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Abstract — The quality of in vitro-produced bovine embryos remains variable. The selection of
these embryos based only on their morphology does not allow for acceptable gestational rates to be
obtained. The use of metabolic markers to select viable embryos before transfer would be of valuable
help, both economically and as a research tool. The ideal marker should meet several conditions: it
should be able to be evaluated 1) in a totally non-invasive manner, 2) on individual embryos (which
necessitates very sensitive techniques), 3) very rapidly (so that it is compatible with the immediate
transfer of fresh embryos), and 4) in order to allow viable embryos to be separated from those that are
not viable, whatever the production system used. In practice, such a marker does not exist, but cer-
tain methods of metabolic evaluation resemble it. The development of a metabolic marker is confronted
by the metabolic characteristics of the embryo, notably the evolution of the metabolism during the
development of the embryo and its adaptation to the changes in the environment. © Inra/Elsevier, Paris
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Résumé — Peut-on sélectionner les embryons bovins avant transfert sur la base de leur méta-
bolisme ? La qualité des embryons bovins produits in vitro reste variable. La sélection de ces
embryons basée uniquement sur leur morphologie ne permet pas d’atteindre des taux de gestation
acceptables. L’utilisation de marqueurs métaboliques pour sélectionner les embryons viables avant
transfert apporterait une aide précieuse, tant au niveau économique que comme outil de recherche. Le
marqueur idéal doit cependant remplir plusieurs conditions : il doit pouvoir étre évalué (1) de maniére
totalement non invasive ; (2) sur des embryons individuels (ce qui nécessite des techniques trés sen-
sibles) ; (3) de maniére rapide (pour étre compatible avec le transfert frais des embryons) ; (4) il
doit permettre de séparer les embryons viables et non viables quel que soit le systeéme de production
utilisé. En pratique, ce marqueur n’existe pas, mais certaines techniques d’évaluation du métabolisme
s’en rapprochent. La mise au point d’un marqueur métabolique se heurte cependant aux caractéris-
tiques métaboliques de I’embryon, notamment I’évolution du métabolisme au cours du développe-
ment embryonnaire et son adaptation aux modifications de I’environnement. © Inra/Elsevier, Paris
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1. INTRODUCTION

Although pregnancy rates after transfer of
bovine embryos produced by MOET are
now reaching the physiological level, sur-
vival rates after transfer of in vitro-produced
embryos are still low despite considerable
improvement of embryo culture techniques.
Moreover, embryo/foetal losses during the
first trimester of pregnancy and anomalies in
new-borns are more frequent after transfer of
in vitro than in vivo embryos. Loss of via-
bility is also greatly increased after cryo-
preservation of in vitro-produced (IVP)
embryos.

Selection of IVP embryos based on mor-
phology as the sole criteria is often poorly
correlated with pregnancy rates after trans-
fer. There is thus a need to find markers of
embryo viability prior to transfer: 1) as a
tool to improve in vitro maturation, fertili-
sation and culture conditions without having
to transfer the embryos; 2) to increase preg-
nancy rates and thus decrease the number
of recipient heifers in transfer programmes;
3) to increase the commercial value of the
selected IVP embryos by decreasing the
variability in their quality.

Nutrient uptake has previously been cor-
related with the developmental capacity after
transfer at the blastocyst stage in cattle, mice
and humans [2, 6, 28, 37]. In retrospective
analysis, in vitro glucose uptake by day 10
in vivo-produced bovine blastocysts [28]
and day 4 mouse blastocysts [6] was posi-
tively correlated with viability after trans-
fer to recipient females. In a follow-up study
in mice, Lane and Gardner [17] used both
glucose uptake and lactate production (to
estimate glycolytic activity — figure 1) to
select individual day 4 blastocysts for trans-
fer and reported a four-fold increase in preg-
nancy rate on this basis.

Several points, however, have to be taken
into account before selecting metabolic
markers of embryo viability. Some of them
will be addressed in this review:

1) the techniques available for measur-
ing embryo metabolism non-invasively;

2) the evolution of metabolism with
embryo development;

3) the adaptation of embryo metabolism
to its artificial environment;

4) the multiplicity of the roles of
metabolic substrates.

2. NON-INVASIVE TECHNIQUES
FOR INVESTIGATING EMBRYO
METABOLISM

The ideal marker of embryo viability
should fulfil the following conditions:

1) there should be no alteration of embryo
environment (completely non-invasive);

2) be sensitive enough to allow the eval-
uation of single embryos;

3) easily and rapidly evaluated (allow-
ing for transfer of fresh embryos);

4) highly predictable in all culture con-
ditions (clear cut-off between viable and
non-viable embryos).

However, although some techniques for
measuring embryo metabolism fulfil some
of these conditions, such a marker has not
yet been reported.

2.1. Measurement of uptake/release
of glucose, lactate, pyruvate

Embryos are incubated singly or in small
groups in 1- to 4-pL droplets of culture
medium for a few hours. Afterwards,
embryos are removed and the substrate con-
centrations in the drops after embryo incu-
bation are compared with control drops. The
uptake/release by the embryos is then cal-
culated [8, 20] (figure 2).

The assays for measuring substrate con-
centrations are based on the generation or
consumption of the reduced pyridine
nucleotides NADH and NADPH in coupled
enzymatic reactions. These nucleotides flu-
oresce when excited with light at 340 nm,
whereas the oxidised forms, NAD* and
NADP?* do not.



Embryo metabolism and selection of bovine embryos 525

Glucose
Glucose 6-P

2}

2 i

>

= |

=]

&) |

)
]

2 Phosphoglycerate

l\t 2H,0

2 L-lactate «@—2 Pyruvate

2 Acetyl CoA

1
| = | PENTOSE-PHOPHATE PATHWAY

Citrate

KREBS CYCLE

Succinyl CoA

CO,
Purine nucleotides + NADPH

cis-Aconitate

b Isocitrate

CO, + NADH

< o-keto-glutarate

glutamine
CO, + NADH

FADH, \‘

H)0 -—

OXIDATIVE PHOSPHORYLATION I

D)

0,
Fig. 1 Pathways of energy metabolism

Figure 1. Pathways of energy metabolism.

Fluorescence is measured directly in
small droplets (10-30 nL) of reactives using
a photometer and photomultiplier attached to
a fluorescence inverted microscope. Sam-
ples (1-3 nL) of spent and control culture
medium are taken using previously cali-
brated home-made capillary pipettes [8].
This miniaturised system allows for the anal-
ysis of single embryo metabolism. To eval-
uate the metabolism of single bovine blas-

tocysts, an incubation period of 12 h in 1-L
drops or of 24 h in 2-pL drops is required.

This evaluation is non-invasive; the
embryos are cultured in the same medium
and gas conditions as for normal culture.
The only changes in their environment are 1)
the use of fresh medium, and 2) the reduced
number of embryos cultured together. This
technique has been proven not to interfere
with human embryo viability [2]. The main
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Figure 2. Non-invasive measurement of glucose and pyruvate uptake and lactate release by single

embryos.

disadvantages are 1) the delay between the
incubation and the evaluation of nutriment
uptake/release, which necessitates the freez-
ing of the embryos, and 2) the lack of eval-
uation of substrate utilisation and metabolic
pathways.

Using this technique, Conaghan et al. [2]
have observed that pyruvate uptake is lower

in embryos from women who became preg-
nant, compared with those who did not.
High uptake could be due to uncoupling of
mitochondria, making the inner mitochon-
drial membrane permeable to protons.

The spent culture drops can also be used
to evaluate amino acid uptake/release by
reverse-phase HPLC {3, 16, 26].
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2.2. Measurement of oxygen uptake

Several techniques can be used for mea-
suring oxygen uptake, including micro-
electrodes [24, 25] and microspectropho-
tometry. We describe a simple technique
developed in H. Leese’s laboratory which
involves pyrene, an oil-soluble fluorescent
compound, the fluorescence of which is
quenched in proportion to the oxygen con-
centration [13].

Small groups (2-5) of embryos are incu-
bated in a 1- to 2-uL volume of Hepes-
buffered culture medium in a 5-uL. PCR
micropipette in contact with 1 puL of paraf-
fin oil containing pyrene — figure 3). The
pipette is sealed at both ends and the fluo-
rescence is measured in the oil-phase every
20-30 min for 2—4 h. The increase in fluo-
rescence is proportional to the oxygen
uptake of the embryos.

This technique has been shown not to
interfere with bovine blastocyst expansion
and hatching [3] and could be adapted for
the evaluation of single embryos (J.G.
Thompson, pers. comm.). Measuring oxy-
gen uptake allows to obtain a direct evalua-
tion of oxidative metabolism from both
endogeneous and exogeneous substrates.
Another advantage is that the results can be
calculated directly and there is thus no need
to freeze the embryos. Oxygen uptake, how-
ever, might not wholly reflect oxidative
phosphorylation, for example when uncou-
pling of mitochondrial membranes occurs.

This technique was successfully com-
bined with the evaluation of glucose, pyru-
vate, lactate and amino acid uptake/release
on the same embryos and during the same
incubation period [3].

2.3. Evaluation of metabolic pathways
using radiolabelled substrates

This technique described by O’Fallon
and Wright [23] was adapted by D. Rieger to
the study of single bovine embryos [29, 30].
It allows for the evaluation of metabolic

pathways of several substrates such as glu-
cose, glutamine and pyruvate. Embryos are
incubated in the presence of one or two
labelled substrates in a drop of culture
medium hanging on the cap of a conical
tube containing bicarbonate. Radioactive
CO, and H,0 produced during the meta-
bolism of the labelled substrates are trapped
in the bicarbonate solution. After a 3-h incu-
bation period, the embryo is recovered and
the radioactivity is evaluated in the bicar-
bonate solution after addition of NaOH (to
convert the dissolved CO, and bicarbonate
into carbonate) (figure 4).

The main advantage of this technique is
that it allows the evaluation of the metabolic
pathways of chosen substrates. This tech-
nique, however, uses radioactive substrates
which could impair further embryonic devel-
opment. Moreover, it does not allow for the
evaluation of the use of endogenous stores
such as glycogen, protein and lipids.

Other markers of embryo metabolism on
living embryos could include the evalua-
tion of mitochondrial activity using specific
probes. The techniques described so far,
however, cannot be considered as non-inva-
sive as they involve the addition of the probe
to the culture medium and UV irradiation
of the embryos.

3. EVOLUTION OF METABOLISM
WITH EMBRYO DEVELOPMENT

In all mammalian species, preimplanta-
tion development can be divided into two
phases on the basis of metabolic activity:
1) the period controlled by the mRNAs and
proteins accumulated in the oocyte and char-
acterised by a low metabolic activity; and
2) the period following activation of the
embryonic genome which shows a dramatic
increase in metabolism coinciding with blas-
tocoele cavity formation and expansion [18].
This change in metabolic activity is also
associated with the passage of the embryo
from the oviduct to the uterus. During the
first period, mammalian embryos have a
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Figure 3. Non-invasive measurement of oxygen uptake by the embryos.

limited capacity to utilise glucose. Pyruvate,
lactate and amino acids are the preferred
energy substrates [15].

The second period, however, is charac-
terised by an increased use of glucose (by
glycolysis) and glutamine. Such a pattern
is often observed in rapidly dividing cells
where glucose and glutamine are the sources
of metabolic intermediates for biosynthetic
pathways. For example, glycolysis produces
glucose 6-phosphate for the formation of
riboses required for DNA and RNA syn-

thesis and glycerol 3-phosphate for phos-
pholipid synthesis. Glutaminolysis provides
carbon and nitrogen atoms for the biosyn-
thesis of purines, pyrimidines, GTP and
NAD* [18].

Physiological changes in embryo
metabolism might thus be associated with
an increase in energy demand and/or in
biosynthesis but also with modifications in
embryo environment, for example in oxygen
availability in the uterus before implanta-
tion where ATP formation via glycolysis
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may be the natural metabolic pathway [19].
It is likely that the utilisation of glucose by
the early embryo is under the control of spe-
cific glycolytic regulators [5]. Inhibitors of
glycolysis, such as citrate and EDTA, have
a favourable effect on the first stages of
embryo development in culture by limiting
conversion of glucose to lactate. But they
may have adverse effects at the blastocyst
stage, namely by reducing the development
of the ICM which has been shown to be
dependent on glycolysis [12]. Indeed, we

also have to keep in mind that the two cell
lineages present in the blastocyst show dif-
ferent patterns of energy metabolism as
described in the mouse {12].

To assess embryo viability, it is important
to evaluate embryo metabolism after the
onset of embryonic genome activation: when
measurements are performed prior to embry-
onic genome activation, the observed dif-
ferences might reflect differences inherited
from the oocyte that do not represent the
true embryo physiology. In contrast, the
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analysis of nutrient uptake/metabolism at
the blastocyst stage will reflect blastocyst
function [5].

4. ADAPTATION OF EMBRYO
METABOLISM

Embryos can adapt their metabolism to
their environment. This does not necessarily
mean that those metabolic changes are
related to a decrease in embryo viability.

4.1, Comparison between in vitro
and in vivo embryos

Few studies have directly compared the
metabolism of in vivo-derived and in vitro-
produced embryos. An increase in glycoly-
sis (lactate production) was observed in cul-
ture in the mouse [7]. Bovine and ovine
embryos produced in vitro convert more
glucose to lactate and less to CO, [14, 34].
This might be related to an increased inci-
dence of mitochondrial degeneration as
observed by Dorland et al. [4] in embryos
cultured in the presence of serum, which
may alter the oxidative metabolism of such
embryos.

In J. Thompson’s studies, the rate of ATP
production calculated on a per embryo basis
seems similar for both in vivo- and in vitro-
derived bovine blastocysts [33, 35, 36].
Overall, glucose and pyruvate uptake and
utilisation as well as oxygen uptake were
comparable between in vivo- and in vitro-
derived embryos, but differed at the cellular
level, with increased cellular metabolism
for in vitro embryos [34]. Increased oxida-
tive metabolism could in turn induce higher
production of reactive oxygen species lead-
ing to oxidative stress [21].

Amino acid uptake, however, is higher
for in vivo- than for in vitro-produced
embryos [26]. This reduced uptake by in
vitro-derived blastocysts may represent dif-
ferences in transport or utilisation of the
amino acids.

4.2. Modifications induced
by cryopreservation

Few data are available on the modifica-
tion in embryo metabolism induced by cryo-
preservation. Several kinds of damage are
associated with metabolic changes: 1) the
death of a proportion of the cells, which
decreases the total metabolism on a per
embryo basis; 2) the modification in the cell
ultrastructure induced by the formation of
ice crystals; 3) the modifications induced
by the toxicity of the cryoprotectants.

A general decrease in both nutrient
uptake and utilisation is observed after blas-
tocyst freezing. Both glucose uptake, and
to a lesser extent lactate release, could be
used to identify, within the first 5 h after
thawing, which blastocyst will continue to
develop in vitro and which will fail [9].
There is an increase in oxygen consump-
tion which may be due to damage to the
inner membranes of the mitochondria,
resulting in partial uncoupling of oxidative
phosphorylation. Embryos are able to com-
pensate by increasing glycolytic activity
[31].

5. MULTIPLICITY OF THE
ROLES FOR METABOLIC
SUBSTRATES

Some known energy substrates can play
several roles that might explain why they
are so important in some culture conditions.
As a consequence, it may be difficult to use
their uptake as a universal marker of via-
bility.

5.1. The example of pyruvate

Pyruvate has been shown to be neces-
sary for bovine embryo development in cul-
ture. It is taken up by bovine embryos
throughout the culture period with a sharp
increase at the blastocyst stage [35]. Pyru-
vate can obviously be used as an energy
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substrate in the Krebs cycle as indicated by
the formation of *CO, from [2-!“C]pyru-
vate [30]. But other metabolic characteristics
of pyruvate in culture could explain its
essential role in vitro.

1) Pyruvate might recycle ammonium
ions produced by the non-enzymatic degra-
dation of amino acids and proteins present in
the culture medium and by the metabolism
of the embryo. In the presence of pyruvate,
alanine is released in the embryo culture
medium which might indicate that alanine is
derived by transamination of pyruvate (R.
Partridge and H.J. Leese, unpublished
results, figure 5).

2) Pyruvate is also a powerful antioxi-
dant, and has been shown to protect bovine

embryos from damage induced by hydro-
gen peroxides which can be formed during
embryo culture [22]. The reaction with
hydrogen peroxide produces acetate which
can in turn be used as an energy substrate
in the bovine [11].

3) Pyruvate may be converted to lactate
[1] as a means of controlling intracellular
pH [10].

5.2. The example of amino acids

Although glutamine does not support the
development of bovine one-cell embryos as
the sole substrate in protein-free conditions
[27], non-essential amino acids stimulate
bovine embryo development during the first

@
i alpha- +
Alanine ketoglutarate NADH+H™+NH3
T . Glutamic
ransaminase dehydrogenase
Pyruvic Acid glutamic acid NAD+ + Hy0
(b)

mean alanine release per embryo (pmol/h)
&

SOFaaPVA with
pyruvate

SOFaaPVA without
pyruvate

SOFPVA

Figure 5. a) Alanine formation from pyruvate and ammonium; b) mean alanine appearance in the
medium following culture of bovine blastocysts in the presence and absence of pyruvate and amino

acids.
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72 h of culture. Afterwards, the highest rates
of blastocyst development with the largest
number of ICM cells occurred after culture
for a further 72 h in the presence of all
20 amino acids [32]. Several amino acids
can enter the Krebs cycle after transforma-
tion and be used as energy substrates.
Another explanation for their beneficial
effect on embryo development may be their
ability to regulate the activities of specific
energy generating pathways of the embryo,
or to act as osmolytes to maintain cell vol-
ume, as buffers of pHi or as antioxidants
[5]. The ability of amino acids to minimise
culture-induced stress may explain why the
presence of amino acids decreases the rate of
embryo fragmentation.

6. CONCLUSIONS

Embryos can obviously adapt their
metabolism to their environment (concen-
tration of energy substrates, oxygen ten-
sion). The challenge is to detect when
metabolic changes are related to the alter-
ation of embryo development. Another prob-
lem is the difficulty in finding predictive
factors with a clear cut-off. For example,
pyruvate uptake was higher for human
embryos that failed to implant than for those
which succeeded, but the overlap between
the two populations of embryos prevented
the selection of embryos for transfer on the
basis of pyruvate uptake alone [2, 37].

Thus, there is a need to correlate data on
embryo metabolism with other markers of
cell dysfunction, such as the alteration in
mitochondrial integrity, altered kinetics of
development, elevated rates of apoptosis
and impaired junctional complexes between
TE cell. The correlations observed in one
culture system will not, however, necessar-
ily exist in another.

In conclusion, given the complexity of
embryo metabolism and its adaptability to
environmental changes, it is unreasonable
to suggest that the measurement of a singu-

lar ‘key’ cellular parameter may be unequiv-
ocally adequate to predict the survival of an
IVP embryo whatever its culture conditions.
A better strategy would be to develop sev-
eral non-invasive assays, each measuring a
specific cellular activity/process within an
individual embryo and, if possible, simul-
taneously [24].
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