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Abstract

The in vitro production of bovine embryos by in vitro fertilization or nuclear transfer procedures is a
valuable tool in wide routine use for both scientific and commercial purposes. However, this technology is
associated with in utero abnormalities that may culminate in increased rates of pregnancy losses, hydrops of the
fetal membranes, prolonged gestation, diminished signs of parturition, dystocia, and birth of large calves with
lower postnatal survival. Understanding morphological, physiological and molecular features in IVP-derived
pregnancies will be of significance for the prevention or attenuation of such abnormalities, with direct scientific
and economical implications.
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Resumo

A produgdo in vitro (PIV) de embrides bovinos por fecundagdo in vitro ou transferéncia nuclear é uma
valiosa ferramenta amplamente utilizada com propdsitos cientificos ou comerciais. Entretanto, esta tecnologia
estd associada a anormalidades gestacionais que podem culminar em elevadas perdas gestacionais, hidropsia
das membranas fetais, prolongamento da gestagcdo, menor preparagdo ao parto, distocia e o nascimento de
bezerros absolutamente grandes com reduzida sobrevivéncia pos-parto. O entendimento das caracteristicas
morfologicas, fisiologicas e moleculares de gestacées de embrides PIV serd de significdncia para a prevengdo
ou redugdo de tais anormalidades, com repercussoes econdmicas e cientificas diretas.
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Introduction

It has been more than two decades since the birth of the first bovine calf (Virgil) from in vitro
fertilization (IVF) procedures (Brackett et al., 1982), and the first cloned mammal (sheep) by nuclear-transfer
(NT) technology using blastomeres from preimplantation-stage embryos (Willadsen, 1986). These achievements
were truly remarkable if one considers that, in those days, embryos were usually produced using in vivo-matured
oocytes and, after IVF or NT, zygotes were transiently in vivo-cultured into the oviducts of surrogate females
(sheep or rabbit) before the definitive embryo transfer. The subsequent development of complete in vitro
production (IVP) systems (Lu et al., 1988) not only facilitated the process but also paved the way to studies that
resulted in tremendous technological advances and novel knowledge in many related areas. The pinnacle of such
advancement in IVP technology was the birth of Dolly in July of 1996 by transfer of a somatic-cell nucleus from
an adult ewe into an enucleated oocyte (Wilmut ef al., 1997). Such feat represented the fall of an important
biological dogma, i.e., that differentiated somatic cells could not be reprogrammed to toti- or pluripotent state
that would allow development of a new individual. In the decade that followed, cloning by NT from somatic
cells, or somatic cell nuclear transfer (SCNT), has been repeated using adult, fetal and/or embryonic cells in an
increasing number of domestic, wildlife and aquatic species (Table 1).

The commercial implications of such technologies can be clearly seen in Brazil, where approximately
130,000 IVF-derived embryos were reported as transferred in 2005, accounting for nearly 50% of all worldwide
IVP activity, and surpassing by far the total number of in vivo-derived bovine embryos transferred during that
same period in that country (Thibier, 2006). Brazil has also been placed on the list of the still limited number of
countries in the world dominating the cloning technology by SCNT, with live born cloned calves being produced
at distinct Institutions, including the groups leaded by Garcia at UNESP (Jaboticabal, SP) in 2002, Visintin at
FMVZ/USP (Sao Paulo, SP) in 2003, Rumpf at Embrapa-Cenargen (Brasilia, DF) in 2003, Meirelles at
FZEA/USP (Pirassununga, SP) in 2004, Cyagra Brasil (Mogi Mirim, SP) in 2006, Ohashi at UFPA (Belém, PA)

'Palestra apresentada no XVII Congresso Brasileiro de Reprodugio Animal, 31 de maio a 02 de junho de 2007, Curitiba, PR.



0)

in 2006, and, recently, by Rodrigues at FAVET/UFRGS (Porto Alegre, RS) in 2007 (Meirelles, 2007; Rodrigues,
2007; personal communications).

Bertolini ef al. Developmental problems during pregnancy after in vitro embryo manipulations.

Table 1. Born cloned animals by somatic cell nuclear transfer since Dolly the sheep.
Species Cell type & origin Reference
Adult mammary gland cells, fetal fibroblast cells,

Sheep embryonic disc-derived cells Wilmut et al., 1997
Bovine Adult oviductal and cumulus cells Kato et al., 1998
Mouse Adult cumulus cells Wakayama et al., 1998
Goat Fetal fibroblast cells Baguisi et al., 1999
Pig Adult granulosa cells Polejaeva et al., 2000
Gaur Adult dermal fibroblast cells Lanza et al., 2000
Mouflon Adult granulosa cells Loi et al., 2001
Cat Adult cumulus cells Shin et al., 2002
Rabbit Adult cumulus cells Chesné et al., 2002
Zebrafish Embryonic fibroblast cells Lee et al., 2002
Banteng Adult dermal fibroblast cells Public press, 2003a
White-tailed deer Adult dermal fibroblasts Public press, 2003b
Mule Fetal fibroblast cells Woods et al., 2003
Horse Adult dermal fibroblasts Galli et al., 2003
Rat Fetal fibroblast cells Zhou et al., 2003
Wild cat Adult dermal fibroblasts Goémez et al., 2004
Dog Adult dermal fibroblasts Lee et al., 2005
Carp/goldfish Common carp blastodermal cells Sun et al., 2005
Ferret Fetal fibroblast cells, adult cumulus cells Li et al., 2006b
Gray wolf Adult dermal fibroblast cells Kim et al., 2007

Cloning and IVF technologies have been of extraordinary scientific importance as tools for research and
development. Even if still relatively inefficient, several scientific and commercial applications have also been
associated with cloning by SCNT, including reproductive cloning, for the conservation and propagation of
economically important individuals and endangered animals, as well presented and discussed by Meirelles et al.
(2006), and therapeutic cloning, which may eventually have a direct impact on human health. However, pre- and
postnatal deviations in development became unexpected and unpredictable consequences of in vitro
manipulations, and have become an important animal welfare issue, also limiting the transfer of such modern
reproductive technologies into commercial agricultural and biotechnology practice. Such events occurring during
the first days after IVF or embryo reconstruction by NT may interfere with embryonic, fetal, and placental
development in utero, in a set of events commonly referred to as Large Offspring Syndrome (LOS). This review
aims to describe some of our current understanding of the abnormal events associated with the appearance of the
syndrome, in view of normal development, with discussion of morphological, physiological and molecular
aspects reported to influence conceptus growth and development after in vitro embryo manipulations. Before
discussing abnormal events on the LOS, it is of value to describe in brief normal developmental events during
pregnancy, as many known deviations from normality are related to one or more of such events.

Quick Notes on Normal Growth and Development of the Bovine Conceptus

The gestation or prenatal period, from fertilization to birth, can be divided into the embryonic and fetal
phases based on the pattern of growth and development of the conceptus (Ménézo e Renard, 1993; Farin et al.,
2000), as illustrated in Fig. 1.

The embryonic phase is a period of differentiation, and it initiates immediately after conception (1-cell
stage embryo) and continues until major organogenesis is complete (Day 42 of gestation). This phase can be
further subdivided into two stages: (1) preimplantation or early embryo stage, including (A) the period of early
cleavage, from conception to embryo genome activation (Days 1 to 4); (B) early embryo differentiation, when
initial cell differentiation, compaction, cavitation and hatching occur (Days 4 to 10-12); and (C) elongation, with
trophoblast elongation, formation of the embryonic disc and initiation of the primitive fetal membranes, and
maternal recognition of pregnancy (Days 10-12 to 17-18); and (2) implantation or embryo proper stage,
including the period of embryo proper; organogenesis; and placentation, in which major tissues, organs, systems,
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and extraembryonic membranes are formed (Days 18 to 42). The four bovine extraembryonic membranes are
derived from extraembryonic tissue during the embryonic phase (Sloss e Dufty, 1980; Guillomot et al., 1993;
Leiser e Kaufmann, 1994; Dantzer, 1999; Schlafer et al., 2000). It is important to distinguish the origins of the
yolk sac from the allantois. The yolk sac is essentially a constitutive tissue, which is, by simplification, an
overexpanded blastocoele that works as a ‘reservoir’, supporting development during early organogenesis and
placentation. The allantois expands as a pouch from the primitive gut, carrying with it the vasculature necessary
for the formation of the placental vascular bed (Sloss e Dufty, 1980). The expansion of the allantois within the
chorionic membrane promotes the extension of the chorioallantois along both uterine horns, and increments in
allantoic fluid volume intensify the apposition of the membranes against the uterine wall, facilitating attachment,
which occurs during the implantation stage between Days 17 and 22 of gestation. Attachment is as a gradual and
continuous process divided into three stages: precontact (~Day 17), apposition (Days 18 to 19), and adhesion,
beginning on Day 22. By Day 30 of gestation, primitive cotyledons appear in regions in apposition to caruncles.
By Day 33, trophoblastic cones form villi that penetrate into caruncular crypts, producing lateral branches. By
Day 45, crypts and villi are readily recognizable (Sloss e Dufty, 1980; Guillomot et al., 1993; Dantzer, 1999).
Embryo death during the preimplantation or implantation phases is usually referred to as early or late embryonic
mortality, respectively.
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Figure 1. Divisions of the gestation period in cattle based on conceptus development. The preimplantation stage
is further subdivided in (A) conception to embryo genome activation, (B) early embryo differentiation, and (C)
elongation. Follow text for further details.

The period from Day 42 of gestation to term is the fetal phase, a period of rapid conceptus growth and
change in conformation. Morphological changes from this period to term are modest (Sloss e Dufty, 1980).
While placentomes develop and enlarge to support fetal growth, the proportion of individual organs and total
fetal weight change considerably during this time (Eley er al., 1978; Prior e Laster, 1979). The maximum
number of placentomes can be observed by the end of the first trimester of gestation, with subsequent changes
being confined to an increase in placentome size.

The Large Offspring Syndrome

The problem of abnormally large offspring was first described for calves born from blastomere NT
procedures (Willadsen et al., 1991; Wilson et al., 1995) but was subsequently shown to occur in embryos
produced by IVF (Behboodi et al., 1995; Farin e Farin, 1995) and SCNT (Hill et al., 1999, 2000; Renard et al.,
1999; Kato et al., 2000) procedures. The occurrence of LOS appears to be intrinsic to the conceptus, having a
worldwide distribution, with most laboratories producing IVP embryos having experienced the phenomenon.
Not all offspring derived from manipulated embryos, including identical clones, are affected, demonstrating its
epigenetic origin. In addition, the extent of changes can vary between individual embryos in the same culture,
between NT and IVF protocols, or between laboratories (Kruip e Den Daas, 1997; Wrenzycki et al., 1999, 2001;
Farin et al., 2001; Young et al., 2001). The significance of the phenomenon is manifested by fetal and placental
abnormalities that are associated with increased rates of pregnancy losses, particularly in the first 60 days of
gestation (Hill er al., 2000, 2001; DeSouza et al.,, 2001; Bertolini e Anderson, 2002), and placental and fetal
alterations that culminate in hydrops of the fetal membranes, late abortion, prolonged gestation, diminished signs
of parturition, dystocia and birth of large calves with lower postnatal survival (Behboodi et al., 1995; Wilson et
al., 1995; Walker et al., 1996; Garry et al., 1996; Hill et al., 1999, 2000; Renard et al., 1999; Kato et al., 2000;
Wells et al., 2004; Batchelder ef al., 2005, 2007a, b; Constant et al., 2006; Farin et al., 2006). Because of the
multitude of symptoms related to the syndrome, and due to a placenta-cause fetal-effect mechanism for the
appearance of abnormal phenotypes, authors even have recently suggested the use of “Cloning Syndrome”
(Wells et al., 2004), “Abnormal Offspring Syndrome” (Farin et al., 2006) or even “Large Placenta Syndrome”
(Constant et al., 2006) as more appropriate terms to describe the phenomenon.

In their comprehensive and inspiring review, and making use of scarce material, Walker et al. (1996)
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hypothesized a series of mechanisms to explain the appearance of such abnormalities following in vitro embryo
manipulations. Some of their suggestions have since been discounted, whereas others expanded in importance, as
new pieces of evidence accumulated. Such concepts will likely be addressed by our preceding presentations on
epigenetic and genetic disorders in preimplantation stage embryos and their potential role on abnormal
development. This paper will focus on developmental events during late embryonic phase and the fetal phase
that usually characterize the LOS.

Developmental problems during pregnancy after in vitro embryo manipulations

Currently, a wide range of conceptus abnormalities have been described at the morphological
(macroscopic and histological), physiological (functional and metabolic) and/or molecular (epigenetic and gene
expression) levels at most developmental periods for IVF- and SCNT-derived pregnancies. To facilitate research
efforts towards the understanding of the phenomenon, Farin et al. (2006) introduced a new classification system
for IVP pregnancies based on developmental outcomes of the various abnormal phenotypes, according to the
degree of abnormalities: Type I, occurrence of severe abnormalities, characterized by early or late embryonic
mortality (failure at distinct stages of the embryonic phase); Type II, characterized by conceptus death and
abortion during the fetal phase; Type III, abnormalities compatible with a term delivery, but that inflict peri-natal
death; and Type IV, moderate abnormalities compatible with a term delivery and normal or abnormal postnatal
survival. Since a relatively low number of cloned embryos survive to term (1 to 5%) and approximately a third
of cloned calves do not survive to weaning, most phenotypes usually fall within the first three types above.
However, since more than 8% die before reaching 4 years of age (Wells et al., 2004), an additional classification,
a Type V phenotype, comprehending the juvenile and adult period should perhaps be included. Pieces of
evidence have been suggestive of a placental-cause-fetal-effect on pre- and postnatal survival, as discussed
below.

Phenotypes at the Embryonic Phase and Early Fetal Phase

Elongation phase. A limited number of reports investigating IVP concepti during the elongation period
have produced some conflicting results. Bovine elongating IVP concepti have been shown to be either more
developed on both Days 12 (Lazzari et al., 2002) and Day 17 (Farin et al., 2001) or underdeveloped on Day 16,
with shorter trophoblasts and smaller embryonic discs (Bertolini et al., 2002a), and on Days 12 and 14, but not
on Day 10 of SCNT-derived porcine concepti (Martin et al., 2007). Since medium composition used for in vitro
embryo culture affected embryonic disc development (Fischer-Brown et al., 2005), contrasting findings between
studies during the elongation period may reflect differences in the IVP systems, epigenetic reprogramming or
SCNT procedures. Supporting the concept of IVP conceptus underdevelopment, our results suggested the
occurrence of a higher rate of early embryonic mortality. Recovery rates and embryonic disc detection for
control and IVP concepti on Day 16 were 86% and 56%, and 37% and 35%, respectively (Bertolini et al.,
2002a). Interestingly, pregnancy rates on Days 27-30 for the same pool of IVP embryos, but for the ones allowed
to develop beyond the maternal recognition of pregnancy, were 47% (51/109) and 38% (49/129) for control and
IVP embryos (unpublished data), respectively. Such results suggest that a significant proportion of IVP concepti,
presumably the smaller ones, were eliminated due to failure to block endometrial PGF,, release at the time of
maternal recognition of pregnancy. In addition, IVF- and SCNT-derived embryos or fetuses are smaller at early
implantation stages in cattle (Bertolini et al., 2002b; Chavatte-Palmer ef al., 2006). Consequently, it is logical to
conclude that the common expected phenotype for elongating embryos involves underdevelopment of the
trophoblast and/or embryonic disc. Considering the importance for the establishment of pregnancy and for the
implantation period, more studies addressing deviations in development are needed during the elongation period
to verify the proportion and the causes of failure for IVP embryos to signal pregnancy and promote implantation.

Implantation phase. A few reports, including ours, demonstrated the occurrence of a biphasic conceptus
growth pattern in IVP pregnancies. Initially, growth restriction is observed at the end of the embryonic phase and
beginning of the fetal phase (Bertolini et al., 2002a; Chavatte-Palmer et al., 2006). After the initial period of
‘struggle’, IVP fetuses that survive seem to experience a period of faster (compensatory) growth after Day 60 of
gestation. This phenomenon is preceded by changes in placental development in IVF- (Bertolini et al., 2002b;
2004) and SCNT-derived pregnancies (Batchelder et al., 2005), restoring fetal size by the end of the first
trimester of pregnancy. Such events culminate either with fetal death or with the delivery of larger IVF and
SCNT calves with lower postnatal survival and morphologically altered placentas (Bertolini e Anderson, 2002;
Bertolini er al., 2002b; 2004, 2006; Batchelder et al., 2005). Under our observations, SCNT-derived late
embryos and early fetuses are even more retarded than IVF-derived counterparts (Bertolini et al., 2007;
unpublished data).

Early pregnancy losses. Failure in developmental events, commonly during the embryonic phase,
usually leads to pregnancy losses and significant economical losses in livestock production. Late embryonic
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mortality in IVP pregnancies represents the major cause for low cloning efficiency (Hill et al., 2002). In cattle,
pregnancy rates at 30 days for embryos derived from IVF or SCNT are usually lower than for embryos produced
by superovulation or artificial insemination, but comparable to one another (30-50%). However, gestational
losses between Days 30 and 60 of pregnancy are significantly higher after IVP, usually ranging from 15 to 60%
for IVF, and 40 and 100% for SCNT (Wells et al., 1999; Hill et al., 2000; Bertolini e Anderson, 2002; Heyman
et al., 2002; Batchelder et al., 2005).

At least two mechanistic hypotheses have been used to explain higher embryonic mortality in IVP
pregnancies: (a) suboptimal IVP conditions impair development, leading to conceptus growth retardation, which
in turn delays attachment and placentation, restricting further growth, and leading to death for reduced transfer
capacity between the embryo and the maternal system, i.e., failure in extraembryonic membrane formation and
attachment (Bertolini et al., 2002a, b, 2004); and (b) expression of surface antigens from the MHC I complex in
the trophoblast of SCNT-derived concepti, which may lead to rejection of the allograft (Hill et al., 2002). Either
possibility is not exclusive in IVP pregnancies.

The phenomenon of biphasic growth pattern is not only limited to the embryo proper or fetus, but also
seems to affect membrane development, placentation and embryo survival. In previous studies, placental
underdevelopment appears to precede growth restriction or even fetal demise (Hill ef al., 2000; Bertolini ef al.,
2002b). Placentation and organogenesis are the major events occurring during the implantation period, and
failures in either or both may be lethal. Observations by ultrasonography from pregnancies that were lost
revealed that embryo development seemed to be morphologically normal in shape, but further delayed in size
(unpublished data; Chavatte-Palmer et al., 2006). Periods of higher lethality after SCNT occur after the
blastocyst stage, with epigenetic errors affecting more severely the expression of genes associated with (Arnold
et al., 2006) or development of extraembryonic tissue development and placentation (Jouneau et al., 2006;
Wakisaka-Saito et al., 2006). Then, it is unlikely that embryo growth restriction and faulty organogenesis per se
are the primary causes in the process of losses, but possibly mere consequences of inadequate membrane
attachment or placentation. In fact, poor vascularization, reduced epithelial height and low number of
placentomes in Day-45 and Day-55 SCNT-derived pregnancies were associated with fetal growth retardation and
high rates of early pregnancy losses in cattle and sheep (Hill er al., 2000, 2002; DeSouza et al., 2001). In
addition, the structure of the maternal septa and fetal villi in Day-60 SCNT placentomes were less organized
than controls (Hashizume et al., 2002), which is not surprising in clones, considering that villous development is
known to be susceptible to perturbations of genetic, epigenetic or nutritional etiology (Cross, 2006), and also that
faulty epigenetic reprogramming is a common feature after cloning by SCNT (Kim et al., 2005; Li et al., 2005b;
Arnold et al., 2006; Herath et al., 2006; Yang et al., 2005, 2007).

Based on histological examination, Hill et al. (2000) suggested the existence of at least three placental
phenotypes in SCNT-derived pregnancies that determine the viability of the concepti: a) underdeveloped,
rudimentary placentas that cause embryonic death before or around the time for the completion of placentation
(before Day 45); b) placentas with a reduced feto-maternal exchange area that would eventually lead to fetal
death before Day 60 of pregnancy; and c¢) normal placental types, with a sporadic reduction in placentome
number. Similar to the process of recognition of pregnancy, in which timing is vital, the process of placentation
also has a rather narrow physiological ‘window’ in gestation in which development of the functional feto-
maternal attachment is initiated, developed, and is completed in a rather short period (~Days 17 to 35 of
pregnancy). As IVP concepti are growth-retarded immediately before and after this physiological ‘window’, it is
logical to speculate that the concepti lost during early pregnancy were representative of one of a number of
possible phenotypes that might exist during the implantation period, as suggested by Farin et al. (2006), which
depends on the degree of abnormalities occurring during membrane and placental development.

The degree of undernourishment, hypoxia and/or toxemia by metabolite accumulation will in turn be
dependent on the degree of faulty feto-maternal attachment. Such event may be more dramatically manifested
after involution of the yolk sac. This explanation is consistent with timing, since losses are higher after Day 30 of
gestation, when development of the chorioallantois replaces the transient yolk sac function. Due to the allantois
role in attachment, placental development, and involvement in the formation of placental blood vascular system,
the allantois is very important during early pregnancy, after the incipient influence of the yolk sac. In addition to
reports of underdeveloped trophoblast (Hill ef al., 2000; Bertolini et al., 2002a; Jouneau et al., 2006; Wakisaka-
Saito et al., 20006), reports from other laboratories also indicate disturbances in yolk sac and allantois
development in IVP pregnancies. Results of a recent study in which development of extraembryonic membranes
in cattle was compared demonstrated significant differences in yolk sac development on Day 35 of gestation
between controls (natural mating) and IVF-derived pregnancies, with the latter presenting structures that were
more than 5-fold smaller than controls (Assis Neto, 2005). Interestingly, the involuting yolk sac was shown to be
functionally and morphologically detectable until approximately Days 50 and 70 of pregnancy, respectively,
whereas vascularization and development of cotyledons were seen only between Days 30 and 40 of pregnancy
(Assis Neto, 2005). Clearly, a delay or retardation in the development of any of the two membranes may be
critical for survival, when a smaller or fast-involuting yolk sac is not functionally replaced by a slow-developing
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allantoic sac. In fact, Peterson e McMillan (1998a, b) and Thompson e Peterson (2000) demonstrated that the
high incidence of early loss following transfer of IVP embryos was caused by malformation of the allantois,
leading to placental insufficiency. Survival to Day 35 was attributed to the yolk sac, which was reported to be
normal in these pregnancies. The lesions and abnormalities seen in the placental formation between these studies
seem to implicate the abnormal formation of the yolk sac and/or allantois in the appearance of symptoms related
to the syndrome. Altogether, underdeveloped trophoblast, precocious regression of the yolk sac and/or a failure
of the allantois and vasculature to develop may delay attachment and placentation and, if threshold for survival is
not attained, such events will likely be lethal.

Alternatively, Hill et al. (2002) have described compelling evidence demonstrating that rejection of the
allograft is linked to increased late embryonic mortality in IVP pregnancies, especially for SCNT. In ruminants,
suppression of MHC-I expression coincides with the intimate association between endometrial and
chorioallantoic tissues during implantation (Hill et al., 2002), a period that coincides with a high rate of
pregnancy loss in IVP pregnancies. Clone fetuses from Days 34-63 of pregnancy were found to express MHC-I
antigens that were not detected in age-matched control pregnancies (Hill et al., 2002). In addition, a significant
maternal lymphocytic response was also detectable in specimens expressing MHC-I peptides, with a close
association with growth retardation and fetal death in earlier SCNT-derived pregnancies. It is suggested that
MHC-I expression in early pregnancy is caused by faulty genome reprogramming, either by inheritance from the
somatic donor cell, by persistent or continuous expression since embryo reconstruction, or by gene activation of
MHC-I loci in the trophoblast as development progresses.

Phenotypes at the Fetal Phase and Perinatal Period

A little more information is available at mid- to late pregnancy, including the perinatal period. This
stage is characterized by abortions, high rates of hydrops of the fetal membranes, prolonged gestation and
attenuated signs of parturition, dystocia, and birth of large calves with lower postnatal survival.

Conceptus development. Fetal growth occurs slowly during early pregnancy and exponentially during
later stages (Eley et al., 1978; Prior e Laster, 1979; Ferrell, 1989 Reynolds et al., 1990), with approximately 90%
of the term fetal weight gained during the last trimester of gestation (Ferrell, 1989). However, placenta grows
faster than fetus in early pregnancy, with placental weight being greater than fetal weight during the first
trimester of gestation. Thereafter, fetal weight surpasses that of the placenta (Eley et al., 1978; Prior e Laster,
1979; Reynolds et al., 1990). However, fetal growth is normally constrained by maternal and placental factors,
which is related to the control of nutrient supply to fetuses in late gestation (Ferrell, 1991a, b; Gluckman et al.,
1992). Disturbances in placentation may lead to changes in the pattern of fetal growth (Schlafer er al., 2000).
Accelerated fetal growth in IVP pregnancies is accompanied by placental enlargement, which precedes the
increase in fetal weight in late IVF and SCNT pregnancies (Bertolini et al., 2002b; Batchelder et al., 2005;
Constant et al., 2006). Fetal weights are usually significantly higher than controls from mid- to late gestation
(Bertolini et al., 2002b; Lee et al., 2004; Batchelder et al., 2005; Constant et al., 2006).

Our previous studies indicated IVP pregnancies to sustain larger concepti by the second trimester of
pregnancy, with a two- to four-fold increase in the accumulation of of glucose and fructose in fetal plasma and
associated fluids in comparison with normal pregnancies (Bertolini et al., 2004). Likewise, fetal membranes of
IVF and placentas of SCNT calves were noted with morphological abnormalities including two-fold increases in
surface area and mass with concomitant increases in plasma fructose concentrations in IVF and cloned neonates
(Bertolini et al., 2004; Batchelder et al., 2007a). Consequently, the larger placental mass and surface area in IVF
and SCNT pregnancies suggest, at least in part, the existence of increase nutrient supply to the fetus, resulting in
increased pattern of prenatal growth that may have implications to postnatal life (Bertolini e al., 2004).

Rates of hydroallantois in cattle are <0.1% in normal pregnancies (1/1400 to 1/7500) and <2% in IVP
pregnancies (1/55 to 1/200). However, hydrops may vary widely in SCNT pregnancies, ranging from ~0% to
approximately 60% (Hasler et al., 1995; Li et al., 2005a; Farin et al., 2006). Li et al. (2005a) detected significant
changes in amniotic and allantoic fluid composition in clone and IVF pregnancies. In general, electrolyte
homeostasis was compromised to a lesser or greater degree, suggesting problems in fetal kidney function. In
contrast, our previous data did not show any significant abnormality in the fetal fluid composition on Days 90
and 180 of gestation, despite the increase in allantoic fluid volume in IVF-derived pregnancies on Day 180
(Bertolini et al., 2004). Constant ef al. (2006) recently described late gestation placentome morphometry in
SCNT pregnancies complicated by hydroallantois, which may provide clues for the understanding of the
pathophysiology of this abnormality during pregnancy.

Morphologically and histologically, placentas from IVF- and SCNT-derived pregnancies are
significantly affected throughout gestation, with most obvious aberrations seen during mid- to late pregnancy
and at term. Common observations in the third trimester of cattle and sheep IVP pregnancies and at term include
placentomegaly, reduced number of placentomes, presence of giant, flattened and/or thinner placentomes,
edema, enlarged umbilicus, flattened uterine epithelium, fetal connective tissue enlargement, reduced cell
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density, reduced vessel dilation and density, immaturity of placental vessels, reduction of villous vascularization
and vasculogenesis, hypoplasia and loss of differentiation of the trophoblastic epithelium, shed trophoblast and
fetal villous hemorrhage, increased volume density of fetal pyknotic cells, among others (Bertolini et al., 2002b,
2004, 2006; Lee et al., 2004; Batchelder et al., 2005; Miles et al., 2005; Constant et al., 2006; Palmieri et al.,
2006; Fletcher et al., 2007). Authors of a recent comprehensive study have described detailed structure and
microvascular architecture distinctions in bovine clone placentas (Miglino et al., 2007), with the description of
placentome fusions, extensive areas lacking placentation and areas of hemorrhage, and increased number of
functional and accessory microcotyledons. However, the most significant ultrastructural findings referred to the
presence of dilated caruncular crypts accommodating more than one primary villus with a lack of dense
complexes of capillary loops and sinusoidal dilations in clone placentas. Altogether, abnormal vascularization,
tissue remodeling, differentiation and maturation of placental tissue in IVP pregnancies may be the primary
cause of fetal losses, abnormal fetal organ development, and faulty homeostatic control of organs and systems
after birth that may compromise neonatal survival.

Parturition and mammary gland development. Other less characterized events associated with the LOS
affect the end of pregnancy and include weaker or absent signals that initiate parturition, which affects the
dynamics of the stages of labor, and compromised mammogenesis that seems to influence subsequent
lactogenesis. A significant proportion of IVF- and SCNT-derived pregnancies fail to terminate normally,
resulting in prolonged gestation. The physiological trigger for the initiation of parturition in cattle and other
domestic species is the activation and maturation of the fetal adrenal cortex, which causes an increase in fetal
cortisol secretion (Challis et al., 2000). That will initiate a sequence of endocrine events, mainly triggered by the
decrease in the progesterone/estradiol (P4/E2) ratio and the consequent release of endometrial PGF,, (Maltier et
al., 1993). In sheep and most domestic animal species, parturition is stimulated by P4 withdrawal either
following induction of luteolysis and/or by reduction of placental P4 production, dependent on the stage of
gestation (Conley e Ford, 1987). A sharp increase in E2 synthesis is also needed for successful parturition
(Challis e Thornburn, 1975). Increased E2 concentrations stimulate myometrial oxytocin receptor expression,
increase in uterine contractility, prostaglandin synthesis, cervical effacement and opening, sacro-iliac relaxation
and vulva distensibility (Huszar e Walsh, 1991; Jenkin e Young, 2004). Altogether, those events culminate with
the maturation of the placenta and cervix, and fetal tissues and organs, delivery of the neonate, and expulsion of
the fetal membranes. Such physiological events appear to be dramatically decreased in females carrying IVF- or
SCNT-derived concepti. Hill e Chavatte-Palmer (2002) attempted to correlate maternal P4 profiles in the last 2
weeks of gestation of SCNT-derived pregnancies with postnatal viability of clone calves. Atypical profiles (no
P4 withdrawal pre-partum) appeared to be associated with lower neonatal viability, whereas usual P4 profiles
were associated with higher postnatal viability. Matsuzaki e Shiga (2002) demonstrated a lower rise in fetal
cortisol levels in late SCNT-derived pregnancies, which would not be sufficient to switch the IGF system to a
postnatal mode, causing difficulties during parturition. However, very little is known about the regulation of
these events, how they are controlled, how they influence the initiation of parturition, and how these events are
related to failures to initiate parturition and mammary gland development in IVF- and SCNT-derived
pregnancies.

Postnatal development. Newborn peri- and postnatal distress and death are very common in cloned
calves, frequently associated with problems in adapting to the life ex utero, with the frequent occurrence of
breathing difficulties, reluctance to suckle, liver steatosis, abnormal kidney development, longer time to standing
and sudden death (Garry et al., 1996; Walker et al., 1996; Hill et al., 1999; Hill e Chavatte-Palmer, 2002;
Chavatte-Palmer et al., 2004; Wells et al., 2004; Batchelder et al., 2007b). Some cloned calves seem to fail to
exert an effective control over the intermediate energy metabolism during the first 24 h ex utero, which is
associated with postnatal weakness, hypoxia by pulmonary hypertension, hypo- or hyperthermia, metabolic
acidosis and mortality (Garry et al., 1996; Hill et al., 1999; Hill e Chavatte-Palmer, 2002; Wells et al., 2004;
Batchelder et al., 2007a). While mean plasma concentrations of many parameters including blood gases, plasma
proteins, minerals, and electrolytes are similar in cloned and normal calves, clones are noted with increased
variability in these shifted either higher or lower than controls suggesting subtle perturbations of homeostatic
mechanisms (Batchelder et al., 2007a). High neonatal mortality, clinical problems in the peripartum, and the
trend for a reduced lifespan in SCNT-derived calves, with higher morbidity and mortality rates during the
juvenile period, have been well described and reviewed by others (Hill et al., 1999, Renard et al., 1999, 2000;
Kato et al., 2000; Rudenko et al., 2004; Wells et al., 2004). Loi et al. (2006) have demonstrated in sheep that
clones are prone to similar postnatal problems, perhaps even at greater rates than cattle. The authors have linked
neonatal respiratory distress and liver and kidney degeneration primarily to placental abnormalities, attaining
100% death rate up to a month of age. Calving difficulty and the frequent need of Caesarean sections in IVF- and
SCNT-derived bovine pregnancies also affect the survival and future fertility of the dam, which is translated to
additional economical losses.

As more laboratories around the world continue their quest to describe phenotypes throughout
development, more information will become available to better clarify the effects of in vitro embryo
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manipulations on short- and long-term postnatal survival. In this view, the implication of the placenta as the
major cause of conceptus abnormalities is not unjustified. The placenta is virtually the sole interface responsible
for exchanges between fetal and maternal systems, having an important role in fetal growth by the regulation of
nutrient supply and synthesis and transport of hormones, substrates, and other substances between systems. In
fact, the bioavailability of certain substrates or hormones during pregnancy is important for the establishment of
normal patterns of activity of physiological systems in the growing fetus, a phenomenon usually referred as
metabolic programming (Mcmillen e Robinson, 2005). In this theory, changes in the pattern of substrate supply
to the fetus may lead to permanent molecular and cellular modifications or even novel patterns of activities in
organs and systems that may persist and affect postnatal life. Conditions such as cardiovascular diseases and
diabetes originate through cardiovascular, metabolic, or endocrine adaptations that the fetus makes during
undernourishment in utero, which change fetal programming that may persist for life. In humans, results of
epidemiological studies have indicated that undernourished fetuses with low weight, thinness and short body
length at birth are associated with severe effects on the children and adults during life (Barker, 1999). The
concept of fetal origin to adult’s illnesses (Bertram e Hanson, 2001) is based on this phenomenon, which is
known as the Barker’s Hypothesis (Barker, 1999). Consequently, disturbances in placenta formation due to
embryo manipulations may induce changes in the metabolic reprogramming, which in turn may affect placental
function. Such changes may lead to growth-related effects, altering events at peripartum, and compromising
postnatal survival from birth to adulthood, as predicted by the Barker’s hypothesis. Thus, the characterization of
each phenotype will help us better understand how environmental or epigenetic changes during the first days in
development affect pre- and postnatal life.

Molecular markers for phenotypical variations

Changes in the pattern of gene expression in preimplantation bovine embryos following in vitro embryo
manipulations have been investigated, and it is evident that IVP conditions affect epigenetic features of the early
embryo, supposedly predisposing it to faulty gene expression (Dean et al., 1998; Wrenzycki et al., 1999, 2001;
Humpherys et al., 2002; Yang et al., 2007). Imprinted genes appear to be more susceptible to epigenetic
alterations during IVP (Moore, 2001). Cleavage-stage embryos in sheep, cattle, and mice, or of murine stem cells
seem to follow this pattern (Dean et al., 1998; Humpherys et al., 2001; Young et al. 2001; Bertolini et al.,
2002a). Due to the evolutionary theory of ‘parental conflict’ linking genomic imprinting to placentation (Haig e
Graham, 1991; Moore e Haig, 1991; John e Surani, 2000), it is not surprising that abnormal epigenetic
reprogramming caused by IVF or SCNT procedures, associated with in vitro culture conditions, may be reflected
in aberrant development of the placental tissue. However, significant differences in the expression of
nonimprinted genes after in vitro embryo manipulations have also been reported at various stages in
development (Wrenzycki et al., 1999, 2001; Yang et al., 2007). The demonstration that certain epigenetic
features (e.g., changes in DNA methylation) are common in NT-derived embryos (Bourc’his et al., 2001; Kang
et al., 2001; Beaujean et al., 2004; Yang et al., 2007) only reinforce the concept that aberrant phenotypes may be
potentially linked to any epigenetically modified gene. Interestingly, cloned embryos derived from less
differentiated (or totipotent) cells that require little or no reprogramming (embryonic stem cells, blastomeres)
develop with fewer complications after transfer to female recipients (Rideout er al., 2001), despite a recent
controversial report giving support to the opposite view (Sung et al., 2006). Also, fertilization- and SCNT-
derived ES cells were indistinguishable, based on transcriptional profiles, consistent with normal developmental
potential (Brambrink et al., 2006). Reprogramming of somatic cells into less differentiated cells or even into
stem cells is a promising field of current intense investigation and interest (Alberio et al., 2006; Hochedlinger e
Jaenisch, 2006; Yang et al., 2007). However, such reprogramming strategies may not be sufficient to overcome
many of the biological differences that have been shown to exist between IVP and in vivo-derived embryos, with
in vitro embryo production systems known to induce numerous cellular and subcellular embryonic alterations at
various levels (Thompson, 1997; Holm e Callesen, 1998; Viuff et al., 1999; Khurana e Niemann, 2000; Crosier
et al., 2001; Kang et al., 2001; Kochhar et al., 2001; Kuran et al., 2001; Young et al., 2001; Arnold et al., 2006;
Yang et al., 2007). Collectively, such wide range variation in embryo phenotypes provides a glimpse about the
level of difficulty faced to identify and establish patterns that could be used as markers for developmental
abnormalities. Despite many efforts, such markers are not yet available.

Recently, many reports have stressed the importance of their results on differences in gene expression
profiles between IVF-, SCNT- and/or in vivo-derived preimplantation stage embryos, either for single genes by
real time quantitative RT-PCR or for multiple genes by the way of high throughput approaches, for individual
embryos or pools of embryos (Hall et al., 2005; Inoue et al., 2006; Li et al. 2006a; Moreira et al., 2006; Beyhan
et al., 2007; Smith et al., 2007). Such results have demonstrated what everyone already knew for some time: that
the embryo production system has a tremendous impact on the pattern of gene expression of embryos. Authors
usually speculate, with no direct confirmation, that differences are indeed associated with abnormal
development.
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Interestingly, Smith et al. (2007) analyzed single in vivo-, IVP- and SCNT-derived embryos for four
individual genes and concluded that culture conditions had greater effects on gene expression than NT when
minimizing genetic heterogeneity. Also, Pfister-Genskow et al. (2005), Smith et al. (2005) and Somers et al.
(2006) analyzed global gene expression in individual or in pools of control, IVP and/or SCNT embryos. Smith e?
al. (2005) also analyzed the somatic cells from which donor cells were used for NT procedures, findings that
expression profiles were mostly normal between embryos, but widely different from the somatic cells, indicating
that SCNT embryos were widely reprogrammed by the blastocyst stage, with less than 1% of the genes (n=50)
analyzed having some differential pattern of expression between embryo types. Pfister-Genskow et al. (2005)
and Somers et al. (2006) found a total of 18 and 135 differentially expressed genes, respectively, in an
unpredictable manner, with no evidence for patterns for individual genes that could function as markers for
abnormalities. Of importance in the study by Smith et al. (2005) is the fact that a very small difference was
evident even between control embryos. Moreover, differences were more pronounced between IVF- and SCNT-
derived embryos and controls rather than between IVF and SCNT embryos, with SCNT embryos being closer
related to controls than IVF ones. Those authors suggested that developmental problems may not be due to
widespread faulty reprogramming, but to abnormal gene reprogramming at the postimplantation stage.

Notwithstanding, differential patterns of expression can be more often seen at the placental level during
development. Arnold ef al. (2006) have observed expression of important genes for placental development to be
altered in SCNT-derived embryos. Likewise, Humpherys ef al. (2002) analyzed global gene expression by
microarray analysis of liver and placentas of SCNT-derived newborn mice. Approximately 4% of the analyzed
genes showed a significant differential pattern of expression in the placenta, with lesser differences in the liver,
with most of these genes being different between the tissue types. The authors concluded that part of the
abnormal gene expression may be due to the SCNT procedures, whereas others are due to the donor cell. In
cattle, global expression analyses revealed a wide range gene deregulation in the liver of Day 48-56 SCNT-
derived fetuses (Herath et al., 2006). At term, the pattern of gene expression and protein profiles in fetuses and
placental tissues have been linked to postnatal survival, with aberrant profiles characterizing deceased newborn
and rather normal profiles been associated with surviving adult clones (Kim et al., 2005; Li et al., 2005b; Yang
et al., 2005). However, the identification of strong correlations between gene profiles at term and postnatal
survival is of little value, currently serving more as clues for retrospective understanding of the potential etiology
during prenatal development.

Under the current experimental designs and conditions, it is unlikely that studies on gene expression
will reveal significant clues for the resolution of the developmental abnormalities caused by in vitro embryo
manipulations, especially when evaluated at preimplantation stages. For that to be worthy, a change of focus is
needed, perhaps for a more holistic approach to the problem, with a departure from the reductionism of the
current molecular investigations. In a broad view, the evaluation of same individuals throughout development,
checking molecular and physiological patterns and then following phenotypes, are essential. In addition, studies
should also evaluate pregnancy losses of natural origin, to understand errors that occur in nature, including
natural deviations that do not cause losses or phenotypical abnormalities.

Implications

In view of what have been discussed, we believe that many abnormalities seen after in vitro embryo
production do occur in nature; in vitro embryo manipulations appear to increase their frequency of occurrence. In
addition, IVP-derived animals appear to have a narrow physiological window for normality, for which trivial
events for most individuals are critical or lethal. The understanding of the physiological mechanisms leading to
the LOS is important for the establishment of diagnostic methods that would allow the detection and prevention
of the appearance of physiological deviations during pre- and postnatal development. If such processes are
identified, distinct patterns could be used as valuable markers for embryos with higher or lower developmental
potential. In this view, lower pregnancy rates with higher gestational and postnatal losses represent significant
economical losses for a lower prolificacy. Since an extremely high proportion of IVP-derived pregnancies are
lost during early pregnancy, embryos from IVF and SCNT technologies are promising study models for
embryonic mortality. However, no recognizable and trustworthy profiles of embryo abnormalities prior to
transfer to female recipients that are correlated with the appearance of the LOS are yet available.

Some abnormalities observed after embryo manipulations are likely to have similar etiologies between
IVF- and SCNT-derived animals, such as in vitro maturation and culture conditions, presence of supportive cells
and animal serum during IVP procedures. It is known that such culture conditions may affect epigenetic features
of cells and embryos. In turn, faulty reprogramming and chromatin remodeling may cause faulty
activation/inactivation of genes, abnormal expression of imprinted and nonimprinted genes, and/or faulty
initiation of transcriptional events, for which the process of SCNT is expectedly more susceptible. Pieces of
evidence indicate that incomplete epigenetic reprogramming in early stages of development may initiate a chain
reaction of morphological, physiological and further molecular abnormalities during pregnancy, which will
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reflect in the appearance of identifiable phenotypes more readily visible by the second half of gestation or at
term. Again, the early predictability of such spectrum of abnormalities in IVP pregnancies other than the
conceptus demise is not yet possible.

Since placental development and function have also been associated with in vitro embryo
manipulations, changes in placental formation, affecting its stereological structure and tissue micro-architecture,
including vasculogenesis and angiogenesis, or causing further changes in placental function and metabolism,
may lead to changes in the pattern of fetal development, in a placental-fetal cause-and-effect mechanism. Such
mechanisms will likely result in abnormalities for the remaining of the pregnancy, even prevailing throughout
the individual’s life, as predicted by the Barker’s Hypothesis. Consequently, morphological, physiological,
metabolic and molecular studies focusing on the placenta during the periods of higher losses (embryonic phase)
and faster growth and higher incidence of phenotypic deviations (second half of pregnancy and perinatal period)
are essential for the understanding of the early etiology of the disorder and its relationships with placental
pathologies with effects on the fetus and neonate.

Problems associated with cloning by SCNT, along with IVF, have propelled our curiosity for the
understanding of causal factors, which in turn has contributed to numerous advances and generated great
knowledge in many fields, such as physiology of pregnancy, placental function, epigenetic reprogramming,
transgenesis, neonatology, etc. Prospective future efforts should focus on the pitfalls related to the low overall
embryo production efficiency and IVP conditions; on cell differentiation, pluripotency and reprogramming; and
on means to improve development after transfer by maximizing pregnancy rates, by minimizing pregnancy
losses and excessive prenatal growth, and by improving the adaptation to life ex utero. Elucidation of causal
factors behind failures is likely to continue increase our understanding of normal events in bovine reproduction
and pregnancy that will assist the resolution of problems associated with the LOS and, perhaps, with those of
normal occurrence in our herds. All these aspects, if better recognized, will have scientific and economical
implications to agriculture and biotechnology.
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