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Summary
During the past thirty years, basic and experimental studies on classical
(superovulation; non-surgical recovery and transfer of cattle embryos) and
advanced embryo technologies (in vitro embryo production; cloning by somatic
cell nuclear transfer) have generated structural and functional information on
oocyte development and quality, fertilisation and conceptus development. This
information has provided new insight, not only into these technologies per se but
also into the factors contributing to fertility in cattle. It is now known that the
peripheral and follicular endocrine profiles have a profound influence on the
subsequent developmental competence of the embryo. It is also well established
that manipulation of the oocytes or embryos may adversely affect embryonic and
foetal development, leading to the so-called ‘large offspring syndrome’.
Information from such studies has alerted scientists to the importance of
epigenetics in cattle reproduction.
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Introduction

– in vitro production

Techniques for the non-surgical recovery of six-to-sevenday-old cattle embryos from animals that had been
superovulated with gonadotrophin serum from pregnant
mares were first conducted in the mid-1970s. These
techniques provided a promising new tool for cattle
breeding. Embryo transfer was soon added to the more
classical technique of artificial insemination (AI), which
was already in routine use. This development introduced
an entirely new and exciting era of research in reproductive
biotechnology in cattle. Superovulation, non-surgical
embryo recovery from donor animals and non-surgical
embryo transfer to oestrus-synchronised recipients were
rapidly succeeded by more advanced embryotechnological methods, such as:

– transgenic animal production

– cryopreservation
– bisection of embryos
– sexing of embryos

– cloning of embryos
– cloning by somatic cell nuclear transfer.
Perfecting each of these embryo technologies required
intensive basic and applied research, which not only
yielded important information for that specific technique
but also generated scientific data that could be used in
other contexts.
Initially, much attention was placed on the recovered
embryos and the various ways in which they could be
handled. However, subsequent steps in the process,
leading to live births from these embryos, have proved to
be equally important areas for study. For instance, the
extent of conceptus loss and its often hidden causes is now
far better understood. This is principally due to deeper
insights into the structure and function of the follicle,
oocyte and early development of the embryo (maternal-
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zygotic transition, apoptosis and chromosomal
aberrations) and a clearer understanding of the processes
of pregnancy and even parturition.
Embryo technologies have led to a more profound
understanding of the entire continuum of conception,
pregnancy and birth, thus teaching researchers a great deal
about fertility. In this very brief paper, the authors address
the question of what embryo technology and its related
disciplines have demonstrated in the fields of normal and
abnormal fertility in cattle.

The follicle
A very high number (> 100,000) of resting primordial
follicles are present in the ovary of the bovine female at
birth. These follicles are formed during foetal life and will
continuously be recruited to either ovulation or natural
demise (atresia) during the lifetime of the cow. Most will
undergo atresia. The growth period of the follicle from the
early stages until ovulation is estimated to be
approximately three months (11).
Through daily rectal ultrasonography and subsequent
retrospective analysis of the recordings, it has been well
established that more than 95% of all oestrous cycles
consist of two or three follicular waves (1, 10). The pattern
is fairly repeatable within a given animal (24) but is
apparently independent of age and species (10).
The pattern of follicular wave growth and selection of the
dominant follicles of each wave have been described in
detail in several reviews and will not be addressed here
(1, 10, 12). The hormonal and molecular mechanisms
regulating growth, deviation and the final selection of the
dominant follicle are very complex and include endocrine
and paracrine processes. However, it is clear that
circulating concentrations of follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) play a major role, in
conjunction with inhibin, activin, follistatin and several
growth factors (12, 32, 41). The ever-increasing
knowledge about follicular growth, deviation and atresia
has given researchers a better understanding of variations
in the length of cattle oestrous cycles (the three-wave
pattern lasts between one and two days longer than the
two-wave pattern). It has also helped to explain why a
certain proportion of heifers and cows are wrongly
inseminated from around day 10 to day 12. These days
coincide with the existence of the oestrogen-producing
dominant follicle of the first follicular wave, giving rise to
oestrus-like symptoms. Although the oocyte contained in
this follicle is competent and may be fertilised and undergo
normal embryonic development, ovulation of the follicle is
extremely rare in cattle because of the high progesterone
level and lack of an LH peak. Removed from its follicle,
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such a mature cumulus oocyte complex (COC) may be
fertilised in vitro, and reports on the birth of twins
approximately 10 to 14 days apart may well be a
consequence of ovulation and fertilisation of the oocyte
from both the first and second follicular waves. It should
be emphasised that a better understanding of the very
finely tuned regulation of follicular deviation and ovulation
may explain why even subtle changes in feeding, stress,
etc., may disrupt these processes and result in, for
example, cystic ovaries (46).
Information obtained about the follicular wave pattern
over the past few years has also been useful in the context
of embryo technology. First, it has enabled researchers to
achieve better superovulation protocols and even to
manipulate the follicular wave (3). Secondly, it explains
why it is better to recover oocytes through ovum collection
or ‘ovum pick-up’ (OPU) twice weekly rather than once a
week (34). Twice weekly OPU sessions suppress the
normal follicular wave pattern and thus result in a more
consistent number and even a more uniform population of
follicles with their enclosed COC.

The oocyte
The oocytes present in the ovaries of the newborn heifer
calf are maintained in the pro-phase of the first meiotic
division. They remain in this state until final nuclear
maturation begins, approximately 24 hours before
ovulation. However, to be developmentally competent and
ready for ovulation, the oocyte must undergo a long series
of specific changes, encompassing oocyte growth,
capacitation and the final pre-ovulatory maturation.
The growth phase is by far the longest period and is
estimated to be approximately six months. During this
period, the diameter of the oocyte increases from around
30 µm in the primordial follicle to more than 130 µm in
the tertiary follicle. Very important structural and
molecular changes occur within the ooplasm during this
growth period, which provide the oocyte with the required
developmental competences for normal embryonic and
foetal development (11, 23, 30, 38).
In the primary and secondary follicles, the oocyte builds
up a reserve of ribonucleic acid, proteins, lipids and
carbohydrates for later use, that is, when the embryo
becomes transcriptionally active at approximately the
eight-cell stage. Accompanying, and obviously dependent
upon, these reserves, certain organelles appear, namely: the
Golgi complex, the endoplasmatic reticulum,
mitochondriae, vesicles and lipid droplets.
In the secondary follicle, the zona pellucida is formed and
communication between the oocyte and the surrounding
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follicular environment is assured by cumulus cell
projections through the zona. At this stage the cortical
granules are also formed.
Most of the processes that take place in this growth phase
are aimed at consolidating and fine-tuning the ooplasmic
competence, whereas nuclear changes occur at a later stage
of development.
During the growth phase, oocytes may be exposed to a
number of adverse conditions which may directly
compromise oocyte quality and later embryonic
development (5), thus having a significant effect on postpartum fertility. Such conditions include:
– disrupting compounds (for example, hormones)
– adverse feeding regimens
– heat stress
– toxins
– infections.
However, there may also be significant and long-lasting
effects on pregnancy, parturition and post-natal
development when normal oocyte development is only
slightly disrupted.
The changes that occur within the oocyte, from the time its
follicle is selected for dominance until the pre-ovulatory
LH surge, are known as ‘oocyte capacitation’ (23). The
processes which happen during this period are specifically
aimed at preparing the oocyte for imminent ovulation and
fertilisation and include, as follows:
– the peripheral localisation of organelles with fewer
Golgi complexes
– the production of more lipid droplets
– the peripheral migration of cortical granules to positions
under the plasma membrane.
In addition, the nuclear membrane shows signs of initial
breakdown and the nucleolus undergoes specific changes.
The final phase, the pre-ovulatory period, is initiated by
the pre-ovulatory LH surge and ends with ovulation
approximately 24 hours later (6). The ultrastructural
changes which occur during this period have been
described in detail by the authors et al. in Denmark (23).
These changes encompass, for example:
– the loss of contact between the cumulus projections
and the oocyte
– the peripheral distribution of the cortical granules
– an increase in lipid and protein stores
– the resumption of meiosis.
Immediately before ovulation, the oocyte is at metaphase II
in the second meiotic division.

The interaction between
follicular environment and
oocyte
It has become increasingly evident, during the era of
superovulation and embryo transfer (14, 16), as a result of
the experience gained from both human and animal in vitro
fertilisation studies (15), that the follicular
micro-environment may affect oocyte quality, its ability to
be fertilised and subsequent embryonic development.
Conversely, the follicular endocrine dynamic is profoundly
affected by the endocrine balance and hormonal profiles of
the donor (6, 15, 16). The subtle and finely tuned
structural, molecular and endocrine changes are well
synchronised and in homeostatic balance in the ‘normal’
heifer or cow. This synchronised balance can obviously be
easily disrupted by factors that interfere with normal
endocrine regulation, the follicular micro-environment and
hence the final maturation of the oocyte and
(delayed) ovulation. The consequences are both immediate
(lack of fertilisation and of the ability of the embryo to
undergo early development to the blastocyst stage) and
long-lasting, as reflected by the occurrence of large
offspring syndrome.
Newer experiments from Utrecht have clearly
demonstrated the differences between the quality of
in vivo-matured oocytes and those matured in vitro (9).
These changes are also reflected in differences in the
transcriptional patterns of the resulting embryos produced
in vivo, compared to those produced in vitro (33, 47).
Whether the follicle or the oocyte is the determining
element in achieving final competence has yet to be
discovered but newer research seems to indicate that the
oocyte plays a very important role in this process (11).

Ovulation and the oviduct
Recent experiments have clearly substantiated that, as the
follicle approaches ovulation, its temperature decreases. In
fact, the follicle becomes cooler than the surrounding
stroma by approximately one to one-and-a-half degrees
Celsius (17, 22). The precise mechanism is not yet known
but, according to Hunter (21), is probably due to chemical
reactions in the follicle combined with some kind
of counter-current system in both the follicle and the ovary.
Since the temperature is lower in the follicles, one might
argue that it would be advantageous to perform the final
in vitro oocyte maturation at a lower temperature than the
normally used 38.5°C to 39.0°C. This was tested
some years ago but the study provided no specific
conclusions (37).
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The normal ovulation process has recently been described
in great detail (21). Among the changes occurring are the
following:
– reduced permeability of the vessels of the theca layer
– increased viscosity of the follicular fluid
– increased volume of the follicular fluid
– increased intrafollicular pressure.
The duration of ovulation is between one and three
minutes, approximately, and occurs as oozing, where the
oocyte with its surrounding cumulus cells is caught by the
fimbriae in the oviduct (21).
It is very clear, from studies in superovulated cattle, that
the oocyte must leave the follicle at a very specific and
predetermined time interval following the LH surge.
Delayed or disrupted ovulation will inevitably lead to
oocytes of inferior quality (14). This observation has been
confirmed by studies in which ovulation was disrupted by
preventing or delaying the LH surge (13). In unstimulated
animals, a similar situation may well arise in conjunction
with stress (high milk yield, improper feeding), which is
known to interfere with the hormonal regulation of
ovulation and thus produce ‘overmatured’ oocytes, most of
which cannot be fertilised. However, if fertilised, the
zygotes are of inferior quality and lead to an increased
incidence of early embryonic mortality. Collectively, this
will result in the reduced reproductive capacity of a herd.
The functioning of the oviduct at ovulation and throughout
early embryonic development has been described in detail
(20, 21), and is apparently regulated by the relative
concentrations of progesterone and estradiol-17‚ which reach
the fallopian tube through the counter-current system of the
oviductal vessels. The hormonal profiles of superovulated
animals before, during and after ovulation may be disrupted
(6), leading to an adverse environment in the oviduct. This
may ultimately result in improper sperm transport and
reduced or abolished fertilisation, evidenced by a reduced
number of supernumerary spermatozoa in the zona pellucida
(36). Oedema at the site of the utero-tubal junction and
enhanced or reduced oviductal motility are other factors
leading to lack of fertilisation or improper embryonic
development. Again, it should be stressed that similar
conditions may occur in animals which have not undergone
superovulation. It is reasonable to extrapolate from the data
gathered on superovulated animals to non-stimulated
(normal) animals.

Applying the lessons of embryo
technology to fertility
The processes described above, namely, follicular
development; oocyte growth, capacitation and maturation;
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ovulation, fertilisation, conceptus development and
parturition, are under increasing pressure, leading to reduced
fertility in dairy herds (28). The overall calving rate may be
as low as 33% on day 28 following one AI (27). Many factors,
such as nutrition (4), genetics (35) and yield (5), individually
or in combination, are contributing to this trend. In addition,
an increasing incidence of calf mortality is producing an even
more drastic trend for dairy cattle production: there are,
quite simply, not enough replacement heifers.
Superovulation studies that include measurements of
peripheral as well as follicular endocrine parameters clearly
indicate that oocyte quality may be reduced in
superstimulated animals. However, when the embryos
have reached the blastocyst stage on day 7, their qualities
are apparently similar to those of non-recovered embryos,
since the pregnancy rates and conceptus loss rates
following transfer to recipient animals are similar to those
found in AI data (7). Abnormal endocrine patterns
following superstimulation might also contribute to an
adverse environment in the oviduct and thus reduced
fertility. Again, the crucial periods are those of fertilisation
and early embryo development. The superovulatory era
also led to the categorisation of embryo quality and there
are now well-defined standards, set by the International
Embryo Transfer Society. This, in itself, is an achievement.
The era of in vitro fertilisation has provided important new
information about the fertilisation process, early embryo
development and embryo quality. However, in vitro
embryos are also fundamentally different from their in vivo
counterparts in terms of, for example, morphology (8, 29),
gene expression patterns (26, 33, 47) and chromosomal
abnormalities (39, 40). The in vitro era has also made it
possible to obtain a much more accurate understanding of
oocyte quality and the factors which affect this (31).
Through detailed morphological and molecular studies, it
has become possible to predict the quality of a given oocyte
and thus to estimate whether it will produce a normal
embryo and conceptus development. An even more
important gain is the potential to quantify factors that
might lead to poorer oocyte quality, such as an adverse
endocrine environment, heat stress, etc., because this may
explain why in vivo processes often deteriorate.
Some of the most important information which has been
gained from the in vitro production era (including the
production of embryos by embryo and somatic cell
cloning) is the so-called ‘large offspring syndrome’, which
was first reported in 1991 (45), and later addressed in a
more comprehensive review (25). It is now accepted that
the transfer of in vitro-produced and cloned embryos
frequently results in the following:
– a high rate of conceptus loss
– abnormal foetal and placental growth and development
(hydrallantois)
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– larger and weaker calves
– a weak labour (2, 18, 19, 42, 43, 44).

endocrinology, culture conditions and manipulations
which may negatively affect oocyte and embryo quality,
and thus help to explain reduced fertility in cattle.

It has been well established that disruption of the
expression pattern of certain genes which are important in
development, including imprinted genes, is involved in
this syndrome (48).
All these factors can adversely affect reproductive capacity.
However, there is also a new element to be taken into
account: epigenetics. There is no doubt that epigenetics is
profoundly involved in embryo and foetal losses in cattle,
not only under artificial conditions but also under normal
ones. One could say that in vitro embryo production and,
in particular, cloning by somatic cell nuclear transfer
exaggerate the problems and thus make it easier to deduce
the causes of embryo, conceptus and neonatal mortality. In
studying these magnified phenomena, researchers have
learned that similar mechanisms occur under normal
conditions. The result is a much better understanding of
so-called ‘normal’ embryo and conceptus loss.

The science and practice of artificial embryo production (in
vitro production and cloning) have given researchers
valuable insight into the importance of the early embryonic
period for later foetal and neonatal development. How
epigenetics may be influenced, how normal imprinting
patterns may be disrupted and to what extent these
processes contribute to abnormal development are issues
that remain to be clarified. Through studying in greater
detail the aberrant features of artificially produced
embryos, researchers may find that the very same
mechanisms lie behind so-called ‘normal’ foetal and
neonatal losses. In this way, progress may be made towards
practical solutions.

Conclusion
Over the past twenty-five years, superovulation and
embryo technology have become a crucial part of cattle
breeding in most parts of the world. In addition, the
underlying research has clarified various features of

Technologies embryonnaires : implications pour la fertilité chez
les bovins
T. Greve & H. Callesen
Résumé
Au cours de ces 30 dernières années, les études théoriques et expérimentales
sur les techniques embryonnaires classiques (superovulation, prélèvement non
chirurgical et transfert d’embryons de bovins) et sur les technologies avancées
(production d’embryons in vitro, clonage par transfert nucléaire somatique) ont
donné lieu à des informations structurales et fonctionnelles sur le
développement et la qualité des ovocytes, la fertilisation et le développement
embryonnaire. Ces informations ont ouvert de nouvelles perspectives, non
seulement sur ces technologies en tant que telles mais également sur les
facteurs contribuant à la fertilité chez des bovins. On sait à présent que les
profils endocriniens périphériques et folliculaires ont une influence profonde sur
la capacité de développement ultérieure de l’embryon. Il est également bien
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établi que la manipulation des ovocytes ou des embryons peut avoir un effet
défavorable sur le développement embryonnaire et fœtal et donner lieu au
« syndrome du gros veau ». Les informations issues de ces études ont ouvert
les yeux des scientifiques sur l’importance des facteurs épigénétiques pour la
reproduction chez les bovins.
Mots-clés
Bovin – Clonage – Facteur épigénétique – Fertilité – Follicule – Ovocyte – Ovulation –
Production in vitro – Reproduction – Superovulation – Technique de reproduction assistée
– Technologie embryonnaire – Transfert d’embryons – Vague folliculaire.

Efectos sobre la fertilidad bovina de las técnicas de manipulación
de embriones
T. Greve & H. Callesen
Resumen
En los últimos treinta años, los estudios básicos y experimentales sobre las
técnicas de manipulación de embriones, ya sean convencionales
(superovulación, extracción y transferencia no quirúrgicas de embriones
bovinos) o avanzadas (obtención in vitro de embriones, clonación por
transferencia de núcleos de células somáticas), han ido generando información
sobre los aspectos estructurales y funcionales del desarrollo de los ovocitos, su
calidad, la fertilización o el desarrollo del conceptus, información que ha
arrojado nueva luz no sólo sobre esas técnicas en sí mismas sino también sobre
los factores que contribuyen a la fertilidad del ganado. Se sabe ahora que
el perfil endocrino, tanto periférico como folicular, influye sobremanera en la
posterior capacidad de desarrollo del embrión. También está demostrado que
la manipulación de los ovocitos o embriones puede influir negativamente en el
desarrollo embrionario o fetal y generar lo que da en llamarse el ‘síndrome de
la cría grande’. La información obtenida con esos estudios ha revelado a los
científicos la importancia de la epigenética en la reproducción del ganado.
Palabras clave
Bovino – Clonación – Epigenética – Fertilidad – Folículo – Onda folicular – Ovocito –
Ovulación – Producción in vitro – Reproducción – Superovulación –
Técnica de manipulación de embriones – Técnica de reproducción asistida –
Transferencia de embriones.
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