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Abstract — This present review describes some differences and similarities between bovine embryos
produced in vivo and in vitro. The first part outlines the respective environments during maturation,
fertilisation and early embryonic development of the two types of embryos and compares their mor-
phological, biochemical and genomic characteristics. Results from comparative studies on embryo
metabolism and gene expression reveal that most parameters are very similar, but some significant
differences of presumptive importance for normal development have been described. Morphologic
and kinetic differences between in vitro and in vivo produced embryos are also well documented. How-
ever, improved culture conditions have been reported to minimise the differences. The second part
focuses on the practical consequences of the differences in relation to embryo selection, ¢cryo-
preservation, sanitary risks and pregnancy following transfer as well as normality of calves. Lower
viability following transfer and increased susceptibility to cryopreservation of in vitro produced
embryos is discussed. Finally and most importantly, reported evidence of increased sanitary risks and
abnormal foetal development associated with in vitro produced embryos is presented. © Inra/Else-
vier, Paris.
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Résumé — Production d’embryons bovins in vivo et in vitro : similitudes et différences impor-
tantes pour ’application pratique. La présente revue décrit des différences et des similitudes entre
embryons produit in vivo et in vitro. La premiere partie traite des environnements respectifs pendant
la maturation, la fécondation et le début du développement des deux types d’embryons et compare leurs
caractéristiques morphologiques, biochimiques et génomiques. Les résultats d’études comparatives
sur le métabolisme embryonnaire et I’expression du génome révelent que la plupart des paramétres
sont semblables, mais des différences significatives d’importance présumée pour le développement
ont été décrites. Des différences de la morphologie et de la cinétique de développement entre embryons
produits in vitro et in vivo ont été aussi signalées. Cependant, des conditions de culture améliorées
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peuvent minimiser ces écarts. La deuxiéme partie porte sur les conséquences pratiques de ces diffé-
rentes pour la sélection et la congélation des embryons, les risques sanitaires, la gestation apres
transfert et la normalité des veaux. La plus faible viabilité aprés transfert et la susceptibilité accrue &
la congélation des embryons produits in vitro est discutée. Finalement, I’ augmentation des risques sani-
taires et d’un développement feetal anormal associé aux embryons produits in vitro est soulignée.

© Inra/Elsevier, Paris.
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1. INTRODUCTION

Production of embryos has become a
highly valued technology that is commonly
integrated into the conventional cattle breed-
ing programmes [24, 25, 96]. Production of
in vivo embryos from superovulated cows is
still the most important of these embryo
technologies, and it has been used fairly
consistently during the last 5 years in Europe
with 100-140 000 transferable embryos
being produced annually [1]. However, in
vitro production of embryos has become
more efficient [61, 138] and oocytes are suc-
cessfully collected transvaginally by ultra-
sound guided aspiration from cycling and
early pregnant heifers and cows [103]
Hence, an increasing number of embryos
produced in vitro are transferred to recipients
for commercial purposes, i.e. 6 % of the
commercially transferred embryos in Europe
were produced in vitro in 1996 [57]

This ‘in vitro success’ has been achieved
despite notable morphological, physiologi-

cal and developmental differences (and sim-
ilarities) between in vitro and in vivo pro-
duced embryos. These will be summarised
in this review, which is divided into two
parts. The first part will outline some of the
differences and similarities between in vivo
and in vitro produced (IVP) bovine embryos,
and the second part will focus on some of
the consequences of this for the practical
application of the in vitro technique.

2.IN VIVO VERSUS IN VITRO:
DIFFERENCES AND SIMILARITIES
(table )

2.1. The ovarian follicle, oviduct
and uterus

In vivo produced cocytes and embryos
develop in a complex and dynamic series
of environments. First in the ovarian follicle,
the growing and maturing oocytes achieve
full developmental competence [66], then

Table L. Differences between the in vivo and in vitro environments.

In vivo

In vitro

Maturation under follicular dominance

Fertilisation in E2-primed oviduct
in presence of few sperm cells

Early development in the oviduct
and uterus in developing luteal conditions

Variation between cows

Maturation in artificial medium, complex or simple

Fertilisation in simple media
in presence of excessive sperm cells

Early development in medium
with/without somatic cells

Variation between labs

See text for details and references.
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in the different portions of the oviduct dur-
ing fertilisation and early precompaction
development [41, 95] and finally in the
uterus at the time of compaction and blas-
tocoel formation (e.g. [9]) in yet another
specific microenvironment [73, 89]. Though
the superovulatory treatment has adverse
effects on the follicular {22] and oviductal
environment [62] as well as the subsequent
maturation and fertilisation, respectively
[49], the majority of the transferable
embryos and resulting pregnancies are not
different from embryos derived from
unstimulated cows [25, 77].

The follicular environment of the oocyte
changes dramatically prior to ovulation (for
review, see [21]). One example is the shift in
oestradiol/progesterone ratio triggered by
the LH-surge [22]. The microenvironment of
the oviduct is complex and varies also
according to the oestrus cycle (for reviews,
see [33, 81]). The production of oviductal
fluid is significantly higher during oestrous,
though the concentrations of total protein
(mostly albumin and immunoglobulin G)
remain relatively stable around 1 mg-mL-!
during the oestrus cycle [76]. Oviduct spe-
cific glycoproteins have been found to be
associated with bovine oocytes and embryos
[150] and are specifically secreted in the
ampulla region within the first days of the
oestrous cycle (for a review, see [95]). Other
factors such as ionic composition and pH
have also been reported to vary during the
luteal phase [50, 81]. Oviduct cells further-
more secrete a variety of vitamins, amino
acids, fatty acids and growth factors (for
reviews, see [33, 41, 73]). When the early in
vivo produced embryo enters the uterine
horn around its 16-32 cell stage [10], it is
subjected to the final major microenviron-
mental change before the stage in which it is
normally collected.

2.2. The in vitro production system

In comparison to the in vivo situation,
the in vitro conditions are static apart from

the intrinsic changes during the culture
period induced by the oocytes/embryos
themselves and the accompanying somatic
cells. It is well documented that oocytes and
embryos are affected both by specific phys-
ical conditions of the in vitro environment as
well as more undefined constituents. Osmo-
larity and ionic composition, temperature,
pH, CO, and O, tension as well as culture
volume are important parameters of the first
category, and while serum and somatic cells
are examples of the latter, all influence early
embryo development in vitro (for reviews,
see [47, 129]). Complete in vitro produc-
tion of embryos is normally carried out in
three steps: in vitro maturation (IVM), in
vitro fertilisation (IVF) and in vitro culture
(IVC) until the blastocyst stage (for a com-
prehensive review, see [47]). IVM is most
often accomplished in Tissue Culture
Medium 199 (M199/TCM199) with Earle’s
salts supplemented with a mixture of
gonadotrophins, oestradiol, pyruvate, growth
factors and/or serum. Most immature oocytes
used for in vitro embryo production are col-
lected from 2—-6 mm follicles. Therefore, as
mentioned earlier, they are prevented from
undergoing controlled capacitation and final
maturation under dynamic conditions as it
occurs in vivo under follicular dominance
prior to the LH-surge and in the ovulating
follicle after the LH-surge [66], respectively.

A very commonly used medium for IVF
of bovine oocytes is Tyrode’s albumin lac-
tate pyruvate medium (TALP) supplemented
with heparin, epinephrine, hypotaurine and
penicillamine as described by Parrish et al.
[100]. However, Brackett and Oliphant’s
defined medium (DM) supplemented with
bovine serum albumin (BSA) or poly-vinyl
alcohol (PVA) [75] as well as synthetic
oviduct fluid (SOF) with serum [30, 61] also
have been used successfully in the cow in
combination with heparin and/or caffeine
treatment of sperm cells. The calcium con-
centration in these media is generally lower
than in the oviductal fluid (1.8-2.2 mM ver-
sus around 3.1 mM). Under IVF conditions,
the sperm/oocyte ratios are generally much
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higher than in vivo: in the range of 100
000-200 000:1 compared to close to 1:1 in
vivo [63]. Cumulus cells surrounding the
oocytes are most often not removed prior
to IVF. Their presence appears to be bene-
ficial for the acrosomal reaction of the sperm
cells, and mechanical or enzymatic removal
of the cumulus cells may damage the oocyte
as well as increase the incidence of
polyspermy (for a review, see [47]).

Conditions for IVC vary greatly between
the three major approaches to embryo cul-
ture: IVC in the presence or absence of
somatic cells, or IVC in medium conditioned
by somatic cells. The presence of somatic
cells has been shown to be essential in some
complex media in order to support bovine
embryos through the 8-16 cell stage (e.g.
[26, 34]). In simpler media, similar devel-
opment of bovine embryos was obtained by
serum supplementation (e.g. [91]) or under
defined/semi-defined conditions using BSA
or PV A together with amino acids (e.g. [61,
75, 104, 115]). The most commonly used
types of somatic cells are oviduct, granu-
losa, Vero and buffalo rat liver cells, while
media for bovine co-culturing and condi-
tioning of media are serum supplemented
M199 and Menezo’s B2-media. The domi-
nating simple media for bovine IVC in the
absence of somatic cells are probably SOF
[127] and CR1 [116] supplemented with
amino acids (SOF: {126], CR1: [115]).
However, M199 also can be used with rel-

atively high success rates without somatic
cells if the oxygen tension is lowered {39].
Culture conditions in the absence of cells
can be more or less defined depending on
supplementation with serum, albumin or
PV A or on preconditioning of media [129].

Nevertheless, despite a profound influ-
ence of the in vitro conditions on embryo
development, morphology and metabolism,
similar embryo development can be obtained
in very different conditions [131].

2.3. The matured oocytes (fable IT)

IVM oocytes are aspirated from their nor-
mal environment in the tertiary follicles of
more than 2 to 3 mm in diameter, at which
follicular stage more than 70 % of the
oocytes will have achieved full meiotic com-
petence and undergo spontaneous meiotic
maturation within 24 h in culture [32, 36]. In
contrast, in vivo matured oocytes have been
allowed to fulfil their capacitation or pre-
maturation under follicular dominance prior
to the start of final maturation signalled by
the preovulatory LH-surge (for a review,
see [66]). During this period the oocyte is
significantly modulated (e.g. organelle loca-
tion, nucleolar activity, gene expression,
protein synthesis and post-transductional
modifications) in order to acquire full devel-
opmental competence. The importance of
this is reflected in the better developmen-

Table II. Differences between in vivo and in vitro matured oocytes.

In vivo

In vitro

Prematured (capacitated) under
follicular dominance

Clear perivitelline space

Highly expanded cumulus lost within
a few hours after ovulation

High developmental competence
following fertilisation

Exposed to decomposing follicular environment
for 0-8 h between slaughter and oocyte collection

Swollen cytoplasm

Dislocation of cortical granules

Increased polyspermia and asynchronous pronuclei
development after fertilisation

See text for details and references.
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tal competence of in vivo embryos com-
pared to in vitro (for a review, see [114]),
as well as in the observation that immature
oocytes aspirated from larger follicles
(> 6-8 mm) are more developmentally com-
petent than oocytes from smaller follicles
[15, 35, 86, 102]. Interestingly, recent data
suggest that post-mortem incubation of
slaughterhouse ovaries for 4 h prior to
oocyte aspiration is able to enhance devel-
opmental competence in vitro [16, 121].
Post-mortem incubation of ovaries may
mimic the conditions of follicular atresia,
which also has been linked to higher devel-
opmental as grade 3 oocytes of which most
derived from follicles with beginning signs
of atresia developed better in vitro than other
classes of oocytes [15].

Morphologically, a high proportion of in
vitro matured oocytes has been reported to
be diploid [80]. Furthermore, it is known
that the migration of cortical granules is
impaired [64], which is likely to affect their
release at fertilisation and subsequent block
against polyspermy (e.g. [157]). In super-
ovulated cows, fertilisation measured as
embryo cleavage averages around 75 % (e.g.
[53]), which is similar to what is achieved
after IVF of in vitro matured oocytes (e.g.
[47]). Yet, in vivo derived zygotes also
develop to the blastocyst stage more fre-
quently than in vitro zygotes (e.g. [141]).

Polyspermy and asynchronous develop-
ment of pronuclei are frequent deviations
following in vitro fertilisation [77, 157].
Both events appear to be affected by the
presence or source of serum-protein in the
fertilisation medium [31, 125].

Under in vivo conditions the oocytes will
have lost their expanded cumulus cells within
a few hours after ovulation [88] and rela-
tively few selected sperm cells are present
at fertilisation in the oviduct [63, 65]. The
number of accessory sperm cells found in
the zona pellucida of in vivo zygotes varies
from only 5 to 75 [55]. In contrast, IVM
oocytes are generally still enclosed by cumu-
lus cells at fertilisation, and the sperm/oocyte
ratio is very high in vitro, as the normal con-
centration of sperm cells in the fertilisation
medium is 1-2 x 10% sperm-mL-! for
100-200 oocytes-mL-!,

2.4. The early bovine embryo

Morphologically, IVP embryos differ
from in vivo embryos right from the first
cell cycle and in a number of ways (table

1.

* IVP embryos generally appear darker
[106, 130, 141]. This has been associated
with a higher accumulation of lipid or lipid-
like granules in the cytoplasm due to the

Table II1. Morphological differences between early bovine embryos produced in vivo and in vitro.

In vivo

In vitro

26 % mixoploid

Light, round, distinguishable blastomeres

72 % mixoploid

Darker, swollen blastomeres

Retarded fourth cell cycle

Tight compaction
Early blastocysts around 100 cells

> 1/3 ICM of total cells

Impaired compaction
Premature blastulation at around 32 cells

< 1/3 ICM of total cells

See text for details and references.
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use of serum in the culture medium, as the
phenomenon can be avoided by culturing
embryos in serum-free media [43, 133]. The
degree of darkness and granulation depends
on the source of serum with human serum
causing the largest change in morphology.
High lipid contents of bovine IVP embryos
have been linked to the lower buoyant den-
sity of IVP embryos compared to in vivo
embryos [107, 108].

+ Blastomeres appear more swollen and
the perivitelline space is smaller at all pre-
compaction stages of [IVP embryos [61, 106,
141}

* At the morulae stage and under some
conditions IVP embryos show less obvious
compaction and shrinkage of the blas-
tomeres [54, 61, 106, 141]. However, expe-
rience from the author’s laboratory has
shown that the degree of compaction is
highly influenced by the culture medium,
thus serum-free modified SOFaa medium
causes substantially tighter compaction than
Medium 199 with granulosa cell co-culture
[60].

« Compaction takes place around the
32-cell stage both in vivo and in vitro [10,
61, 143, 145]. However, in vivo derived
early blastocysts normally consist of about
100 cells [10], while in vitro embryos are
observed to form their blastocoel cavity very
soon after reaching the early morula stage
without proper compaction [61, 109, 141,
145, 160].

* Embryo development is reported to be
slower in vitro, but this is significantly influ-
enced by culture medium (serum: 105, 132,
140, 160]; co-culture cells and medium: [54,
56]; for a review, see [129]).

* The number of inner cell mass cells is
generally lower in vitro, varying from the
normal number (i.e. more than one third of
the total cell number as seen in vivo); this
again depends on the culture system used
[28, 69, 143].

It has generally been accepted that in
vitro embryos develop slower than in vivo

produced embryos due to a retarded devel-
opment through the fourth cell cycle [7, 51,
61]. This particular cell cycle is associated
with a very crucial event in embryogenesis,
namely the major transition from maternal to
embryonic control (e.g. [8]). In vitro, the
lengths of the first cell cycles are correlated
with embryo viability [51, 61], and improved
culture conditions appear to shorten the
length of the fourth cell cycle in particular
[61], thus facilitating the genomic transi-
tion.

In vitro, male and female embryos have
been reported to develop at different speeds
[5, 158, 159]. However, evidence also sug-
gests this to be linked to culture conditions
[20, 61, 87, 123]. This sex related differ-
ence has also been reported for in vivo pro-
duced embryos [3, 68]; however, due to
asynchronous ovulations in superovulated
cows it is difficult to investigate in vivo
embryos [10]. Furthermore, no relation
between developmental stages and sex of
in vivo produced embryos was found in a
large field trial in Denmark [23].

Chromosomal abnormalities also influ-
ence in vitro embryo development substan-
tially, and the incidence of this has been
observed to be high in IVP embryos (15-30 %)
[70, 74]. The incidence in vivo has been
estimated to be 7-10 % (W.A. King cited
by [74]). Preliminary results from an ongo-
ing study have shown that 72 % of 151 IVP
blastocysts were mixoploid, but the major-
ity of these (60 %) had less than 10 % cells
with abnormal ploidy. In contrast, only 26 %
of 19 in vivo produced blastocysts that have
been examined so far were mixoploid, and
all of these had less than 10 % polyploid
cells [D. Viuff and T. Greve, pers. comm.].

IVP and in vivo produced embryos differ
in respect to their metabolism (e.g. oxygen,
glucose, pyruvate and lactate uptake and
utilisation; for reviews, see [42, 113, 130].
Nevertheless, only a few studies directly
compare the metabolism of ruminant
embryos produced in vivo versus in vitro
(amino acid uptake: [101]; pyruvate utili-
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sation: [129]; glucose utilisation: [132]).
Furthermore, culture conditions (e.g. co-
culture versus conditioned medium, glucose
and lactate concentrations, amino acid sup-
plementation and protein source) also affect
embryo metabolism and consequently devel-
opment [43, 114]. In summary, adenosine
triphosphate, oxygen and glucose uptake
and pyruvate utilisation appear to be com-
parable between in vivo and IVP embryos,
but vary on a cellular basis (summarized by
Thompson [135]), while the amino acid
uptake is about 30 % lower for bovine IVP
embryos cultured in serum-free conditions
[101].

The patterns of synthesised proteins of
in vivo and IVP bovine embryos [7] as well
as the mRNA-synthesis [A.J. Watson, pers.
comm.] have been reported to be very sim-
ilar. However, studies employing reverse-
transcriptase polymerase chain reaction
(PCR) methods have revealed significant
differences between the relative abundance
of some developmentally important gene
transcripts at the bovine morulae or blasto-
cyst stages [152—-154]. These authors
reported a significantly lower expression of
the connexind3 gene (important for inter-
cellular communication via gap junctions)
and the glucose transporter-1 gene (impor-
tant for glucose metabolism) in postcom-
paction bovine IVP embryos. The heat shock
protein 70.1 gene was, on the other hand,
expressed at a higher level in IVP blasto-
cysts cultured in the presence of oestrus cow
serum than in both blastocysts cultured in
the absence of serum and produced in vivo.
Other genes (i.e. desmosomal protein genes
for plakophilin and desmocollins II and HI,
poly(A)-polymerase gene and trophoblast
protein gene) were expressed similarly in
in vivo and in vitro morulae and blastocysts.
Other groups are investigating the expres-
sion of candidate genes underlying the large
offspring syndrome (e.g. insulin-growth fac-
tor 2 gene) in embryos derived from differ-
ent sources using similar techniques [161].

3.IN VIVO VERSUS IN VITRO:
PRACTICAL CONSEQUENCES

3.1. Selection for viability

Classification on the basis of the devel-
opmental stage and cellular appearance has
been shown to be a practical and relevant
way of evaluating the viability of both in
vivo [53, 84] and in vitro produced bovine
embryos [54, 110]. However, the diverse
morphological and physiological charac-
teristics reported for [IVP embryos and the
influence of culture conditions on these
parameters make uniform evaluation and
comparisons between IVP embryos from
different laboratories very difficult. Better
agreement among different evaluators can be
obtained either by sucrose induced shrinkage
of IVP embryos, thus allowing improved
visualisation of extruded cells and cellular
material [144], or by using the simpler clas-
sification system based on three versus four
embryo quality categories of Farin et al.
[38]. However, pregnancy rates are lower
following transfer of IVP embryos com-
pared to in vivo derived embryos of simi-
lar classification (see fable IV). Additional
selection methods may thus be needed to
achieve a better discrimination between
viable and non-viable in vitro embryos.
Embryo metabolism (i.e. measurements of
glucose, pyruvate, oxygen uptake and/or
lactate production [44, 98, 99, 112]) and
kinetics (time intervals between cleavage
events [46, 51, 61]) have both been associ-
ated with viability of individual embryos
and thus suggested as tools for improved
embryo selection.

3.2. Handling in relation
to cryopreservation

IVP embryos are more adversely affected
by chilling than in vivo embryos. Most pro-
nounced is the effect at the morula stage,
which does not survive cooling below 15 °C
in normal medium [107, 108]. This increased
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Table IV. Differences in pregnancy rates, incidence of congenital defects and birth weight of calves
following transfer of in vivo and in vitro produced bovine embryos.

Parameter Vitro Vivo

Pregnancy rates Fresh 40-50 % 50-75 %
Frozen 1040 % 40-70 %

Abortion rates > 60 days 724 % 3-5%

Congenital

defects Overall 3-5% 0.5-2 %
Hydroallantois 0.5-2 % <0.02 %

Birth weight >50kg >30 % <10 %
>60kg >6% <4 %

See text for details and references.

sensitivity to cryopreservation procedures
is a major obstacle for a more widespread
use of the IVP technique in cattle breeding
[40]. Evidence suggests that the sensitivity
to cooling and freezing is related to the rel-
ative higher lipid contents often found in
IVP embryos (see earlier), and is thus also
related to the lower buoyant density of IVP
embryos compared to in vivo embryos [107,
108]. Removal of the lipid vacuoles in
porcine zygotes has been shown to cause
survival following freezing of stages that
normally do not tolerate freezing [94]. Sim-
ilar treatments of bovine IVP embryos have
also improved their survival substantially
[28, 83, 137]. However, such a radical
approach is not practical for routine work.

Some studies indicate that cryopreserva-
tion by vitrification results in better survival
than conventional slow freezing of IVP
embryos following transfer [111, 156] while
others do not [2, 79, 97]. Experience from
our laboratory shows that vitrification by
the open pulled straw (OPS) method allows
successful cryopreservation of days 2, 3 and
4 in vitro produced embryos with post-
warming day 8 blastocyst rates of 27, 43
and 52 %, respectively [139]. Freezability of
IVP embryos can also be affected by cul-
ture conditions (for a review, see [90]). For
instance, the presence of serum has been
shown to influence embryo survival fol-

lowing cryopreservation negatively [128,
136}, while co-culture of embryos with Buf-
falo rat liver (BRL) cells seem to enhance
survival after freezing [146]. Hence, manip-
ulation of the culture conditions appears at
present to be one suitable way of improv-
ing survival after cryopreservation of in vitro
embryos.

3.3. Handling
in relation to sanitary risks

Handling of IVP embryos implies spe-
cific sanitary risks that differ from the in
vivo situation. The main risk of transferring
diseases with embryos relates to the asso-
ciation of pathogens with the zona pellu-
cida (for reviews, see [11, 52, 124]). The
structure of the zona pellucida differs
between IVP and in vivo embryos with
respect to the exposure and coating of the
zona pellucida to oviductal glycoproteins
(e.g. [150]) and its resistance to proteases
(lower in IVP embryos) [107]. Furthermore,
the large number of sperm cells penetrating
into the zona pellucida of IVM oocytes still
surrounded by cumulus cells at the time of
fertilisation also constitutes additional san-
itary risks, as contaminated sperm cells
appear to be able to introduce pathogens
into the IVP system [124]. Additionally dur-
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ing culture, IVP embryos are most often
exposed to undefined biological materials
(e.g. serum, BSA, hormones, heparin and
somatic cells) that may be contaminated
with pathogens. The recommended standard
washing procedures [67] will remove most
known viruses and bacteria from bovine in
vivo produced embryos with intact zona pel-
lucida, while this is not the case for IVP
embryos [52]. The risks of infecting the IVP
embryos with bovine herpesvirus-1 (BHV-1)
and bovine viral diarrhoea virus (BVDV)
have had special attention. First, these
viruses will not be eliminated from con-
taminated embryos by the usual washing
procedure, even with the use of trypsin [13,
14, 17, 52, 162]. Second, BVDYV and/or
BHV-1 can be isolated from ovarian tissue
and oviductal cells of infected animals [12,
18] and with subsequent frequent contami-
nation of the IVP systems as a result [6, 85].
And third, contamination with BVD and/or
BHYV-1 seems not to reduce the embryo blas-
tocyst rates (e.g. [19, 162]). At present, no
definite guidelines are available for the
proper washing procedure of in vitro
embryos.

3.4. Pregnancies and calves (table IV)

It is generally accepted that the viability
of IVP embryos is reduced compared to their
in vivo counterparts, and this difference is
even more obvious following cryopreser-
vation (see earlier). Pregnancy rates fol-
lowing transfer of IVP embryos compared to
in vivo derived embryos are around 40-50 %
versus 50-70 % [37, 40, 48, 54, 92, 111,
155, 156]; however, pregnancy rates over
50 % have been achieved in commercial
settings following transfer of fresh day 7 TVP
embryos of good to excellent quality [54].
Pregnancy results following transfer of cryo-
preserved IVP embryos are often very low,
ranging from 10-40 % [40, 54, 58, 79, 111].

Pregnancy loss following transfer of IVP
embryos is not only higher in early gesta-
tion prior to day 23, but abortion rates after

2 months of gestation is also higher (7-24 %)
[54, 78, 110, 111, 135, 142] compared to
pregnancies with in vivo derived embryos
(around 5 %) [24, 25, 77]. These late abor-
tions combined with reports of increased
incidence of miscarriages, disturbed foetal
development, higher birth weights, dysto-
cia, weak calves and/or perinatal death [9,
37,78,93, 117, 119, 147] are the most dis-
turbing features of the IVP technique at pre-
sent. The overall incidence of congenital
defects has been reported to be more than
twice as high in IVP calves than in embryo
transfer/artificial insemination (ET/AI)
calves (3.2-5.2 % versus 0.6-2.2 %) [78,
147]. More specifically, hydroallantois has
been observed in 0.5-1.8 % of the TVP preg-
nancies [54, 147], for which the normal rate
is about 1 in 7 500 [122]. IVP calves have
been reported to weigh around 10 % more
than normal Al calves [147]. Kruip and den
Daas [78] reported that the percentage of
calves weighing more than 50 and 60 kg,
respectively, were < 10 % versus > 32 %
and < 4 % versus 2 6 % for in vivo com-
pared to IVP calves. In the two latter studies,
the incidence of perinatal death was also
significantly higher for IVP calves (9—14 %)
compared to in vivo calves (6 %).

The effects of in vitro culture on gestation
and offspring was first reported in sheep
[148] (for a review, see [149]). In this species,
the problems regarding the oversized off-
spring are associated with the presence of
human serum [133] as well as sheep [B.
Brown, pers. comm.] and bovine serum
[120] and somatic cells [120] in the culture
medium. This is not evident in cattle [72,
135]. Manipulation of the oocyte as in IVM-
IVF has also been reported to cause
increased birth weight in sheep [59], and
the syndrome itself is a well-known problem
in nuclear transfer calves (e.g. [45, 151]).
Evidence from nuclear transfer calves sug-
gests abnormal in utero energy regulation
as a causing factor, as thyroxine, tri-iodothy-
ronine and insulin concentrations were
altered in these calves compared to control
calves [45].
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Preliminary data from an ongoing phys-
iology study on the metabolism in foetal
and premature newborn calves derived from
IVP embryos suggest lower plasma corti-
sol concentrations in IVP calves than in Al
controls, which may contribute to the prob-
lems regarding prolonged gestation, higher
birth weight and lower viability [71]. An
ongoing investigation conducted by the pre-
sent authors in collaboration with the latter
research group monitors similar physiolog-
ical parameters in newborn mature calves
derived from IVP embryos cultured either in
the presence of serum and oviduct cells or in
defined conditions. None of the calves born
so far (five after serum co-culture and six
after defined culture) have differed from
control Al calves with respect to viability,
behaviour and physical appearance [72,
118]. However, the incidence of observed
abnormalities in IVP calves varies greatly
between laboratories [78], which is likely
to be a reflection of different in vitro cul-
ture conditions.

4. CONCLUSION

The fact that in vitro production of
embryos works at the level described is
remarkable. The fundamental differences
under which the ovum passes through the
events of maturation, fertilisation and early
embryonic development in vitro as com-
pared to the natural in vivo situation is an
example of the enormous tolerance and
adaptation power of the reproductive pro-
cess. It also reflects our present ability to
culture cells in vitro until the pre-elonga-
tion embryo stages, which is the period in
which in vivo embryos are also cultured
within the genital tract.

Within the last few years, in vitro embryo
production has become very successful and
much new information in both the basic
understanding and the consequences has
been obtained. Similar progress is neces-
sary in the future in order to reduce the dif-
ferences between in vitro and in vivo derived

embryos. The consequences on pre- and
post-natal development of the calves must be
examined in particular to avoid restrictions
in the future use of the in vitro techniques
due to bioethical considerations.
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