linked
and autosomal genes. These differences are atfributed to the different sex
chromosome dosage that reflects sex-related phenotypic differences under some
culture conditions, including differences in speed of embryo development, survival after
vitrification, cell number at the blastocyst stage and metabolism (Bermejo-Alvarez et
al., 2010a). Conversely, once the gonads begin to differentiate as testes or ovaries, they
secrete factors, notably anti-Mullerian hormone and testosterone from the testes, which
determine the sexual development of the rest of the embryo (Haoke and O’'Connor,
2008; Bermejo-Alvarez et al., 2010a). Indeed, sexual dimorphism in foetal and adult
tissues is mostly attributable to sex-related hormonal differences (Bermejo-Alvarez et al.,
2010aq).

Male Female
XY chromosome XX chromosome
Wi TRRae Genetic, gametic,
| chromosomal sex
Sry (TDF) No Sry

[ l
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. t . { Gonadal sex
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exlernal sex
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& Mmale genitalia
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Figure 16. Process of sex determination in mammals

Modified from Memorial University of Newfoundland. Copyright © 2014. Available via:
<http://www.mun.ca/biology/scarr/4241_Devo_MammalSex.html>
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2.3.2 Sex Determination Methods

After the approval of the chromosome theory as the determinant of genetic sex, and
the interest in the possibility of manipulating the sex ratio of the offspring of both human
and domestic animals, numerous techniques for sex determination have been
developed. They can be divided in two groups depending on the time of ifs
performance: preimplantational and postimplantational techniques. At the same fime,

the former can be applied after or before fertilisation.

Postimplantational techniques include the identfification of foetal gender using
ultfrasonography or metaphase karyotyping of foetal cells obtained by amniocentesis or
after sampling the chorionic villi. Both fechniques have certain limitations because they
allow the identification of the sex but not its selection, unless using the selective
abortion. Moreover, although the ultrasonography is useful and commonly used in
monotfocous species, it has no interest in polytocous ones, such as the pig (Fricke, 2002).
Likewise, the main application of metaphase karyotyping is the diagnosis of
chromosomal abnormalities in humans, and it is not currently used in domestic animals
because it is a time-consuming and a technically rigorous procedure for widespread

use (Larrabee et al., 2004).

Conversely, preimplantational techniques such as sperm sexing by flow cytometry
(performed before fertilisation) and sex determinatfion by embryo biopsy (performed
after fertilisation) are currently the only reliable methods to obtain offspring of a
determined sex (Niemann et al., 2003; Johnson et al., 2005; Naqgvi, 2007). The former in
the pig involves separating X- from Y-chromosome bearing sperm using flow cytometry
and sperm sorting, followed by the use of this sorted sperm for Al or IVF with subsequent
ET (Jonhson et al., 2005; Bussalleu and Torner, 2013). It has been reported that piglets
have been successfully born after ET of IVF- or ICSI-derived embryos originated from sex-
sorted spermatozoa (Rath et al., 1997; Abeydeera et al., 1998; Probst and Rath, 2003),
or after Al (Rath ef al., 2003; Vazquez et al., 2003; Grossfeld ef al., 2005). Moreover, it has
recently been reported that there is no increase in the incidence of abnormalities and
in the frequency of the mutagenic indexes in the offspring produced with sorted
spermatozoa (Parrilla ef al., 2004). However, in spite of published results reporting the
effectiveness of this current sexing process, in practice, sperm sexing by flow cytometry
has severe limitations. The small number of cells that can be sorted per hour, the high
cost of the equipment and the lower fertility that has been demonstrated when
compared to non-sorted semen are some of those limitations (Johnson et al., 2005;

Bussalleu and Torner, 2013).
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In contrast, the application of embryo sex determination techniques, together with
vitrification and ns-ET, may be a potential alternative for commercial purposes in swine
industry. Some of the approaches that have been used to deftermine the sex of
mammalian embryos include: (1) H-Y antigen detection, (2) X-linked enzymatic
determination, (3) karyotyping, and (4) detection of Y-chromosome specific sequences
by PCR or in sifu hybridation.

The use of X-linked enzymes and a serological assay involving H-Y antigen are non-
invasive methods which have the advantage of allowing all sexed embryos
maintaining the integrity of the embryo, so that it is less likely that these methods impair
the potential for successful embryo transfer and implantation (Bredbacka, 2001).
However, these methods are not always accurate enough and they have not been
applied yet in porcine embryos. Furthermore, X-linked enzymatic determination of
glucose-6-phosphate  dehydrogenase (GéPD; Wiliams, 1986), or hypoxanthine
phosphoribosyl transferase (HPRT, Monk and Handyside, 1988) in mouse embryos,
requires embryos to be sexed before they undergo X chromosome inactivation, hence
limiting this approach to cleavage and morula stage embryos (Bredbacka, 2001).
Despite a reported accuracy of over 80% in sex determinatfion assays involving H-Y
antfigen detection approach in bovine embryos, this method has not been proven yet
to be reproducible (Veerhuis et al., 1994; Gardon et al., 2004). On the other hand, the
accuracy of karyotyping, which also allows detecting chromosome aberrations
simultaneously, is nearly always 100% (Edwards and Gardner, 1967; van Viiet et al.,
1989). However, its ufility is limited because effective karyotyping depends on
harvesting cells in metaphase, which is inefficient as biopsies would at best contain only
a few such cells (van Vliet ef al., 1989). Furthermore, the procedure requires trained
cytogenefticists and is fime-consuming. Another procedure is fluorescence in sifu
hybridisation (FISH), in which chromosome specific DNA probes are hybridized to nuclei
only in those parts of fthe chromosomes with high degree of sequence
complementarity. This method has been used for sexing human (Ried ef al., 1992;
Munné et al., 1993; Harper et al., 1994), bovine (Kobayashi et al., 1998) and porcine
(Kawarasaki et al., 2000) embryos but, although the accuracy of this approach is

acceptable, it is extremely technically challenging.

The low efficiency, accuracy and speed of all these methods preclude their routine
application in the field (van Vliet et al., 1989). Conversely, PCR-based assays have
undergone rapid development and their use has become increasingly prevalent in
commercial sexing of embryos, because of their simplicity, sensitivity, specificity, speed
and cost-effectiveness (Shea, 1999; Bredbacka, 2001). Indeed, the potential of this

method has been demonstrated in several species, including humans (Handyside ef al.,

69



Chapter 2

1989), cattle (Park et al., 2001; Bermejo-Alvarez et al., 2008a; Rattanasuk et al., 2011),
horses (Peippo ef al., 1995), mice (Kunieda ef al., 1992), and pigs (Pomp et al., 1995;
Sathasivam ef al., 1995), although in this latter case with a lesser extent. Molecular
genetics in sexing techniques are poorly developed in swine, mainly because of the
few genes and sequences that, so far, have been sequenced and mapped from the

porcine genome (Niemann ef al., 2003).

Some of the few developed PCR-based methods for determining sex of porcine
embryos involve either: (1) the co-amplification of Y chromosome single copy-specific
sequences in male genomic DNA, such as the SRY gene, and that of specific
sequences of the zinc finger genes, ZFY/ZFX, in both male and female embryos as an
internal control to exclude misdiagnosis (Pomp et al., 1995; Sathasivam et al., 1995); or,
(2) the amplification of single copy homologous fragments from both sex
chromosomes, such as the amelogenin gene (AMEL; Fontanesi ef al., 2008; Sembon et
al., 2008). In spite of their reported potential, the use of multiplex or single PCR is less
sensitive and specific when one needs to determine the sex from small amounts of
DNA, such as the DNA contained in an embryo or a blastomere. In these cases, two-
step nested PCR (duplex nested PCR) procedures have been developed to achieve
high sensitivity and specificity in sex determination of human (Chong ef al., 1993),
murine (Greenlee ef al., 1998) and buffalo (Appa Rao and Totey, 1999; Fu et al., 2007)
embryos. However, the nested primer PCR strategy requires more cycles of
amplification and higher sample handling; thus, the fime needed to complete this
assay increases, as does the risk of contaminating samples. Another reliable and
sensitive PCR-based procedure for sex determination when using small amounts of DNA
is PCR with primers from specific and repetitive sequences, rather than single copy
ones. Due fo the presence of a large number of copies of the target sequence(s), only
one step of PCR is needed, and the risk of contaminating samples decreases while
sensitivity increases (Akane et al., 1992). Duplex PCR methods for the amplification of
both male-specific repetitive sequences and repetitive sequences from both sexes
have been successfully developed to determine the sex of buffalo (Manna et al., 2003)
and bovine embryos (Park ef al.,, 2001; Bermejo-Alvarez et al.,, 2008a; Carneiro ef al.,
2011). However, this method has not yet been used for determining sex in porcine

embryos.

2.3.3 Embryo Sex Dimorphism and Sex Ratio Skews

Spermatogenesis comprises the pass of primary diploid spermatogonia to haploid

spermatids (meiosis) and, after further modifications, to spermatozoa (differentiation or
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compartmentalisation), producing an equal amount of X and Y-bearing spermatozoa
(Bonet et al., 2000; Fabrega, 2012). Assuming that X- and Y-bearing spermatozoa
display equal survival/transport in the female genital fract and equal fertilizing ability,
and that both sexes are subjected to an equal mortality rate, sex ratio should be 1:1.
Sex ratio is the proportion of males to females in a given population at a specific stage
in life between conception and death. Under normal circumstances, all mammalian
species display a sex ratio roughly similar to 1:1 at birth (Bermejo-Alvarez, 2010).
However, there is an extensive literature on the extent to which the embryo sex rafio
can be modified by environmental factors such as nutritional environment in vivo, as
well as by composition and conditions of embryo culture media in vitro (Rosenfeld and
Roberts, 2004).

Environmental factors, mainly the abundance and availability of food but also the
seasonal variability, have been suggested to affect maternal physiology and behaviour
by impacting directly on reproductive success and offspring survival, with sex selection
acting as an adaptative physiological response (Cameron, 2004; Gardner et al., 2010).
Mice have been observed with decreased fertfility and offspring sex ratfios skewed
foward males in summer and females in winter months, supposedly to promote male
survival during territory searching in the lead up to winter when females would be more
abundant (Drickamer, 1990). On the other hand, it has been observed that temporarily
malnourished female mice (Rivers and Crawfor, 1974; Meikle and Drickamer, 1986) and
golden hamster (Huck et al., 1986, 1988) deliver litters with a higher number of females.
Moreover, a variety of nutritional regimens have been shown to result in a skewing of
sex ratio (Gardner et al., 2010). While pregnant mice fed with a high fat diet tend to
favour male offspring, a high carbohydrate diet shifts the ratio in favour of females
(Rosenfeld et al., 2003). In a similar trend, food-restriction during the last week of
lactation in primiparous sows causes a selective decrease in the survival of female
embryos and limits the growth of all surviving embryos (Vinsky ef al., 2006; Oliver et al.,
2011). Moreover, in rats, a maternal diet high in sodium and potassium but low in
calcium also affects the sex ratio of offspring towards females (Cluzan et al., 1965; Bird
and Confreras, 1986). Other maternal features such as her corporal condifion,
dominance status, testosterone level, stress, age, parity and litter size, and some
female-linked parameters such as time of insemination, side of ovulation and exposure
fo contaminants have also been suggested fo alter sex ratio (Bermejo-Alvarez, 2010). In
this context, sex ratio skewing might represent a physiological response of the organism
fo changes in the infrauterine environment and maternal physiology, as a result of

different nutritional regimens or other environmental conditions (Gardner et al., 2010).
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Figure 17. Biological mechanisms during fertilisation and preimplantation embryo
development that could promote sex ratio skewing

(A) The ability of the reproductive fract to preclude or retard the progression of one sex-
specific population of sperm could influence the outcome of fertilisation
(diagrammatically in the case of X-bearing sperm, allowing the oocyte access to larger
proportions of Y-bearing sperm. (B) The oocyte may preferentially select one population
of sperm during sperm attachment, further influencing the outcome of fertilisation. (C)
The ability of a particular population of embryo to undergo selective implantation.
Modified from Gardner et al., 2010.

Several mechanisms, despite none of them being rigorously tested, have been
hypothesized to explain skewing of sex ratios in mammals (Figure 17). The proposed
mechanisms are not necessarily mutually exclusive and might well vary among species.
They fall into two classes: those that operate prior to fertilisation (preconceptional
mechanisms), or those that favour one sex over the other after fertilisation
(postconceptional mechanisms; Rosenfeld and Roberts, 2004). Preconceptional
mechanisms may involve either the oocyte or the spermatozoa. Regarding the former,
a putative preferential selection of X- or Y-bearing spermatozoa by cumulus-oocyte
complex during sperm attachment would influence the outcome of fertilisation. In this
regard, it has been reported that the oocyte ability for selective processing of X- or Y-
bearing spermatozoa may be maturational status-dependent, and that delaying
insemination allows metaphase Il (Mll)-arrested bovine oocytes to be fertilised by the Y-
bearing spermatozoa more efficiently (Dominko and First, 1997; Gutiérrez-Addn et al.,

1999, Agung ef al., 2006). Moreover, the time of ovulation in relation to insemination has
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been reported to also promote preferential binding of X- or Y-bearing sperm in sheep
embryos (Gutiérrez-Addan et al., 1999). Significant differences in the sex ratio were
obtained when the ewes were inseminated during the 5 h preceding ovulation (more
females) with those inseminated during the 5 h after ovulation (more males). Similarly,
the level of testosterone in the bovine follicular fluid has been positively correlated with
the likelihood of the oocyte from being in vitro fertilized by Y-bearing spermatozoa
(Grant et al., 2008).

On the other hand, condifions prevailing in the reproductive tract of the inseminated
female, e.g. state of cervical mucus, nutrient/energy status of tract secretions or
vaginal pH relative to the precise time at which copulation occurred in relation to
oestrus could preclude or delay the progression of one sex-specific population of sperm
and, therefore, influence the outcome of fertilisation (Gardner et al., 2010). Moreover,
differences between X- and Y-bearing spermatozoa in motility, viability/survival,
acrosome exocytosis, and/or interaction with female genital tract could result in
different chances to reach the fertilisation site (Bermejo-Alvarez, 2010). Although the
results are contfentious, Y-bearing spermatozoa have been suggested to be more
motile, or at least they display higher linearity and straightness than X-bearing in
humans and cattle (Goodall and Roberts, 1976; Penfold ef al., 1998). Moreover,
Kochhar ef al. (2003) and Iwata et al. (2008) have suggested that X-bearing
spermatozoa survive longer than their Y-bearing counterparts, since a reduced co-

incubation time in bovine causes a skew in the sex ratio toward males.

Environmental

Epigenetic
stress alterations
Sex-specific long-
MeH term effects
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Sexual Embryo_ loss
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Figure 18. The effect of environmental hazards on the embryo

The effect of environmental hazards on the embryo may have no consequences,
generate epigenetic alterations or affect embryo survival. Due to transcriptional sexual
dimorphism, male and female genomes may react differently to environment stress,
leading to sex-specific long-term effects, as epigenetic marks may be altered in a sex-
specific way, or altering sex rafio, as embryo survival rates may depend on sex.
Modified from Bermejo-Alvarez et al., 201
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Sex rafio may also be modified by postconceptional mechanisms. These involve
selective loss of embryos or foetuses of one sex with respect to the other, due to their
biological differences and their different capacity to adapt to a given situation
(Bermejo-Alvarez, 2010; Figure 18). The basis of sex-related differences (e.g., promptness
of embryo development, survival and response fo environmental conditions) seems o
be associated with franscriptional sexual dimorphism in epigenetic, regulatory or
metabolic embryo pathways. Therefore, male and female embryos are not only
different in their chromosomal complement, but also in their proteome and subsequent

metabolome (Bermejo-Alvarez et al., 2008b; Gardner ef al., 2010).

Gene-expression pattern between male and female embryos has been compared by
several research groups, and higher expression levels of X-linked genes in female
embryos has been revealed when compared to male embryos (Ross ef al., 2005;
Kobayashi et al., 2006; Bermejo-Alvarez et al., 2010b). Accordingly, it has been reported
that glucose-6-phosphate dehydrogenase (G6PD), phosphoglycerate kinase (PGK)
and hypoxanthine-guanine phosphoribosyltransferase (HGPRT) exhibit higher expression
and enzyme activity in female mouse embryos than in male ones, prior to X-inactivation
at the blastocyst stage (Epstein ef al., 1978; Krietsch ef al., 1982; Williams, 1986). Similarly,
in the bovine, HGPRT, G6PD and X-linked inhibitor of apoptosis protein (XIAP) are up-
regulated in female blastocysts compared with their male counterparts (Guitérrez-
Addn et al., 2000; Jiménez et al., 2003). The increased expression of these X-linked
genes may explain why female embryos are less sensitive to oxidative stress (Perez-
Crespo ef al.,, 2005) and they have an enhanced survival under hyperglycemic
conditions (Gutiérrez-Addn et al., 2001). In addition, the double X dosage in females
and the presence of a Y-chromosome in males not only determines the transcriptional
level of sex chromosome-encoded genes, but also imposes an extensive transcriptional
regulatfion upon autosomal genes. Thus, they are up-regulated and co-expressed with
X-linked genes in a sex related manner, thereby determining early sexual dimorphism
and the beginning of sex determination and differentiation (Bermejo-Alvarez et al.,
2010a). Likewise, a variety of imprinted genes are also not expressed or methylated
identically across the sexes (Rosenfeld and Roberts, 2004; Bermejo-Alvarez et al., 2008).
A higher transcription for the epigenetic-related enzymes DNA methyltransferase 3a
(DNMT3A) and 3b (DNMT3B), hnRNP methyltransferase-like 2 (HMTI1) and interleukin
enhancer binding factor 3 (ILF3) has been found in male embryos compared with
females. Moreover, male embryos have a higher methylation level for variable number

of tandem repeats (VNTR) sequence (Bermejo-Alvarez ef al., 2008b).

As a result of franscriptional sexual dimorphism of some genes, male and female

embryos have different metabolic requirements. Female bovine (Tiffin ef al., 1991) and
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mouse embryos (Lane and Gardner, 1996) have been reported to exhibit significantly
higher glucose uptake than their male counterparts. This frend is consistent with the fact
that female embryos also possess higher relative activity of PPP as well as higher levels
of G6PD, the X-linked and limiting enzyme in the PPP (Williams, 1986; Tiffin ef al., 1991).
Moreover, fold changes for different transcripts involved in PPP and glycolysis have
been described between male and female bovine embryos (Gufierrez-Adan et al.,

2000; Bermejo-Alvarez et al., 2011; Figure 19).
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Figure 19. Fold changes between male and female embryos for different franscripts
expressed in bovine blastocysts involved in pentose phosphate pathway (left) or

glycolysis (right)

Different substrates are framed; the transcripts detected in blastocysts are in italics, with
those exhibiting sexual differences in bold letters with their fold change: positive values
are up-regulated in females and negative in males. Modified from Bermejo-Alvarez et
al., 2011.

Mitochondria have also been proposed to play a role in sex-related metabolic
differences and susceptibility fo oxidative stress due to their critical role in oxidative

glycolysis and in preimplantation development (Mittwoch, 2004). In this sense, it has
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been observed that mtDNA copy number is higher in male bovine blastocysts than in
female blastocysts (Bermejo-Alvarez ef al., 2008b), and the cellular components
“mitochondria” and “mitochondrial inner membrane” are over-represented in the up-

regulated genes in male embryos (Bermejo-Alvarez et al., 2010b).

On the other hand, amino acid metabolism has also been shown to be different
between male and female bovine embryos cultured in vivo and in vifro (Sturmey ef al.,
2010). Differences between XX and XY embryos were observed in the profiles of seven
amino acids (arginine, glutamate, methionine, glycine, phenylalanine, tyrosine and
valine) in blastocysts derived in vifro, and also of two amino acids in blastocysts derived
in vivo (glycine and valine). When cultured in vitro, whereas an increased depletion of
arginine, glutamate and methionine, and an increased appearance of glycine were
found in female embryos, male embryos displayed an increased depletfion of
phenylalanine, tyrosine, and valine. Valine depletion by in vivo derived cattle
blastocysts was similar to that seen in vifro, with XX embryos depleting this amino acid to
the greatest extent. Moreover, glutamine has been shown to influence PPP metabolism
of glucose to a greater extent in female bovine embryos, as it works as an alternative

source for carbohydrates (Tiffin ef al., 1991).

Another frequently reported difference between early male and female embryos
concerns the cleavage rafes in the first days after fertilisation. During in vitro culfure,
porcine (Dang-Nguyen et al., 2010; Somfai et al., 2010a), bovine (Avery et al., 1992;
Yadav et al., 1993; Lonergan et al., 1999; Kochhar et al., 2003), mouse (Peippo and
Bredbacka, 1995), sheep (Bernardi and Delouis, 1996) and human (Ray ef al., 1995)
male embryos tend to develop faster and earlier reach more advanced stages of
development than female embryos. Male in vivo-produced porcine embryos, both
prior to and after blastocyst hatching, are larger and have more cells than female
embryos (Cassar et al., 1995). However, other studies, as those of NgE et al. (1995) in
humans, Hollm ef al. (1998) in caftle, and Pomp ef al. (1995) and Kaminski et al. (1996) in
pigs did not find differences between male and female embryos when reached the
blastocyst stage. These conflicting findings may be due to within-cohort heterogeneities
in embryo kinefics, and subsequent difficulties of either sex embryo to be cultured
optimally in vitro, as well as to the variability in the source of donor sperm (Alomar et al.,
2008; Gardner et al., 2010). Conversely, since in vitro production of embryos, rather than
in vivo, provides most of the evidence of faster development of male embryos, some
authors have speculated that this sex-bias may be simply an artefact of in vifro culture
(Peippo and Bredbacka, 1995) or a result of invasive embryo manipulation (Wrenzycki
et al., 2002).
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In this regard, it has been proposed that certain in vifro culture conditions affect the sex
ratio of IVP embryos by influencing the embryo development of a given gender
(Bermejo-Alvarez ef al, 2011). Animal and human studies have reported that
carbohydrate and amino acid metabolism are closely linked to embryo developmental
competence and viability (Gardner ef al., 2000). Related to this, it is worth noting that
manipulating the metabolic profile of the embryos during in vifro culture has an impact
on in vitro development, first zygotic cleavage, gene expression, cryopreservation and
sex rafio in mammalian embryos (Holm ef al., 1998; Lonergan ef al., 2000; Rubessa et al.,
2011; Castillo-Martin et al., 2013a). Intriguingly, Yadav et al. (1993) suggested that
fluctuations in the culture environment during the first 48 h pi. may cause a preferential
loss of bovine female embryos by 120 h pi., while Larson et al. (2001) observed that a
block to female bovine embryo development in a glucose-containing medium
occurred when the blastocoels’ cavity began to form. In a similar trend, the cohort of
females that fail to advance to expanded blastocyst appear to be less tolerant to high
glucose concentrations in the medium than the successful females (Larson et al., 2001).
On the other hand, the addition of glucosamine to the in vifro culture (IVC) medium
significantly decreases bovine embryo development and skews the sex ratio towards

males (Kimura ef al., 2008).
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Abstract

Polymerase chain reaction (PCR)-based assays have become increasingly prevalent for sexing
embryos. The aim of the present study was to develop a suitable duplex PCR procedure based on the
amplification of porcine repetitive sequences for sexing porcine tissues, embryos and single cells.
Primers were designed targeting the X12696 Y chromosome-specific repeat sequence (SUSYa and
SUSYb; sex-related primer sets), the multicopy porcine-specific mitochondrial 12S rRNA gene
(SUS12S; control primer set) and the X51555 1 chromosome repeat sequence (SUS1; control primer
set). The specificity of the primer sets was established and the technique was optimised by testing
combinations of two specific primer sets (SUSYa/SUS12S; SUSYb/SUS12S), different primer
concentrations, two sources of DNA polymerase, different melting temperatures and different
numbers of amplification cycles using genomic DNA from porcine ovarian and testicular tissue. The
optimised SUSYa/SUS12S- and SUSYb/SUS12S-based duplex PCR procedures were applied to porcine
in vitro-produced (IVP) blastocysts, cell-stage embryos and oocytes. The SUSYb/SUS12S primer-
based procedure successfully sexed porcine single cells and IVP cell-stage embryos (100% efficiency),
as well as blastocysts (96.6% accuracy; 96.7% efficiency). This is the first report to demonstrate the
applicability of these repetitive sequences for this purpose. In conclusion, the SUSYb/SUS12S primer-
based duplex PCR procedure is highly reliable and sensitive for sexing porcine IVP embryos.
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Abstract

In the present study, the effects of replacing glucose with pyruvate—lactate and supplementing these
in vitro culture (IVC) media with hyaluronic acid (HA) on porcine embryo development and sex ratio
were examined. The in vitro-produced (IVP) porcine embryos were cultured in NCSU-23 medium
with 0.0, 0.5 or 1.0 mg mL-1 HA, and with either 5.55 mM glucose (IVC-Glu) or pyruvate (0.17 mM)—
lactate (2.73 mM) from 0 to 48 h post insemination (h.p.i.) and then with glucose from 48 to 168
h.p.i. (IVC-PL). Those embryos cultured with IVC-PL had significantly higher blastocyst rates (23.7 +
1.5%) than those cultured with IVC-Glu (14.27 £ 2.75%). At 1.0 mg mL-1, HA tended to skew the sex
ratio of blastocysts towards males in those embryos cultured in IVC-PL, and led to a significant
decrease in the blastocyst rate compared with embryos cultured in the presence of 0.5 and 0.0 mg
mL-1 HA and IVC-Glu (4.28 + 0.28% vs 11.01 + 1.42% and 10.14 + 2.77%, respectively) and IVC-PL
(14.37 £ 1.35% vs 20.96 £ 2.85% and 22.99 + 1.39%, respectively). In contrast, there were no
significant differences in the total cell number per blastocyst or in apoptosis rates. In conclusion,
pyruvate and lactate were the preferred energy substrates in the early stages of IVP porcine
embryos. Moreover, 1.0 mg mL—1 HA significantly decreased the percentage of blastocyst rates in
both the IVC-Glu and IVC-PL groups, but only by a preferential loss of female embryos for those
cultured in IVC-PL.
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Abstract

In vitro culture conditions and certain events during the earliest stages of development are linked to
embryonic survival, possibly in a sex-related manner. In vitro-produced (IVP) porcine embryos
cultured with glucose (IVC-Glu) or pyruvate—lactate (IVC-PL) were tested for any relationship
between the timing of the first embryonic cleavage and development and sex ratio. The embryos
were assigned to IVC-Glu or IVC-PL groups and classified depending on the timing of their first
cleavage: 24, 26, 30, and 48 hr post-insemination (hpi). They were cultured separately in vitro and
evaluated for cleavage rate and pattern, blastocyst rate and stage, cell number, apoptosis, and sex
ratio. Regardless of energy source, the percentage of two-cell stage and fragmented embryos at the
time of their first cleavage was, respectively, higher and lower in early-cleaving embryos. Those
embryos cleaved by 24 hpi developed to blastocysts at a higher rate (IVC-Glu: 37.90 + 3.06%; IVC-PL:
38.73 £ 4.08%) than those cleaved between 30 and 48 hpi (IVC-Glu: 5.87 + 3.02%; IVC-PL:

8.41 1 3.50%). Furthermore, a shift toward males was seen among embryos first cleaved before

30 hpi, versus towards females among those cleaved later. The early-cleaving embryos, only from
the IVC-PL group, had a higher proportion of expanded blastocysts (81.05 + 6.54% vs.

13.33 + 13.33%) with higher cell numbers than their late-cleaving counterparts. Moreover, a shift
toward males only appeared at the blastocyst stage in IVC-PL embryos. These findings confirm that
the timing of the first cleavage influences development of IVP porcine embryos in a sex-related
manner, and it depends on the main energy source of the in vitro culture medium.


http://dx.doi.org/10.1002/mrd.22229
http://onlinelibrary.wiley.com/doi/10.1002/mrd.22229/abstract

114



Part IV

General Discussion
& Conclusions



116



General Discussion

Chapter 6
eneral Discussion

The ability to produce and support the development of embryos in vitro is required by
biotechnological researchers since most of the new reproductive technologies rely on
this basic procedure. Developing efficient IVP techniques in pigs will enable researchers
to generate viable embryos with less cost and less fime than those produced in vivo. In
addition, it will contribute to research in reproductive physiology, agriculture and
biotechnology. For instance, some applications of IVP technology have included efforts
to: (1) upgrade the productive and genetic performance of animals, (2) overcome
infertility of valuable high yielding animails, (3) produce transgenic and cloned animals,
(4) provide a source of sexed embryos, and (5) elucidate events related to maturation,
fertilisation of occytes and development of embryos at the molecular level, as these
events are difficult to study under natural conditions in living animals (Kikuchi et al.,

2002; Katska-Ksigzkiewicz, 2006).

The developmental competence of IVP embryos has been confirmed and improved in
pigs (Yoshida et al., 1993; Kikuchi et al., 2002; Yoshioka et al., 2012; Castillo-Martin et al.,
2013a) since it was first reported by Mattiolli et al. (1989). However, in spite of the
application of various modifications to improve the quality of resultant embryos, the
efficiency of the procedure and the development competence and quality of IVP
embryos in pigs is rather low compared with in vivo counterparts, and with the in vitro
development of other species such as bovine or mouse (Kgfska-Ksigzkiewicz, 2006;
Dang-Nguyen, 2011). Approximately, only 20-30% of porcine IVP embryos develop up o
the blastocyst stage (Nagai et al., 2006; Isom et al., 2012). In addition, the quality of the
resultant blastocysts and pregnancy rates after embryo fransfer are still low in relation to

other species (Kikuchi et al., 1999; Jeon ef al., 2011).

In vitro embryo production systems generally consist of three stage-specific culture
environments specially designated to supply in the needs of each stage of oocyte,
zygote and embryo development: (1) in vifro maturation (IVM), (2) in vitro fertilisation

(IVF), and (3) in vitro culture (IVC). During this procedure, oocytes and embryos need to
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gather many signal transduction mechanisms, cytoskeletal constituents and genes in
order to successfully complete all the necessary developmental processes to produce
embryos capable of generating functional cell lines or live healthy offspring (Kidson,
2004). The major reduction in in vitro development rates occurs during the last part of
the IVP of embryos, during the IVC and between the two-cell and blastocyst stages
(Rizos ef al., 2008b). Several major developmental events occur during this period,
which explain its importance in determining blastocyst quality. These events include: (1)
the first cleavage division, the timing of which is known to be critical in determining the
subsequent development of the embryo (Lonergan et al., 1999; Booth et al., 2007;
Dang-Nguyen et al., 2010), (2) the activation of the embryonic genome at the four- to
eight-cell stage (Jarrel ef al., 1991; Schoenbeck ef al., 1992), (3) compaction of the
morula, which involves the establishment of the first infimate cell-to-cell contacts in the
embryo (van Soom et al., 1997), and (4) blastocyst formation involving the
differentiation of two cell types, the tfrophectoderm and the inner cell mass (Rizos ef al.,
2008b).

Even though the majority of preimplantation embryonic deaths remain unexplained
(lsom et al., 2012), suboptimal in vitro culture condifions and inherent oocyte and
zygote quality seem to be important factors that determine whether an embryo will
yield to premature embryonic failure or develop appropriately (Lonergan ef al., 1999;
Somfai et al., 2010a). Chronic and cumulative stresses caused by suboptimal culture
conditions, or insufficiencies in the constituents of the culture medium, can lead fo
oocyte or embryo anomalies at a genetic or metabolic level and severely jeopardise
the viability of the resultant embryo (Kidson, 2004). Indeed, it has been demonstrated
that the energy substrate used during in vifro culture affects both the production and
viability of blastocysts (Rubessa ef al., 2011). Furthermore, manipulating the metabolic
profile of the embryos during in vitro culture may impact development, first zygotic
cleavage, gene expression, cryopreservation, and sex ratio of mammalian embryos
(Lonergan et al., 2000; Rubessa et al., 2011). There is emerging evidence that 10-15% of
IVP mammalian embryos permanently arrest in mitosis at four-cell stage (Jeon ef al.,
2011), which is the time of embryo fransport into the uterus in vivo (Oxenreider and Day,
1965), and it is correlated temporally with the activation of the embryonic genome
(Jarrel ef al., 1991; Schoenbeck ef al., 1992). The in vitro block may be induced by
insufficient culture conditions at early stages of development that prevent gene
activation or suppress transcription or franslation (Peters ef al., 2001). Likewise, there is
increasing awareness that fiming of several events during the earliest stages of
development, such as that of the first embryonic cleavage, and oocyte quality may be
linked to subsequent embryonic competence (Rizos et al., 2002; Booth et al., 2007; Isom
ef al., 2012).
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Many studies focused on IVC of pig embryos have tested several modifications of
culture conditions. These modifications have so far included (1) different media (Wang
ef al., 1997; Machaty ef al., 1998; Gajda and Smorag, 2004; Im et al., 2004), (2) different
volumes of culture medium and different media preparation, i.e. medium covered with
mineral oil or without covering (Yoshioka et al., 2002, 2003; Gil et al., 2003; Im et al., 2004,
2005), (3) different distances between embryos in embryo culture groups (Stokes ef al.,
2005), and (4) different ingredients for media supplementation (Ka et al., 1997; Swain et
al., 2002; Craig et al., 2005; Lee et al., 2005; Karja et al., 2006; Beebe et al., 2009, 2013;
Yoshioka, 2011). In the current thesis, two different approaches have been used to
improve IVP of pig embryos, giving particular emphasis on the earliest stages of
development. The focus on these specific stages is explained because key processes
and pathways that are triggered in these definite moments are known to be critical
and have real consequences for future embryonic development (Rizos et al., 2008b). In
particular, in PAPER 11, different substances were added to the culture medium; different
energy sources during de first 48 h pi and different concentrations of HA during all the
culture period. In PAPER I, infrinsic characteristics of the zygote at early stages of
development, specifically, the effects of the fiming of the first embryonic cleavage on
subsequent embryonic competence in two different culture conditions were
determined. Moreover, both approaches were also carried out to determine any sex
ratio deviation of embryos cultured under these conditions using the duplex PCR
technique developed in PAPER I. The outcomes regarding sex ratfios and thus sex-

related embryo survival will be discussed separately below.

The effects on the development of IVP porcine embryos of: (1) replacing glucose with
pyruvate and lactate in the culture medium for the first 48 h of culture, (2) adding
different concenftrations of HA to the culture medium; and (3) their putative synergic
effects are particularly addressed in PAPER Il. Meanwhile, PAPER Il was conducted to
study the influence of the timing of first cleavage in the subsequent development of IVP
porcine embryos cultured in vitro in glucose-based and pyruvate- and lactate-based
NCSU-23 culture media. In fact, this is not the first fime that the effects of adding HA to
the IVC medium and replacing glucose with pyruvate and lactate on porcine embryo
development have been studied (Miyano ef al., 1994; Kano et al., 1998; Kure-bayashi et
al., 1995; Toyokawa ef al., 2005; Kim ef al., 2005a). Likewise, previous studies have
already proven that timing of the first cleavage has a great influence on the
developmental competence of IVP porcine embryos (Booth ef al., 2007; Dang-Nguyen
et al., 2010). However, the original contribution of the study assessed in PAPER Il is that
conclusive data about the addition of these substances to the most successful and
offen used medium in the field, the NCSU-23 medium, were obtained, and the

concentrations that more closely approximate the physiological concentrations of HA
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and energy sources in the pig oviductal and uterine fluids were used. Moreover, it is the
first time that the putative interaction between HA and energy substrates is described.
To the best of our knowledge, PAPER Ill also documents, for the first time, the influence
of the energy substrate on several developmental parameters among embryos that first
cleaved at different time points; this influence is not always clear when embryos are

evaluated, regardless of the time of their first cleavage.

Hyaluronic acid is secreted by granulose and expanding cumulus cells (Eppig, 1979;
Nagyova ef al., 2000). Moreover, it is the major glycosaminoglycan present in follicular,
oviductal and uterine fluids (Lee and Ax, 1984; Suchanek ef al., 1994; Yeste, 2013a). In
pigs, the physiological concentrations of HA present in follicular, oviductal and uterine
fluids range from 0.04 to 1.83 mgml! (16-39% of all glycosaminoglycans; Kano et al.,
1998). As it is well understood, HA plays an important role in reproductive physiology,
influencing the development of mammalian embryos from the very early stages of
embryonic development (Palasz ef al., 2006). This effect is mediated through receptor-
mediated pathways (Stojkovic ef al., 2003; Toyokawa et al., 2005; Kim ef al., 2005a), by
regulating the action of factor(s) synthesized by the embryo, acting in an autocrine
manner (Furnus ef al., 2003; Toyokawa et al., 2005; Palasz et al., 2006), or regulating the
gene expression of developmentally important gene franscripts (Stojkovic et al., 2003;
Palasz et al., 2006; Block et al., 2009).

In the trial described in PAPER Il, the same maturation and fertilisation conditions were
used in all treatments, but two different culture conditions for the first 48 h pi of culture
(pyruvate (0.17 mM)-lactate (2.73 mM) or glucose (5.55 mM)) were also tested together
with three different HA concentrations (0.0, 0.5 and 1.0 mgmL) in order to evaluate
their effects on porcine embryo development. Previous reports in porcine IVP embryos
showed that 0.5 mg mL! HA increase the rate of blastocyst formation and the total cell
number due to an increase in trophectoderm cells (Kano ef al., 1998; Kure-bayashi et
al., 1995; Miyoshi et al., 1999; Kim et al., 2005a). In contrast, results in PAPER Il showed
that 0.5 mg mL! HA does not favour embryo development in terms of blastocyst rates
and number of cells, but it has detrimental effects when it is added at higher
concentrations (1.0 mg-mL1). It is known that the efficiency of the physiological
functions of HA solutions are controlled by HA molecular weight and concentration
(Palasz et al., 2006). Some of their physiological functions are the ability to regulate
protein and water distribution (Stojkovic ef al., 2002), and its capacity to expand its
random coil causing an entanglement-structure surrounding embryos in the medium

(Toyokawa et al., 2005). Therefore, the significantly lower blastocyst rates obtained in
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the 1.0 mg mL! HA-treated group could be explained as this concentration is too high
for HA to perform its functions properly. Hyaluronic acid is a natural high viscosity
mucopolysaccharide able to increase the viscosity of culture medium because of its
chemical and physical properties (Stojkovic et al., 2002). Thus, the viscosity of the
culture medium with 1.0 mg mL! HA could have impaired embryo access to maximal
concentrations of self-derived growth factors or other components present in the

medium.

On the other hand, one possible reason for the non-beneficial, but also non-detrimental
effects of 0.5 mg mL! HA on blastocyst formation and quality in PAPER Il, might be the
variable number of HA receptors at different stages of embryo development. It has
been described that the number of HA receptors is low at 48 h pi, but it increases at the
early morula stage (Stojkovic et al., 2003; Palasz et al., 2006). In the experiment
performed in PAPER Il, each concentration of HA was added to the culture medium
throughout the culture period (0 h pi — 168 h pi). Thus, the beneficial effects of HA at
advanced embryo stages could be offset by detrimental effects at earlier stages.
Moreover, the effects of HA on porcine IVP embryos have been reported to depend on
the media and on the conditions of maturation, fertilisation and culture. Exogenous HA
has only been suggested to improve the development of porcine IVP embryos when
such conditions are suboptimal (Miyoshi ef al., 1999; Kim ef al., 2005a). Nevertheless, the
results exposed in PAPER Il demonstrate that the primary energy substrate in the culture
medium during the first 48 h pi does not influence the effects of HA on porcine embryo
development, in terms of cleavage rates, blastocyst formation or total cell number per

blastocyst, despite culture conditions being suboptimal, like those with glucose.

Although putative cytotoxic effects have been reported when glucose is present during
early embryonic stages in pigs, most porcine embryo culture media include glucose as
the main energy substrate. Culturing IVP porcine embryos in the presence of high
concentrations of glucose has been demonstrated to cause oxidative stress, as glucose
is metabolized through the PPP (Swain ef al., 2002). In addition to that, a mitochondrial
abnormality caused by a downregulation of glucose tfransporters, enzyme inactivation,
and DNA fragmentation appears to negatively impact on genome activation and/or
difficult overcoming the 4-cell block (Medvedev et al, 2004). Furthermore, porcine
embryos have a limited ability to utilize glucose at early stages of development (Kikuchi
ef al., 2002). The first marked increase in glucose metabolism occurs at or around the
four- or eight-cell stage (Karja et al., 2006), when the activation of the pig embryonic

genome usually takes place (Jarrell ef al., 1991; Schoenbeck ef al., 1992). In contrast,
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pyruvate and lactate are among the essential factors that may help early-stage IVP
porcine embryos overcome this block (Dang-Nguyen et al., 2010). They provide the
embryos with more suitable conditions for balancing cellular reduction/oxidation
(redox) and for preventing the detrimental effect on embryo development (Swain et
al., 2002; Karja et al., 2006).

Taking info account that the composition of the culture medium used for the first 48 h pi
has a critical effect on in vitro embryo potential, previous studies used alternative
energy sources, such as pyruvate and lactate, during IVC. However, results concerning
the beneficial effects of replacing glucose with pyruvate and lactate have been
inconsistent. Several studies have shown improvements in blastocyst development and
in the quality of porcine IVP embryos in terms of total cell number following the
replacement of glucose with pyruvate and lactate as the energy substrate in IVC
medium (Kikuchi et al., 2002; Yoshioka et al., 2002; Karja et al., 2006; Beebe et al., 2007),
whereas some others have reported no differences in blastocyst formation rate or cell
number (Karja et al., 2004; Kim et al., 2004; Castillo-Martin et al., 2013a). Results from
PAPER Il and PAPER lll have demonstrated that pyruvate and lactate at the specific
concentrations of 0.17 and 2.73 mM, respectively, are the preferred energy substrates
at the early stages of porcine embryo development. Culture with 5.55 mM glucose
during the first 48 h pi decrease both the kinetics of IVP embryo development (PAPER lll)
and the blastocyst rate (PAPER Il and PAPER Ill) compared to culture with 0.17 and 2.73

MM pyruvate and lactate, respectively.

Lactate is known to regulate intracellular pH, the proper NAD*:NADH ratio, and the
redox equiliorium in the embryo (lwasaki ef al., 1999; Swain ef al., 2002). It also
enhances the embryotrophic role of pyruvate, an antioxidant compound that acts not
only as an energy source, but can also detoxify ammonia in the embryo through
fransamination to alanine, which can be exported from the cell (Lane and Gardner,
2000; Swain et al., 2002; Ménézo et al., 2013). Findings in PAPER Il are in agreement with
other studies that used the same glucose, pyruvate and lactate concentrations, but
with different basic culture media, and differ from those that used the same culture
medium but with higher concentrations of pyruvate and lactate. Therefore, results of
PAPER Il suggest that specific concentrations and an optimal ratio of pyruvate and
lactate are critical for regulating the oxidation-reduction equiliorium between the
cytoplasm and mitochondria and for avoiding their detrimental effects on embryo
development. Indeed, pyruvate and lactate at the specific concentrations tested in
PAPER Il and PAPER Il provide better conditions at the early stages of porcine embryos
to reach higher blastocyst rates at more advanced stages, but do not improve embryo

quality (i.e. total cell number per blastocyst and percentage of cells with fragmented
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DNA) when compared to the medium containing glucose. The intensity of the oxidative
stress caused by IVC conditions and its duration can induce differential responses in cell
proliferation to cell arrest or cell death by apopftosis in embryos (Karja et al., 2006).
Therefore, the reduced blastocyst rate and the lack of significant differences in the
percentage of cell with fragmented DNA, as a mark of apoptosis, and total cell
number per blastocyst when comparing embryos cultured in the presence of glucose
or pyruvate and lactate could be explained by the conftribution of the glucose-only
culture to cell arrest rather than cell death. Another reason by which embryo cell
number was not significantly different between embryos cultured with pyruvate and
lactate and with glucose could be since experiments in PAPER Il evaluated that
parameter regardless of the time of the embryos’ first cleavage. As PAPER il
documents, the energy substrate has a significant effect on several developmental
parameters, such as on the tofal number of cells per blastocyst of embryos that first

cleaved at different time intervals.

Findings in PAPER Il are consistent with previous results which reported that timing of the
first cleavage has a great influence on the subsequent developmental competence of
IVP porcine embryos (Booth ef al., 2007; Dang-Nguyen et al., 2010). Those zygotes that
cleave earlier after insemination are more likely to form blastocysts than their later-
cleaving counterparts. This clear relationship has also been demonstrated in humans
(Bos-Mikich et al., 2001; Fenwick et al., 2002) and in cattle (Lonergan et al 2000; Rizos et
al., 2008a; Somfai et al., 2010a; Pers-Kamczyc et al., 2012). Moreover, a higher
proportion of blastocysts derived from early-cleaving oocytes hatch from the zona
pellucida, thereby suggesting that such blastocysts are of superior quality than those
derived from late-cleaving oocytes (Ward ef al., 2001). In PAPER lll, successful
development up fo the blastocyst stage markedly decreases when both the fime from
fertilisation to first cleavage and the percentage of fragmented and degenerated
embryos at the ftime of first cleavage increase. The lowest proportion of
fragmented/degenerated embryos, the highest proportion of two-cell stage embryos,
and, consequently, a significantly higher chance of reaching the blastocyst stage are
found in those early-cleaving embryos (within 24 — 30 h pi). The early cell divisions of
mammalian embryos are characterized for their asynchrony (Han ef al., 1999; Somfai ef
al., 2008; Dang-Nguyen ef al., 2010). This phenomenon may be accelerated by
polyspermy in pigs (Funahashi, 2003; Somfai ef al. 2008). Therefore, since the
developmental stage and cell number of embryos at a given time point seem to be

linked to the time of embryonic genome activation (Minami et al., 2007) and to the rate
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of chromosomal abnormalities (Ulloa Ulloa et al., 2008; Dang-Nguyen et al., 2010),
selection of embryos with a greater number of blastomeres at the presumed time of first
cleavage may rather result in the selection of zygotes with abnormal nuclear status and
reduced developmental potential (Booth ef al., 2007; Dang-Nguyen et al., 2010; Jeon
etal., 2011).

On the other hand, the mechanisms responsible for the findings in PAPER Il regarding
the better chance of those zygotes which cleave earlier after insemination to form
blastocysts than their later-cleaving counterparts remains elusive. However,
citoplasmatic maturity (Albertini ef al., 2003), chromosomal abnormalities (Hardarson et
al., 2001) secondary to polyspermy (Funahashi, 2003) and the polyadenylation status of
several mRNA transcripts in the oocyte (Brevini ef al., 2002) seem o be involved. For
instance, Brevini et al. (2002) suggested that developmental competence is
accompanied by altered amounts of specific maternal mRNA molecules as well as by
their abnormal polyadenylation levels with synchrony between polyadenylation and
cleavage emerging as an apparently important factor. Although these phenomenons
appear to be largely due to an oocyte-effect, it may also have other causes. Indeed,
the sire used in IVF can have a significant effect on the kinetics of cleavage and the
proportion of oocytes developing to the blastocyst stage in bovine (Ward et al., 2001).
The mechanism by which the sire can affect the kinetics of cleavage is thought to be
due to the timing of the onset and duration of DNA replication during the first cell cycle
(Eid et al., 1994; Comizzoli et al., 2000). However, from the results in PAPER Il using
semen from the same boar, it is suggested that the kinetics of zygote cleavage and
their influence in subsequent developmental ability may also be influenced by the
culture condition or by a specific genetic factor, such as the preimplantation embryo

development gene already reported in mice and cattle (Lechniak ef al., 2008).

Related to this, it is worth noting that regarding the culture conditions, PAPER Il also
reports, for the first time, that the main energy substrate presents in the IVC medium has
a significant effect on several developmental parameters among embryos that first
cleave at different time points (24, 26, 30 and 48 h pi). First, and as it has been
previously mentioned, culture with glucose during the first 48 h pi decreases the kinetics
of the IVP embryo development. While the development of almost all embryos cultured
with pyruvate and lactate was almost completed by 144 h pi, development continued
fo progress to the blastocyst stage between 144 and 168 h pi for embryos cultured with
glucose, especially for those first cleaved by 24 h pi and between 26 and 30 h pi.
However, those embryos that reach the blastocyst stage between 144 and 168 h pi
arrested at the early blastocyst stage. Second, the blastocyst development stage and

the average number of cells per blastocyst between early- and late-cleaving embryos
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differ significantly among embryos cultured in pyruvate- and lactate-based medium,
but not in those cultured with glucose. Indeed, the proportions of expanded and early
blastocysts were, respectively, lower and higher in those late-cleaving embryos than
their earlier counterparts. Similarly, the number of average cells per blastocyst was also
lower in those late-cleaving embryos. These differences were not observed in PAPER 11,
when embryos were evaluated regardless of the fiming of their first embryonic

cleavage.

Considering all these outcomes, findings in PAPER lll prove that late-cleaving embryos,
regardless of the main energy source present in the culture media during the first 48 h of
culture, have a significantly lower chance of reaching the blastocyst stage than the
early-cleaving embryos. Furthermore, results in both PAPER Il and PAPER Ill demonstrate
that culture medium with pyruvate and lactate reduces embryo development failure
and affects the kinetics of embryo development, as it enhances the percentage of
blastocysts reaching the most advanced stage. The conditions provided by pyruvate
and lactate during the early stages of embryo development also impact the fiming of
first zygotic cleavage and the ability to overcome the four- or eight-cell block.
Therefore, these results suggest that there is a relafionship between the beftter
conditions provided by pyruvate and lactate during the early development and the
fiming of the first embryonic cleavage. As Dang-Nguyen et al. (2010) pointed out,
porcine embryos cultured in pyruvate and lactate that undergo the first cleavage
earlier have a greater chance of developing up to the eight-cell stage within the first 48
h pi. These embryos are more likely to continue to develop if transferred to in vitro
culture with glucose afterwards, since glucose is a better energy substrate than
pyruvate-lactate for development beyond the eight-cell stage. In contrast, the adverse
conditions of glucose at very early stages of development lead to arrest a higher
number of embryos at the four- or eight cell stage, regardless of when their first

cleavage has occurred.

So far, the findings in PAPER Il and PAPER Ill have shown that culture conditions, such as
the main energy substrate present in the IVC media during the first 48 h of culture and
the addition of HA, as well as the timing of several events during the earliest stages of
development — particularly the timing of the first embryonic cleavage —, appear to be

linked themselves and are related to subsequent embryonic competence.

On the other hand, IVC conditions also seem to induce sex-related differences in the

kinetics of embryo development, survival, and response to environmental conditions in
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a stage-dependent manner, as soon as the first cleavage occurs (Kochhar et al., 2001;
Bermejo-Alvarez et al., 2008b). Therefore, the availability of optimal IVP systems capable
fo obtain large number of good-quality embryos, and efficient sex determination
techniques to determine the sex of embryos at any developmental stage are truly
essential. They let researchers study the sex dimorphism in epigenetic, regulatory, and
metabolic pathways and, consequently, their sex-dependent differences in porcine
embryo development physiology and in vifro survival. In this regard, it is important to
establish culture systems capable to skew the sex ratio of the resultant embryos for both

porcine breeding programs and basic research using porcine models when necessary.

The first requirement to evaluate the impact of IVC conditions on sex ratio is the design
of an appropriate tool. For this reason, PAPER | describes a rapid, accurate and
reproducible duplex PCR-based method developed to be used for porcine embryo sex
determination at various developmental stages, with a high degree of efficiency. This
method differs from the few others published in the porcine because it is the first one
based on the amplification of repetitive sequences, and it is sensitive enough to amplify
the DNA contained in a single diploid cell. In particular, the present duplex PCR-based
sexing method was designated to co-amplify the porcine Y chromosome-specific
repeat sequence X126964 (McGraw et al., 1988), and the porcine multicopy 12S rRNA
mitochondrial gene. The presence or absence of the former determines samples to be
male or female, respectively. In contrast, the presence of the latter, common to both
sexes, distinguishes amplification failures or female embryos when Y-specific product is
absent. Moreover, it is based on the amplification of repetitive sequences, rather than
single or low copy ones, since it provides the capacity to amplify small amounts of DNA
template with an improved sensitivity, even using a single round of PCR. Thus, the risk of
contamination and amplification failure, as well as the overall time required for analysis

is reduced.

To establish the optimal conditions, the sensitivity and the specificity of the duplex PCR
technique developed in PAPER |, different primer sets targefing the X126965 Y
chromosome-specific repeat sequence (SUSYa and SUSYb; sex-related primer sefts), the
multicopy porcine-specific mitochondrial 12S rRNA gene (SUST2S; conftrol primer sef)
and the X51555¢ 1 chromosome repeat sequence (SUST; control primer set) were
designed and ftheir specificity was established. Subsequently, the technique was
optimised by testing combinations of two specific primer sets (SUSYa/SUSI2S;
SUSYb/SUS12S), different primer concentrations, two sources of DNA polymerase,

different melting tfemperatures, and different numbers of amplification cycles using

4 See footnote (1)
® See footnote (1)
® See footnote (1)
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genomic DNA from porcine ovarian and testicular tissues before being applied directly

to IVP porcine embryos.

Due fo the non-specific amplification at all the melting temperatures tested in both
male and female genomic DNA for the primer set SUST, the amplification of the X515557
1 chromosome repeat sequence as an internal control was discarded. In confrast, the
primer set targeting the porcine mitochondrial gene encoding for 125 rRNA was
selected as an internal control since it showed a specific amplification in both male
and female genomic DNA when the melting temperatures were 55.6°C, 57.8°C and
59.8°C. In addition to the successful amplification conditions provided by the SUS12S
primer set, the amplification of this sequence is useful for avoiding cross-linking
contaminations and for increasing the specificity of the technique since it is one of the
most widely used species-specific genetic marker (Prakash ef al., 2000; Wang et al.,
2010). On the other hand, two primer sets, SUSYa and SUSYb, were designed on the
X126968 porcine male-specific repeat sequence and all tested conditions were verified
for both primer sets. This allowed us to establish which fitted better and, thus, to provide
further support for the correct sex idenftification. The primer sets were designed on this
sequence because it is one of the few porcine Y-specific repeat sequences that have

already been sequenced from the porcine genome.

The opfimised SUSYa/SUST2S- and SUSYb/SUST2S-based duplex PCR procedures? were
first used with genomic DNA (gDNA) obtained from testicular and ovarian domestic pig
tissue and, then, used with gDNA from oocytes, and IVP porcine cell-stage embryos
and blastocysts. The SUSYb/SUSI2S procedure was slightly more sensitive than the
SUSYa/SUS12S, hence SUSYb/SUSI2S primer-based PCR was the one used in the
experiments of PAPER Il and PAPER Ill. It was sensitive enough (0.001 ng DNA) to identify
the sex of porcine single cells and IVP cell-stage embryos (2-, 4-, 8- and 16-cell embryos)
with 100% efficiency, as well as the sex of blastocysts with 96.6% accuracy and 96.7%
efficiency. The high efficiency of the described embryo sexing method is due, as
mentioned above, to its duplex nature based on the amplification of repetitive
sequences. Moreover, the high efficiency and sensitivity obtained when embryos and
oocytes were sexed is also due to the embryo DNA exiraction method and the
complete ZP-removal before DNA release. The current PCR technique was performed
directly on lysates, avoiding DNA extraction procedures (Leoni ef al., 2000; Manna ef
al., 2003). Specifically, we combined snap-freezing in liquid nitrogen and sample

digestion with proteinase K solution (Bermejo-Alvarez et al., 2008). Proteinase K

" See footnote (1)
8 See footnote (1)
®The opfimised conditions are shown in Chapter lll, page 84 (Table 2)
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inactivates the nucleases simultaneously with DNA release, preventing DNA
degradation (Mara et al., 2004). The complete removal of ZP and the extensive
washing of ZP-free embryos are essential steps because they prevent the presence of
accessory spermatozoa attached to the ZP, which may alter the sex-determining results

(Greenlee et al., 1998; Bermejo-Alvarez et al., 2008a).

Therefore, the new duplex PCR procedure developed in PAPER | can be used for sex
diagnosis of small amounts of genomic DNA obtained from different sources, including
porcine tissues, embryos at different developmental stages and sex-known single cells
(oocytes). For this reason, this technique was used in PAPER Il and PAPER lll to determine
sexual dimorphisms in survival and quality of IVP porcine cleavage-stage embryos and
blastocysts, under specific culture conditions. However, in addition to the use of this
method for the sex determination of entire embryos described in the present thesis, this
test can have other applications. Indeed, and given its high sensitivity, this method can
be used for the sex determination of biopsied blastomeres. Although embryo biopsy is
currently not a widespread technology in swine embryo transfer industry (Lopes et al.,
2001), sex determination by embryo biopsy and subsequent biopsied embryo culture
and transfer are the only reliable embryo sex determination method to obtain offspring
of a determined sex. Thus, due to the potential applications of embryo biopsy, not only
in sex determination, but also in the idenfification of genetic markers linked to
economic traits, mitochondrial genome analysis and patemity identification, the
availability of successful embryo biopsy procedures, as well as PCR technigues like that
developed in PAPER | are required in the near future (Abolfazl ef al., 2010). Furthermore,
apart from the application of the described method in reproductive biology, due to its
high specie-specificity, this fest can be useful in several other sectors including forensics,
archaeozoology, and meat production and processing. For instance, it can be used for

the detection and quantification of porcine DNA in food and feedstuffs.

Preimplantation sexual dimorphism studies provide a physiological basis for the different
survival rates of male and female embryos observed under different conditions, which
are responsible for the sex ratfio skews occurring after conception and linked to a
reduction in fertility. Sex-related physiological differences observed under in vitro
conditions, such as speed of development, survival after vitrification and cell number,
have a molecular root. Thus, the study of this phenomenon in early stages of
development will help to understand several phenomena, such as sex chromosome
franscriptional regulation, early X chromosome inactivation — which has been

thoroughly studied only in mouse —, early sex determination, sex chromosome evolution,
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X-linked diseases, and sex-specific long-term effects regarding the embryonic origin of
adult diseases (Bermejo-Alvarez, 2010). At a molecular level, only few evidences, based
on fthe franscription of some specific genes and glucose metabolism, have been
reported in bovine, human and murine embryos (Bermejo-Alvarez, 2010), but not in
porcine. In preimplantation bovine and human embryos, total glucose metabolism is
twice as high in male embryos as in female ones, and the activity of PPP is four times
greater in female than in male blastocysts (Tiffin et al., 1991; Ray et al., 1995). Differential
metabolism and growth rates may be attributable to the unbalanced expression of X-
linked genes between the sexes during certain stages of early preimplantation
development, where both X chromosomes may be active (Mak et al., 2004; Okamoto
ef al., 2004; Bermejo-Alvarez ef al., 2008b). These differences are present at least in
bovine (Gutiérrez-Addn et al., 2000), human (Taylor et al., 2001), and murine (Latham et
al., 2000) embryos. They affect sex chromosomes-linked genes, but also genes located
on autosomes such as interferon-T (Larson et al., 2001). Moreover, the differences in the
transcription of these genes between genders may implicate a new epigenetic process
occurring in early embryos and with implications in sex ratio (Perez-Crespo et al., 2005).
During the last decade, three new epigenetic processes have been discovered. First,
telomeres of Xg chromosomes in early male embryo are around 1,100 bp shorter than in
female Xgs (Perner ef al., 2003); second, there are gender-dependent changes in the
CAG repeat length that increase in early embryos (Koviun et al., 2004) indicating that
an X-encoded factor suppresses development, or that an X- or Y-linked factor is
involved in the gender-linked expression of replication/repair enzymes that play a role
at early stages of embryo division; and third, mice male foetuses have larger placentas
than females (Ishikawa et al., 2003) indicating that there are also placental differences

between males and females, which may explain sex differences in implantation.

In the present thesis, two different approaches have been used to determine, for the
first fime, sexual dimorphisms in terms of selective loss of embryos of a determined sex
under specific conditions and depending on certain events during the earliest stages of
development. For this purpose, the accurate, sensitive, and specific duplex PCR
method developed in PAPER | was used. Even though sexual dimorphism and the
putative mechanisms that cause these differences have been described in mice and
bovine species, no data is available in porcine. Understanding the results of sex ratio
skew studies is really complex. The multifarious relations between the different variables
that influence the sex of the offspring make the observations and their subsequent
hypothesis rather speculative without a molecular or physiological basis. For these
reasons, mechanistic studies together with meta-analyses and physiological markers
are necessary to find the real meaning of different observations (Bermejo-Alvarez et al.,
2011). In the current thesis, findings in PAPER Il and PAPER Illl have reported the first
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evidences of different survival rates of porcine male and female embryos under
different culture conditions. Although a small number of samples have been studied,
the data provided by PAPER Il and PAPER Il clearly warrant further research on sex ratio
skews in IVP porcine embryos under some IVC conditions. This will definitely contribute
to elucidating the molecular mechanisms that would explain and offer more

consistency and cohesiveness to our results.

In PAPER Il, embryos produced in glucose or pyruvate and lactate during the first 48 h pi
together with glucose from 48 to 168 h pi, and 0.5 mgmL!' HA, 1.0 mgmL' HA or
without HA during all the culture period were sexed at the blastocyst stage. Previous
studies in bovine have suggested that fluctuations in the culture environment during the
first 48 h pi may cause a preferential loss of female bovine embryos by 120 h pi (Yadav
et al., 1993), while others have demonstrated that culture environment does not
preferentially support the development of one sex over another since the overall sex
ratio at the 2- cell stage and the blastocyst stage is similar (Rizos ef al., 2008a). As
mentioned above, energy substrates do not alter the effects of HA on embryo
development, but do influence the effect of HA on the sex ratio. The decrease in
blastocyst formation yield when embryos are cultured with 1.0 mg mL' HA in both
glucose and pyruvate- and lactate-based media seems to be caused by a preferential
loss of female embryos. This appears, in turn, to lead fo a slight skew in the sex rafio
towards males only in the pyruvate-lactate group of embryos, but by an equal loss of
embryos of both sexes in the glucose group. Although the exact mechanism by which
pyruvate-lactate, but not glucose supplementation, interacts with HA and leads to
these outcomes is still unknown, this interaction must take place at the very early stages
of embryo development because the IVC medium was supplemented by either
glucose or pyruvate-lactate only during the first 48 h pi. Therefore, findings in PAPER I
are in agreement with those reported by Yadav et al. (1993) and Rizos et al. (2008a),
and suggest that culture environment from 48 to 168 h pi does not preferentially support
the development of one sex over another, but it is the culture environment before 48 h

pi which does it. This suggestion is also supported by results from PAPER Il

In PAPER lll, IVP porcine embryos cultfured with glucose or pyruvate-lactate were
selected and cultured separately according to the time of their first embryonic
cleavage (24, 26, 30 and 48 h pi). Afterwards, cleaved embryos (three replicates) and
blastocysts (four replicates) were sexed at 48 h pi and 168 h pi, respectively, in order to
determine the putative effects of energy substrate and the timing of the first cleavage
on the sex ratio of both cleavage-stage embryos and blastocysts. Regardless of the
energy substrate, i.e., in both glucose and pyruvate-lactate groups of embryos, PAPER

lll shows a sex ratio deviation towards males among embryos that completed their first
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cell cycle before 30 h pi, and towards females among those embryos that undergo the
first cleavage later. Although there is no published evidence in porcine embryos, this
observation is consistent with previous data on the general predominance of male sex
among bovine cleavage-stage embryos cleaved before 30-32 h pi (Avery ef al., 1991;
Xu et al., 1992; Yadav ef al., 1993; Rizos et al., 2008a).

It is known that there are many differences at the transcriptional level between male
and female preimplantation embryos. Many genes with gender-dependent expression
are located on the X-chromosome (200 genes). However, significant differences in
expression have also been found in genes located either on the Y- or on autosomal
chromosomes (Gutiérrez-Addn et al., 2006). Thus, it has been hypothesized that
differential metabolism and growth rates may be attributable to the unbalanced
expression of X-linked genes between the sexes during some stages of the early
preimplantation development. Indeed, while the expression of some genes located on
the Y-chromosome may accelerate the growth of male preimplantation embryos, the
expression of others, located on the paternally derived X-chromosome or expressed on
both X-chromosomes, retards development (Epstein ef al., 1978; Burgoyne ef al., 1995;
Mak et al., 2004; Okamoto ef al., 2004). For instance, the high levels of G6PD have been
proposed to account for the delayed development of in vitro female embryos by
mediating NADPH production and modulating ROS levels (Gutierrez-Adan et al 2000;
Pérez-Crespo et al., 2005). Likewise, the increased level of expression of GLUTI gene in
males is associated with the faster development of male embryos under in vitro
conditions, since faster development may lead to an increase in glucose uptake
mediated by GLUTI expression (Avery ef al., 1991; Xu et al., 1992). Furthermore, it is
known that, in terms of free radical scavenging, males have more H202 than females
and, under normal circumstances, these H20:2 levels promote higher cell proliferation in

males (Hansen ef al., 1999).

Considering that embryos first cleaved before 30 h pi account for most of the
subsequent blastocysts in both energy-source groups in PAPER llI, it is reasonable to
predict a skew on the sex ratio fowards males of blastocysts first cleaved at this
recorded time. However, in the context of our study, the sex rafio deviation at the
blastocyst stage was only noted within embryos cultured with pyruvate and lactate.
These results, as those in PAPER 1, suggest that some differences between male and
female embryos are detectable before the major burst of gene activation, and they
are only manifested under some environmental conditions. Indeed, the energy
substrate present in the medium during the first 48 h of culture seems to have a
differential and critical effect on the selective loss of embryos of one determined sex,

and will thereby modify the sex ratio of embryos that reach the blastocyst stage. The
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suboptimal conditions associated with glucose in the culture medium during the first 48
h pi may lead to a selective loss of male embryos first cleaved at 30 h pi, resulting in a

similar proportion of male and female blastocysts at 168 h pi.

Embryos acquire the ability to respond to environmental stress caused by culture
conditions as development progresses (Edwards ef al.,, 2001; Bermejo-Alvarez ef al.,
2011). There is some evidence suggesting that the sex of the embryo may play a role in
the ability of the embryo to mount a stress response during early stages of
development. In humans, embryo transfer at early stages does not skew the sex ratio
(Lansac et al., 1997), whereas several reports suggest a sex ratio skew in the offspring
when embryos are fransferred at the blastocyst stage (Tarin ef al., 1995, Quintans ef al.,
1998, Ménezo et al., 1999). Moreover, it has been reported that human and bovine
female preimplantation embryos resist oxidative stress conditions better than male
embryos (Gutiérrez-Addn et al., 2000; Taylor et al., 2001; Iwata et al., 2002; Wrenzycki et
al., 2002). One source of this befter resistance seems to be the higher expression of
G6PD by those female embryos. Glucose-6-phosphate dehydrogenase is the only
NADPH-producing enzyme activated in response to oxidative stress (Filosa ef al., 2003)
and it plays a crucial role in the detoxification of H202 and in the protection from redox-
stress induced apoptosis (Fico ef al., 2004). Consistently, it has been proven that GéPD
inhibition removes some of the sexual dimorphism in mice (Pérez-Crespo et al., 2005)
and bovine (Kimura et al., 2005). The fact that stress favours female embryos in vitro is
consistent with the sex allocation hypothesis of Trivers and Willard (1973). This sex rafio
theory predicts that natural selection in mammals should favour an excess of male
offspring only when mothers are in good survival conditions, whereas endangered
mothers would benefit by producing daughters. Thus, it is conceivable that parents
could adjust the sex of their offspring in response to environmental conditions (Perez-
Crespo et al., 2005). Conversely, the presence of high concentrations of glucose during
IVC seems to inhibit the development info blastocyst of female embryos more than that
of the male counterparts (Gutiérrez-Addn et al., 2001), indicating a selective toxicity
towards female embryos. This may be due to a greater flux of the hexose in female
embryos through the PPP that, in turn, may determine the abnormal production of free
radicals (Kimura ef al., 2005; Bermejo-Alvarez et al., 2008b). Moreover, excess of
hypoxanthine phosphoribosyl transferase (HPRT) expression, together with the
enhanced flux of glucose through the PPP, could also contribute to purine nucleotide
imbalance in female embryos (Rubessa ef al., 2011). In addition, a later report has
demonstrated that female embryos show a slower developmental rate and are more
sensitive to cryopreservation (Nedambale et al., 2004). Likewise, whereas King et al.
(1992) concluded that exposure to temperature fluctuation during culture,

cryopreservation and transfer resulted in a loss of female embryos, others reported that
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significantly more female blastocysts were observed on Day 9 after exposure to
fransient elevated temperatures on Day 3 of development (Kawarsky, 1999; Edwards et
al., 2001). Therefore, response to different environmental stresses may be influenced by

both stage of development and sex chromosome composition (Kochhar et al., 2001).

Although very little is known about the way in which early exposure to glucose or
pyruvate and lactate causes a selective loss of a specific sex porcine embryos under
different in vitro conditions, findings from both PAPER Il and PAPER Ill support the theory
that the source of energy substrate in the medium influences development in a sex

related manner as Kochhar et al. (2001) already proposed.

Indeed, according to the outcomes and conditions in PAPER I, replacing glucose with
pyruvate and lactate at the early stages of IVP provides the porcine embryos with more
suitable conditions for cellular oxidation-reduction equiliorium, higher oxygen
consumption and ATP demand to accommodate increased protein synthesis and
activity of the Na*/K+-dependent ATPase (Lopes ef al., 2007), resulting in higher embryo
development. On the other hand, embryos cultured with HA have been reported to
have less total ATP content due to impaired enzymatic conversion of ATP due to
reduced adenylate cyclase activity (Diftman ef al., 1998; Stojkovic ef al., 2002).
Moreover, it is known that oxygen consumption tends to be higher in good-quality
female bovine embryos than in male embryos (Lopes ef al., 2007). Therefore, both the
higher oxygen consumption and the higher potential lack of ATP may cause additional
stressful conditions in those female embryos cultured in IVC medium with pyruvate and

lactate and 1.0 mg ml' HA, resulting in a tendency for a sex ratio bias fowards males.

Alternatively, the mechanism by which early exposure to glucose (not to pyruvate and
lactate) causes a selective loss of male embryos first cleaved at 30 h pi at later
developmental stages in PAPER lll could be related to the adaptive response to the
detrimental effects of oxidative stress associated with glucose metabolism. As
aforementioned, the presence of glucose at early stages of development provides the
porcine embryos with worse suitable conditions for cellular oxidation-reduction
balance. Moreover, it is assumed that shorter intervals between cell divisions increase
cells vulnerability to toxic insult (Harvey ef al., 2002) and, thus, a more rapid growth of
the male embryos increases susceptibility to lethal changes that, together with their
higher sensitivity to oxidative damage, may ultimately affect the sex ratio towards

females.
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This thesis provides new knowledge about physiology, development and sexual
dimorphisms in survival rates and kinetics of the development of IVP porcine embryos
under specific in vitro culture conditions. Furthermore, this work develops a new suitable
procedure for determining the sex of porcine embryos at different developmental
stages, and establishes new conditions that may enhance porcine IVP technigues.
Culture conditions, e.g. presence of optimal concentrations of specific energy
substrates and HA at the appropriate time of embryo development, as well as the
fiming of several events during the earliest stages of development, particularly the
fiming of the first embryonic cleavage, appear to be linked amongst themselves and
are related to subsequent embryonic competence. Moreover, the use of the new
duplex PCR technique, developed in this thesis, reveals a sex ratio deviation among
embryos first cleaved at different time intervals. Likewise, it provides evidence that the
source of energy substrate in culture medium influences development in a sex related
manner. Therefore, all findings presented herein may help to better understand the role
of specific in vitro conditions in regulating the key events in porcine embryo
development and may, thus, allow designing new IVC protocols. Moreover, results
about selective loss of porcine male or female embryos under these specific in vitro
conditions highlights novel physiological markers which clearly warrant further research
fowards the molecular mechanisms responsible for those sex ratio skews, and provides
the basis of how to enhance in vifro production of porcine embryos in a sex-related

manner.
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Chapter 7
eneral Conclusions

1. The new developed duplex PCR procedure, based on the amplification of the
porcine Y chromosome-specific repeat sequence X12696° and the porcine
multicopy 12S rRNA mitochondrial gene, is highly reliable, specific and sensitive
for sexing porcine fissues, IVP embryos at different developmental stages and

oocytes.

2. Pyruvate and lactate at specific concentrations of 0.17 and 2.73 mM,
respectively, are the preferred energy substrates at the early stages of porcine
embryo development in comparison to 5.55 mM glucose. Culture with pyruvate
and lactate reduces embryo development failure and affects the kinetics of
embryo development as it enhances the percentage of blastocysts reaching

more advanced stages.

3. Under the experimental conditions used in this thesis, the effects of HA on
porcine embryo development depend on HA concentrafion and are not
influenced by the main energy substrate present in the culture medium during
the first 48 h pi. A concentration of 0.5 mg ml!' HA has no effect on embryo
development, whereas 1.0 mg ml! HA significantly decreases blastocyst rates

on both glucose- and pyruvate and lactate-based media.

4. The successful development to the blastocyst stage markedly decreases with an
increase in both the time from fertfilisation to first embryonic cleavage and the
percentage of fragmented and degenerated embryos at the time of first

cleavage.

5. The development of embryos that first cleaved from 24 to 30 h pi proceeds
more successfully as a blastocyst population than late-cleaving ones (within 30-

48 h pi). The highest chance of developing to blastocysts is for emibryos cleaved

0 See footnote (1)
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6.

by 24 h pi and the uppermost percentage of cleaved embryos is obtained at 30

h pi.

The energy substrate present in the culture medium during the first 48 h of
culture has a differential influence on the blastocyst stage and the average
number of cells per blastocyst between early- and late-cleaving embryos.
Culture with pyruvate and lactate, but not with glucose, causes a detrimental
effect on late-cleaving embryos (30-48 h pi), increasing the proportion of early

blastocysts with fewer average cells.

7. There is a predominance of male sex among porcine cleavage-stage embryos

cleaved within 26 and 30 h pi, and a predominance of female sex among those

cleaved within 30 and 48 h pi, in both energy source groups.

8. The energy substrate present in the medium during the first 48 h of culture has a

differential effect on the selective loss of embryos of one determined sex.
Culture with glucose leads to a selective loss of male embryos first cleaved
between 26 and 30 h pi, resulting in a similar proportion of male and female
blastocysts at 168 h pi. In contrast, culture with pyruvate and lactate results in an
equal loss of both sexes, maintaining the sex ratio deviafion towards males

among cleavage-stage embryos and blastocysts.

The energy substrate present in the culture medium during the first 48 h pi
influences the effect of HA on the sex ratio of embryos. The decrease in
blastocyst rate in those embryos cultured with 1.0 mg-ml! HA seems to be
caused by a preferential loss of female embryos, leading to a slight skew in the
sex ratio fowards males in the group of embryos cultured with cultured with
pyruvate and lactate, but by an equal loss of embryos of both sexes in the

glucose group.
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