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The occurrence of cell death by apoptosis was examined in blastocyst and pre\x=req-\
blastocyst stage bovine embryos. Zygotes were obtained by in vitro maturation and in
vitro fertilization of oocytes from abattoir derived ovaries. Two-cell to hatched
blastocyst stage embryos were stained with propidium iodide to label all nuclei and by
terminal deoxynucleotidyl transferase (TdT)-mediated d-UTP nick end-labelling
(TUNEL) to label apoptotic nuclei, and were analysed by epifluorescent and confocal
microscopy. Apoptosis was first observed at the 9\p=n-\16-cell stage of development,
decreasing at the morula stage before increasing at the blastocyst stage. Apoptotic dead
cell index in day 7 blastocysts was negatively correlated with the total number of cells;
the percentage of dead cells ranged from approximately 1 to 10% and occurred
predominantly within the inner cell mass. In addition, apoptotic dead cell index was

significantly higher (P < 0.05) in blastocysts cultured (from the two-cell stage) in the
presence of 10% fetal bovine serum compared with those developed in serum-free
medium. Embryos selected for early cleavage at < 29 h after fertilization and cultured
together until the blastocyst stage showed a significantly lower rate of apoptosis (P < 0.01)
compared with slower cleaving embryos.

Introduction
The presence of dead cells in the preimplantation mam¬

malian embryo was first described by Potts and Wilson
(1967). Since then it has become increasingly apparent that
these cells die by apoptosis (Kerr et ah, 1972), a form of
programmed cell death. This process ensures the regulation
of cell populations and cell lineages in all major mam¬

malian systems and has many specialized functions during
development.

Light microscope and ultrastructural studies of blastocysts
from many species, including mice, cows, baboons, rhesus
monkeys and humans, have described dead and dying cells
within the embryo (El-Shershaby and Hinchliffe, 1974; Copp,
1978; Hurst et ah, 1978; Enders and Schlafke, 1981; Enders
et ah, 1982; Lopata et ah, 1982; Mohr and Trounson, 1982;
Enders et ah, 1990; Hardy et ah, 1996). Differential labelling
of trophectoderm and inner cell mass (ICM) cells with
polynucleotide specific fluorochromes has been used in
mouse, human, rat, rabbit and pig embryos to describe the
spatial occurrence of apoptotic cell death (Handyside and
Hunter, 1986; Papaioannou and Ebert, 1988; Hardy et ah,
1989; Pampfer et ah, 1990a,b; Giles and Foote, 1995; Hardy
and Handyside, 1996; Lea et ah, 1996; Brison and Schultz,
1997). Further assessment of embryo apoptotic cell death
has been carried out using the terminal deoxynucleotidyl

transferase (TdT)-mediated d-UTP nick end-labelling
technique (TUNEL). This method facilitates the analysis
of nuclear DNA fragmentation in situ. Moreover, cells
undergoing the early stages of apoptosis are preferentially
labelled by the TUNEL reaction (Gavrieli et ah, 1992). This
technique has proved useful in the quantitative measurement
of cell death in mouse and human embryos in which only a

few cells are present and therefore small amounts of
apoptotic DNA (Jurisicova et ah, 1996; Pampfer et ah, 1997;
Brison and Schultz, 1997,1998).

In most species apoptosis is largely confined to the ICM
lineage; for example, in mouse day 4 and day 5 blastocysts
freshly flushed from the reproductive tract, the percentage of
dead cells in the ICM is of the order of 10%, whereas in the
trophectoderm is < 3% (Hardy and Handyside, 1996).
Apoptosis in the ICM may regulate this cell population, since
the number of ICM cells reaches a plateau in later stage
blastocysts without a decrease in mitotic cell division
(Handyside and Hunter, 1986). Furthermore, redundant ICM
cells that retain trophectoderm potential after blastocyst
expansion may be removed by apoptosis (Handyside and
Hunter, 1986; Pierce et ah, 1989). Thus, it is likely that
blastocyst stage apoptosis acts to eliminate cells that are

damaged, are in excess, are no longer required or are

developmentally incompetent. Cellular 'quality control'
within the ICM is critical since this lineage forms the fetus
and contains the germline.

A distinction can be made between apoptosis in mor-Received 13 October 1998.
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phologically normal in vitro produced (IVP) embryos and
abnormal fragmenting (that is, dying) embryos. Apoptosis
has not been observed before the blastocyst stage in mouse

embryos that are developing normally, although the
apoptotic machinery is probably present throughout
preimplantation development. When extracellular signals
are blocked using the protein kinase inhibitor staurosporine,
cells from mouse blastocysts and four-cell stage embryos all
undergo apoptosis showing characteristic physiological and
biochemical features (Weil et ah, 1996). Apoptosis may play a
role in eliminating abnormal or defective embryos as early as
the first cell cycle in mice (Jurisicova et ah, 1998; Warner et ah,
1998) and the second cell cycle in humans (Jurisicova et ah,
1996). This first wave of apoptosis may be related to
activation of the embryonic genome, the major event of
which occurs at the two-cell stage in mice and the four-cell
stage in humans. Sible et ah (1997) obtained evidence in
Xenopus for the presence of a maternally regulated de¬
velopmental checkpoint at the stage of embryonic genome
activation, which can trigger apoptosis.

There are no reports of apoptosis in the bovine pre¬
implantation embryo. This species is of particular interest
since the embryonic genome is activated relatively late in
development at the 9-16-cell stage (Frei et ah, 1989). The
effect of apoptosis on allocation of cells to the trophectoderm
or ICM lineages may also be important since an aberrant
trophectoderm:ICM cell ratio may be a contributory factor in
the aetiology of the enlarged offspring syndrome in domestic
animals (Thompson et ah, 1995). One factor that is thought to

predispose to fetal oversize after transfer of IVP embryos,
is the presence of serum in the culture medium. Little is
known of the effect on in vitro derived bovine embryos of
environmental factors, such as embryo culture technique and
the addition of serum to medium, which may play a role in
regulating cell death.

The aims of the present study were: (i) to describe the
timing and distribution of apoptosis in in vitro derived
bovine embryos; (ii) to assess the effect of culturing zygotes
to the blastocyst stage in the presence of serum and (iii) to
investigate whether the selection and culturing together of
embryos that have cleaved < 29 h after fertilization affects
the onset and incidence of apoptosis compared with slower
cleaving embryos.

A preliminary account of this work has been presented
(Byrne et ah, 1998).

Materials and Methods

Production ofembryos in vitro
Bovine ovaries were collected from an abattoir and

transported to the laboratory in PBS at approximately
24-26°C. The maximum time from slaughter to oocyte
collection was 8 h. Cumulus-oocyte complexes (COC) were
recovered by initial ovarian dissection, followed by slashing
of 1-5 mm follicles using a sterile scalpel and the subsequent
release of oocytes. The COC were collected into Hepes-
buffered TCM-199 medium supplemented with 10 pg
heparin ml""1 (Sigma, Poole) and 0.4% (w/v) BSA (Sigma).

The morphology of COC was assessed and only those with
a compact non-atretic cumulus oophorus and evenly
graduated cytoplasm were selected for maturation. All
oocytes were washed twice in Hepes-buffered TCM-199
supplemented with 0.4% BSA, washed once in maturation
medium, placed in 500 pi wells of the same medium and
incubated for 24 h at 39°C under humidified 5% C02 in air.
The medium used for maturation was TCM-199 supple¬
mented with 10% fetal bovine serum (FBS) and 10 ng
epidermal growth factor (EGF) ml-1 (Sigma).

Fertilized oocytes were prepared according to the method
of Thompson et ah (1992). Spermatozoa were prepared from
frozen-thawed semen samples from a single bull of proven
fertility. Semen was thawed in a waterbath at 37°C, layered
on a discontinuous Percoli (Pharmacia Biotech, St Albans)
gradient (45:90) and centrifuged at 2100 g for 25 min. The
motile sperm pellet was washed in Hepes-buffered modified
Ca2+-free Tyrode-albumin-sodium lactate-sodium pyruvate
(TALP) medium (Lu et ah, 1987) and resuspended in
bicarbonate-buffered fertilization TALP medium with
10 pg heparin ml"1, 600 pg penicillamine mL1 and 220 pg
hypotaurine ml"1. The sperm concentration was adjusted to
give a final concentration of 1-2  IO6 ml-1 when added to the
fertilization wells. A 100 pi aliquot of the sperm suspension
was added to each 400 pi well of fertilization TALP medium
containing 50-70 COC which had been washed twice in
Hepes-TALP medium and once in fertilization medium after
maturation. Spermatozoa and COC were incubated together
for 18-22 h under the same conditions as described for
oocyte maturation.

After insemination, the remaining cumulus cells were
removed by vortexing for 2 min. The putative zygotes were
washed three times in Hepes-buffered synthetic oviduct
fluid (SOF) and placed in groups of 15-20 in 20 pi SOF supple¬
mented with essential and non-essential amino acids (Gibco
Life Technologies, Paisley), 1 mmol glutamine l"1 and 0.8%
fatty-acid free BSA (SoFaaBSA; Gardner et ah, 1994) under
mineral oil in a humidified atmosphere of 5% 02,5% C02and
90%N2at39°C.

The cultures were terminated at day 7 for all experiments
on blastocysts. Only embryos with a well defined blastocoele
were selected for labelling to eliminate sampling bias.
Blastocyst rates were consistently 25-30% of total zygotes
placed in culture.

Selection ofembryo stages
Embryo stages from the two-cell to the hatched blastocyst

stage were selected at the following times after fertilization
(Van Soom et ah, 1997): two-cell, 31 h; four-cell, 38 h; five-
to eight-cell, 49 h; 9-16-cell, 100 h; morula, 128 h; early
blastocyst, day 6; expanded blastocyst, day 7; hatched
blastocyst, day 8.

Comparison ofearly and later cleaving embryos
Zygotes that had completed the first cleavage division at

29 h after fertilization were moved to separate drops (15-20
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in 20 pi). They were allowed to develop until day 7. Total cell
counts and apoptotic cell counts were made and compared
with the remaining embryos that had not completed the first
cleavage division at 29 h after fertilization.

Addition offetal bovine serum to culture medium
When required, 10% warmed FBS was added to the

embryo culture medium at approximately 45 h after
fertilization. Three separate batches of FBS were used for the
serum comparison study: batch 1, heat-inactivated FBS (JRH
Biosciences, Lenexa, KS); batch 2, heat-inactivated FBS
(Sigma); batch 3, FBS (Sera-Lab Ltd, Loughborough).

TUNEL

Day 7 embryos with intact zonae pellucidae were fixed
and permeabilized as described for mouse embryos (Brison
and Schultz, 1996) but with an increase in the duration of
permeabilization in Triton-XlOO to 180 min. The embryos
were washed twice in PBS-polyvinyl pyrrolidone (PBS-
PVP), pH 7.4, and incubated in fluorescein-conjugated dUTP
and TdT (TUNEL reagents; Boehringer Mannheim, Lewes)
for 1 h at 37°C in the dark. Positive controls were incubated
in DNAse 1 (1000 U ml"1; Sigma), which cleaves all DNA, for
20 min at 37°C, and washed twice before TUNEL. Negative
controls were incubated in fluorescein-dUTP in the absence
of TdT. After TUNEL, embryos were washed three times
and counterstained with propidium iodide (50 pg ml-1)
after RNAse treatment (50 pg RNAse for 60 min at room

temperature) to label all nuclei.

Fluorescence microscopy
Labelled nuclei were examined with  40 or  65 immersion

planeofluor objectives using a Zeiss Axioplan microscope
fitted with epifluorescent illumination. Three standard filter
sets were used: (i) for detection of fluorescein isothiocyanate
(FITC) alone (emission wavelength: 525 nm); (ii) for
detection of propidium iodide alone (emission wavelength:
560 nm); and (iii) a dual filter set for detection of both
fluorochromes.

Blastocysts were analysed using a Biorad MRC 600 laser-
scanning confocal microscope according to the method of
Brison and Schultz (1998) to confirm the distribution of
TUNEL positive nuclei between the ICM and trophectoderm
cell lineages.

Cell counts
Total number of cells and number of apoptotic dead cells

were counted and dead cell indices were calculated by
dividing the number of dead cells by the total number of
cells, which included dead cells. Labelling and analysis were

carried out blind on individual experimental groups of
embryos.

Statistical analysis
All sets of experimental data were first tested for

normality using a K-S goodness of fit test. Differences in
blastocyst cell number and dead cell indices were compared
using either an unpaired Student's t test or a one-way
ANOVA with least significant difference test. Differences
among the percentage of embryos developing in culture
were compared by chi-squared analysis. The SPSS (6)
statistical package for Windows was used for all analyses. All
culture experiments were performed on between three and
five separate occasions.

Results

Onset ofapoptosis
All stages of development from the two-cell to the hatched

blastocyst stage were analysed by TUNEL for apoptotic cell
death and propidium iodide for total cell counts (Fig. 1).

Consistent with other species, there was no evidence of
apoptosis from the two- to the eight-cell stage. However,
apoptosis occurred in bovine embryos of normal
morphology at the 9-16-cell stage, in which 30% of all
embryos had at least one dead cell. The dead cell index in
this group was 4-6%. Although embryos with between 9 and
16 cells were grouped together as one stage, it should be
noted that apoptosis was greatest in nine-cell embryos.

A similar observation was made at the morula stage, in
which almost 50% of embryos showed apoptotic cell death.
Dead cell index decreased (2.0-2.5%), but increased upon
commencement of blastulation (4%) and stayed relatively
constant until hatching. Analysis of the percentage of
embryos with either 0,1 or a 2 apoptotic nuclei revealed that
the majority of blastocysts possessed at least one apoptotic
nucleus.

Extent and localization ofapoptotic cell death in the blastocyst
The total number of cells was compared with dead cell

index for day 7 blastocysts. The overall trend indicated that
the number of cells was negatively correlated with extent of
apoptosis (Fig. 2). Blastocysts of a small number of cells
(< 100 cells) had dead cell indices ranging from 0 to almost
10%, whereas the variability was lower in embryos of > 100
cells (0-6%).

The TUNEL reagents were capable of penetrating fixed
permeabilized embryos as all nuclei of embryos treated with
DNase I as a positive control showed uniform staining (data
not shown). However, in embryos not treated with DNase I,
a fragmented nuclear morphology characteristic of apoptosis
was observed (Fig. 3a,b). On some occasions, TUNEL-
negative cells of fragmented morphology were observed in
the propidium iodide channel. These cells were counted as

apoptotic. Furthermore, as described in rat and mouse

blastocysts, not all TUNEL-positive nuclei were in the
process of fragmentation (Brison and Schultz, 1997; Pampfer
et ah, 1997).

The majority of apoptotic nuclei were located in the ICM
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Fig. 1. Onset of apoptosis during development of bovine embryos, (a) Dead cell
indices from the two-cell to the hatched blastocyst stage. Data are expressed as

mean ± sem. (b) Percentage of embryos in (a) with ( ) 0, (0) 1 or (D) a 2
apoptotic nuclei. The experiment was performed at least three times using a

total of 45-50 embryos per stage.

region of the blastocyst as confirmed by confocal microscopy.
However, evidence of nuclear fragmentation was visible in
the trophectoderm and some apoptotic bodies had been
extruded into the blastocoele cavity (Fig. 3).

Effect of timing offirst cleavage division

Groups of blastocysts developing from zygotes that had
completed the first cleavage division at 29 h after fertilization
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Fig. 2. Relationship between total number of cells and apoptotic
dead cell index during development of bovine embryos. A total of
145 blastocysts produced over 6 months was analysed.

were compared with slower cleaving embryos to test for a

possible relationship between rate of development and the
subsequent extent of apoptosis (Table 1). Faster cleaving
zygotes had significantly more cells (P < 0.01), significantly
fewer apoptotic dead cells (P < 0.01) and better rates of
development at the blastocyst stage (P < 0.05). The number of
cells was normalized for the two groups and dead cell indices
were compared again. This ensured that the difference in dead
cell index observed was independent of the number of cells, as

early cleaving embryos had more cells and, by default, a lower
incidence of apoptosis (see above). A significant difference in
dead cell index was still observed (P < 0.01).

Effect ofculturing embryos in the presence or absence of
serum

Groups of day 7 blastocysts that had developed in the
absence of FBS had a significantly greater number of cells
(P < 0.01) than any of the groups cultured in the presence
of serum (Fig. 4a). Embryos grown without serum had a

smaller dead cell index (Fig. 4b). Variation among individual
serum batches was also observed; group 2 embryos
(JRH Biosciences) had the smallest number of cells and
the greatest dead cell index. There was no significant
difference among blastocyst rates (25-28%) for the four
conditions.

Discussion
The results of the present study show that, in common with
other mammalian species, cell proliferation in IVP bovine
embryos is associated with apoptotic cell death and that the
extent of apoptosis is affected by in vitro culture conditions.
It should be emphasised that these data refer to IVP

embryos. No measurements were made of apoptosis in in
vivo embryos and it is possible that the results do not reflect
the situation in vivo. Further work is required to clarify this
matter.

Apoptosis was first observed at the 9-16-cell stage, in
embryos of normal morphology. This was an unexpected
observation, since in mouse embryos apoptosis does not
occur in eight-cell embryos or morulae derived either in vivo
or in vitro (Handyside and Hunter, 1986; Brison and Schultz,
1997). Similarly, Jurisicova et ah (1996) reported that in
normal human embryos, from the two-cell to the un-

compacted morula stage, TUNEL analysis combined with
DAPI staining (to assess chromatin condensation and
nuclear shape) was negative with regard to necrosis and
apoptosis. However, Jurisicova et ah (1996) reported that
from the two-cell stage onwards, fragmenting human
embryos were dying by apoptosis. (The term fragmenting is
used here to describe dead or dying embryos. It does not
refer to the fragmentation of DNA as occurs in apoptosis but
to the morphology of the whole embryo.) This was also
reported in mouse embryo development, in which a wave of
fragmentation was associated with apoptosis at the one-cell
stage (Jurisicova et ah, 1998). In this case, apoptosis may be
related to activation of the embryonic genome. In mice and
humans, the major events take place at the two- and four-cell
stage, respectively. However, in mice, activation of the
embryonic genome is initiated late in the first cell cycle
(Schultz 1993), co-incident with the first observation of
apoptosis in this species. The function of this wave of
apoptosis may be to kill embryos that do not undergo
appropriate activation of the embryonic genome. However,
this does not explain the early expression of apoptosis in
cows, as the embryos were neither fragmenting nor
abnormal. The simultaneous activation of apoptotic cell
death and the embryonic genome at the 9-16-cell stage may,
when necessary, eliminate non-viable cells in the developing
embryo. This proposal is supported by the high variation in
the extent of apoptosis at this time. It would be of interest
to correlate apoptosis with transcription of early markers
of activation of the embryonic genome in individual
blastomeres.

A marked increase in the incidence of apoptosis was

apparent after the onset of blastulation. Most embryos
(90-100%) showed some cell death from the early to the
hatched blastocyst stage compared with earlier stages.
Apoptotic index was inversely related to the number of
blastocyst cells, indicating that after initial activation, cell
death decreased with blastocyst expansion. Most apoptosis
appeared to be present in the ICM. These observations
are similar to those in mouse and human blastocysts
(Hardy, 1997) and are consistent with apoptosis serving a

physiological histogenetic function (Handyside and Hunter,
1986). As murine blastocyst development progresses,
ICM cells lose their ability to regenerate trophectoderm
(Handyside, 1978). It is possible that in the late stage
ICM, apoptosis reaches a certain threshold to prevent the
formation of ectopie trophectoderm in the incipient germ
layers (Pierce et ah, 1989; Parchment, 1991, 1993). In the
present study, in IVP bovine blastocysts, apoptosis was

observed predominantly in the ICM and not in the
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Fig. 3. Detection of apoptotic and all nuclei in bovine embryos by TUNEL (fluroscein isothiocyanate-conjugated dUTP; green channel) and
propidium iodide (red channel), respectively, (a) Day 7 expanded blastocyst showing labelling in both channels, (b) Day 8 hatched blastocyst
showing apoptotic nuclei in the inner cell mass (ICM) and also extruded into the blastocoele. (c) Confocal section through day 7 blastocyst
confirming most of the apoptotic nuclei are in the ICM. (d,e) 18-cell embryo shown in the red (d) and green (e) channels showing apoptotic
nuclear morphology. Scale bars represent (a,d,e) 25 pm and (b,c) 15 pm.
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Table 1. Number of cells, dead cell index and blastocyst
rates for day 7 bovine embryos that completed the first
cleavage division at 29 h after fertilization (early cleaving)

compared with slower cleaving embryos (late cleaving)

Parameter Early cleaving* Late cleaving**

Number of cells (mean ± sem) 107.7 ± 5.3 85.65 ± 4.3a
Dead cell index (%) 3.0 ±0.3 14.9±0.4b
Normalized dead cell index (%) 3.5 ± 0.3 4.5 ± 0.4C
Blastocyst rates (%) 24.2 11.2d

*Measured on four occasions;  = 57, mean ± SEM.

"Measured on four occasions;  = 40, mean ± SEM.
ab=P < 0.01; dP < 0.05.

trophectoderm. IVP blastocysts from other species appear to
lack such regulation; apoptosis is distributed randomly in
both ICM and trophectoderm (humans: Hardy et ah, 1989;
mice: Jurisicova et ah, 1998). Cultured blastocysts lacking
the transforming growth factor  (TGF- ) gene also show
extensive apoptosis outside the ICM (Brison and Schultz,
1998). The mechanism for regulation of apoptosis in the
trophectoderm is currently unclear.

Apoptosis may also be related to 'embryo quality'.
Although it is not possible to measure the number of
blastocyst cells before embryo transfer, it is thought that
embryos with a large number of cells are more likely to

implant and give rise to live offspring (Van Soom et ah, 1997).
The results of the present study show that blastocysts
consisting of a small number of cells and hence possibly of
reduced developmental potential, have a high and variable
incidence of apoptosis. It has been suggested that when
programmed cell death reaches a certain threshold, it is
detrimental to further development (Jurisicova ef ah, 1996;
Hardy, 1997) thus eliminating potentially non-viable
offspring. Similarly, in humans and cows, the timing of the
first cleavage division is considered to be a useful non-

invasive method for the selection of good quality embryos
for transfer (Shoukir et ah, 1997; Van Soom et ah, 1997). For
example, in humans, significantly more clinical pregnancies
were obtained from embryos that had completed the first
cleavage division at 25 h after fertilization (Shoukir et ah,
1997). Comparison of the extent of apoptosis between early
and late cleaving bovine embryos also indicates that in
the late cleaving and thus less viable embryos, a non-

physiological incidence of cell death may result in decreased
developmental competence.

Addition of serum to the culture medium has an effect on

bovine and ovine embryo morphology (Gardner et ah, 1994),
ultrastructure (Dorland et ah, 1994; Thompson et ah, 1995),
metabolism (Thompson et ah, 1996) and post-implantation
development (Walker et ah, 1992). It has also been implicated
in the enlarged offspring syndrome (Thompson et ah, 1995).
Culture in the presence of serum affects the developmental
kinetics of embryos leading to premature blastulation
(Walker et ah, 1992a,b). Contrary to the findings of Van
Langendonckt et ah (1997), the results of the present study
show for the first time that the total number of cells is
decreased and the incidence of apoptosis is increased in the
presence of FBS. Furthermore, the extent to which this occurs

o-
-FBS +FBS1 +FBS2 +FBS3

Culture conditions

 3

 a y
ITS * 

-FBS +FBS1 +FBS2 +FBS3
Culture conditions

Fig. 4. Effect of addition of 10% fetal bovine serum (FBS) on (a) total
number of cells and (b) dead cell index during development of
bovine embryos. -FBS (n = 29), control; FBS 1 (n = 53), heat-
inactivated FBS (JRH Biosciences, Lenexa, KS); FBS 2 (fl = 22),
heat-inactivated FBS (Sigma); FBS 3 (fl = 41), FBS (Sera-Lab Ltd,
Loughborough). The experiment was performed over 13 individual
culture weeks and was repeated a minimum of three times for each
condition. *P < 0.05, **P < 0.01 compared with

-

FBS control.

varies with individual batches of serum, a fact that
emphasises the problems of using complex media. Heat
inactivation of FBS played no role in determining rates of
apoptosis. Further clarification of the effect of FBS on the
total number of cells is required. FBS contains a variety of
constituents, such as peptide growth factors, which can act as

survival factors in embryos (Brison and Schultz, 1997,1998),
but may also contain factors that can trigger apoptosis, such
as the cytokine, tumour necrosis factor (TNF).

It has been suggested that embryo culture in the
presence of serum affects the distribution of cells between
the trophectoderm and the ICM. An increase in the
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trophectodermdCM cell ratio may lead to an imbalance in
placental and fetal size and observed pathological postnatal
phenotype (Leese et ah, 1998). Alternatively, apoptosis may
act to maintain ICM fidelity by ridding the embryo of
aberrant cells, thus any alteration in the extent of cell death
could potentially affect the future development of the fetus.

This work was supported by the European Union and a

studentship from the University of York to A. T. Byrne. The authors
wish to thank E. Ferguson and C. Hall for their help with in vitro
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