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ABSTRACT

Insulin-like growth factor I (IGF-I) has been shown to in-
crease the proportion of embryos forming blastocysts and the
number of inner cell mass cells in human and other mammalian
preimplantation embryos. Here we examined whether the in-
creased cell number resulted from increased cell division or de-
creased cell death.

Normally fertilized, Day 2 human embryos of good mor-
phology were cultured to Day 6 in glucose-free Earle’s balanced
salt solution supplemented with 1 mM glutamine, with (n = 42)
and without (n = 45) 1.7 nM IGF-1. Apoptotic cells in Day 6
blastocysts were identified using terminal deoxynucleotidyl
dUTP terminal transferase (TUNEL) labeling to detect DNA frag-
mentation and 4’-6-diamidino-2-phenylindole (DAPI) counter-
stain to evaluate nuclear morphology. The number of nuclei and
extent of DNA and nuclear fragmentation was assessed using
laser scanning confocal microscopy.

IGF-I significantly increased the proportion of embryos de-
veloping to the blastocyst stage from 49% (control) to 74%
(+1GF-I) (P < 0.05). IGF-I also significantly decreased the mean
proportion of apoptotic nuclei from 16.3 * 2.9% (-IGF-I) to
8.7 £ 1.4% (+IGF-1) (P < 0.05). The total number of cells re-
mained similar between both groups (61.7 = 4.6 with IGF-I;
54.5 = 5.1 without IGF-I). The increased number of blastocysts
combined with reduced cell death suggests that IGF-1 is rescuing
embryos in vitro which would otherwise arrest and acting as a
survival factor during preimplantation human development.

apoptosis, growth factors

INTRODUCTION

Human preimplantation embryos cultured in vitro are
characterized by variable morphology and developmental
potential. Following in vitro fertilization (IVF), only about
25% of transferred embryos implant [1] and <20% of
women become pregnant [2]. In addition, in vitro studies
show that during the first six days of preimplantation de-
velopment approximately 50% of human embryos arrest
[3]. Varying degrees of cytoplasmic fragmentation are ob-
served in approximately 75% of human embryos [4], and
this is associated with reduced blastocyst formation [5] and
implantation [6]. The causes, mechanism and role of extra-
cellular fragmentation and precise reasons for early embry-
onic loss remain unknown.
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Cell death has been observed during preimplantation
embryogenesis both in vivo and in vitro in arange of mam-
malian species (reviewed in [5, 7]). Cell death is prevalent
in human blastocysts with approximately 75% of embryos
having one or more dead cells on Day 6 [8]. Cells and
nuclei with the morphological features of apoptosis[9, 10],
including cytoplasmic and nuclear fragmentation, chroma-
tin condensation, DNA fragmentation and phagocytosis
have been identified in human preimplantation embryos [5,
7, 8, 11-14]. It has been suggested that apoptosis may be
involved in early embryonic arrest and that cytoplasmic
fragments are equivalent to apoptotic bodies, i.e., the end-
product of apoptosis [5, 14].

Suboptimal culture conditions may be implicated in pre-
implantation arrest and cell death. In particular, there isin-
creasing evidence that growth factors play an important role
in preimplantation development (reviewed in [15, 16]). For
example, the preimplantation development of mouse em-
bryos cultured in vitro is retarded when compared to that
in vivo [17, 18]. Moreover, reduced incubation volume or
culture of embryos in groups improve preimplantation de-
velopment [19-22]. Furthermore, a range of polypeptide
growth factor ligands and their receptors have been found
to be expressed and produced in the reproductive tract or
preimplantation embryo, including epidermal growth factor
(EGF) [19, 23], transforming growth factor apha (TGF-«)
[23-25], insulin receptor [25, 26] insulin-like growth factor
| (IGF-I) and its receptor (IGF-IR) [26-31] (reviewed in
[15]). Generally, growth factors have been shown to pro-
mote blastocyst formation and development and increase
cell number [19, 31-34]. Taken together, these findings sug-
gest the presence of regulatory autocrine and paracrine
pathways acting in vivo that may be ‘diluted’ or not present
in the in vitro environment.

Recently, a number of studies have demonstrated that
growth factors such as insulin, IGF-1, and TGF-a may play
a key role in regulating levels of cell death in preimplan-
tation embryos. De Hertogh et al. [35] found that blasto-
cysts recovered from diabetic rats had a higher incidence
of cell death compared to embryos from diabetic rats treat-
ed with insulin. Brison and Schultz [22] showed that mouse
embryos cultured singly had a threefold higher incidence
of cell death than that observed in embryos cultured in
groups of 30. Supplementation of the culture medium with
TGF-a decreased cell death but had little effect on cell
proliferation or rate of development to the blastocyst stage
suggesting that TGF-a acts as a survival factor during
mouse preimplantation development. Further evidence for
this was provided by the observation that levels of cell
death were higher in the inner cell mass (ICM) of blasto-
cysts from TGF-a-deficient mice compared to wild-type
mice [36]. Herrler et a. [37] induced apoptosis in rabbit
embryos by subjecting them to ultraviolet (UV) irradiation,
which could be reduced by addition of IGF-I or insulin.
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Moley et al. [38] demonstrated that both DNA fragmenta-
tion and expression of Bax (a death-promoting member of
the Bcl-2 family) was increased in blastocysts from hyper-
glycaemic diabetic mice, which could be prevented by ma-
ternal insulin treatment.

IGF-I has been shown to be an important inhibitor of
cell death in many cell types (reviewed in [39, 40]). IGF-I
aso promotes preimplantation embryo development, cell
number and metabolism in many species, including mouse
[21, 33], rabbit [37], cow [41, 42], pig [43], and human
[31]. Lighten et al. [26, 31] showed that IGF-I is synthe-
sised by the maternal tract and that human embryos express
IGF-1 receptors (IGF-IR) throughout preimplantation de-
velopment but do not express the IGF-I ligand. Further-
more, they showed that addition of IGF-I to culture medium
significantly increased the proportion of embryos devel-
oping to the blastocyst stage by 25% and that these blas-
tocysts had a significant (59%) increase in the number of
inner cell mass cells [31]. In order to determine whether
IGF-1 was acting as a mitogenic or an anti-apoptotic factor
during human preimplantation development we examined
apoptosis in embryos cultured in the presence and absence
of IGF-1. Two techniques were used to quantify cell death:
TUNEL to identify DNA fragmentation (a biochemical
marker for cell death), in conjunction with DAPI staining
to examine nuclear morphology.

MATERIALS AND METHODS
Human Embryo Collection

Spare embryos used for this study were obtained from
the IVF program at the Wolfson Family Clinic, Hammers-
mith Hospital. Infertile patients undergoing IVF, who did
not wish to cryopreserve their untransferred surplus embry-
os for future transfer, were asked to donate them for re-
search; informed consent was obtained from both partners.
The work was conducted under licence from the Human
Fertilisation and Embryology Authority (HFEA) and local
ethical permission was granted by the ethics committee of
Imperial College School of Medicine, Hammersmith Hos-
pital, London.

Women undergoing IVF treatment were superovulated
with recombinant follicle-stimulating hormone (FSH; Gon-
a-F, Serono, Feltham, Middlesex, UK) after pituitary-go-
nadal suppression by luteinizing hormone-releasing hor-
mone agonist (LHRH; Buserelin, Hoescht, Hounslow UK).
Ten thousand U of human chorionic gonadotropin (hCG;
Profasi, Serono) was administered 34 h before oocyte re-
trieval. Oocyte-cumulus complexes were preincubated, in-
seminated, and observed the following day for the presence
of pronuclei [44]. Embryos were cultured singly in 1 ml of
Earle's balanced salt solution (EBSS; Gibco BRL, Paisley
UK) containing 5.56 mM of glucose, 25 mM sodium bi-
carbonate (BDH, Lutterworth, Leics, UK), 0.47 mM py-
ruvate (Sigma, Poole, Dorset, UK), 37.5 U/ml of strepto-
mycin (Sigma) and 97.5 U/ml penicillin (Sigma) and sup-
plemented with 10% heat-inactivated maternal serum, un-
der a gas phase of 5% CO,, 5% O,, and 90% N, at 37°C.

Surplus Day 2 embryos of good morphology, with intact
blastomeres and minor or no fragmentation (grade 11.5 and
above according to Dawson et al. [1]), were selected for
this study. Briefly, grading of morphology ranged from em-
bryos with symmetrical and even blastomeres (grade I),
through embryos with all the blastomeres intact, but some
cytoplasmic fragmentation and/or unevenly sized cells
(grade 1), to embryos with one blastomere (grade I11) or
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more (grade 1V) completely fragmented. Totally fragment-
ed or degenerate embryos were grade V.

Culture of Preimplantation Embryos with IGF-1

Day 2 spare human embryos of good morphology from
each patient were alocated randomly and evenly to the
control or experimental groups using block randomization
[45]. Human recombinant IGF-I (ARM 4010, Amersham
Pharmacia Biotech, Little Chalfont, Bucks, UK) was solu-
bilized using 0.005 M HCl (Andar BDH) in EBSS (see
below) to make a 2.57-uM stock solution and stored
at—70°C for up to 3 mo. Embryos were incubated individ-
ualy in 5-pl droplets of custom-made glucose-free EBSS
supplemented with 1 mM L-glutamine (Sigma) [46] and 4
mg/ml |GF-free bovine serum albumin (BSA; A-9647 Sig-
ma), with or without 1.7 nM IGF-I [31] and overlaid with
silicone fluid (Dow Corning 200/50cS; BDH). Due to lim-
ited availability of human embryos, the IGF-1 concentration
could not be titrated. The dose of 1.7 nM used was shown
to enhance survival to the blastocyst stage and increase the
proportion of ICM cells in human [31] and mouse embryos
[33].

Culture media for both treatment groups were prepared
weekly from stock solutions and were stored at 4°C prior
to use. Embryos were cultured from Day 2 and transferred
to fresh 5-pl droplets of culture medium every 24 h until
Day 6. Assessment of embryo quality (grade I-V) and de-
velopmental stage was recorded and light photomicro-
graphs taken twice daily.

Blastocyst Morphology

A grading system was devised in order to compare blas-
tocyst morphology in the presence and absence of IGF-I
(Fig. 1, A—C). Grade | blastocysts were of excellent mor-
phology displaying a fully expanded blastocoel e cavity, dis-
crete inner cell mass (ICM), smooth trophectoderm (TE)
and appeared to have numerous cells in the mural TE (Fig.
1A). Grade |l blastocysts were of good morphology, but
had a few excluded cells in the blastocoele cavity or a
dightly diffuse ICM (Fig. 1B). grade I1l blastocysts had
poor morphology, with many excluded fragments or cells
in the cavity and/or between the TE and zona pellucida and
no discrete ICM (Fig. 1C). The TE and ICM of grade IlI
embryos could be very granular and irregular and intracel-
lular vacuoles could be present in both cell lineages.

TUNEL and DAPI Labeling

All preimplantation embryos used in this study were fol-
lowed and treated individually throughout the entire exper-
imental procedure. Culture was terminated on Day 6 of
preimplantation development when ‘normally’ developing
embryos were expected to have reached the blastocyst
stage. TUNEL labeling was based on that described by Bri-
son and Schultz [22]. Embryos were transferred to a 96-
well, U-bottomed tissue culture plate (Falcon, Becton-Dick-
inson, Cowley, Oxfordshire, UK) and washed twice in
~150 .l phosphate buffered saline (PBS; Gibco BRL) with
3 mg/ml polyvinylpyrrolidone (PVP; Sigma) (PBS/PVE pH
7.4). The zona pellucida was removed with a brief incu-
bation in acid Tyrode's (pH 2.3-2.4) (ZD-10 Scandinavian
IVF Science AB; Hunter Scientific Ltd, Saffron Waldon,
Essex) at room temperature [47] and embryos were washed
in PBS/PVPR Zona-free embryos were fixed for 1 h at room
temperature in PBS (Gibco BRL) containing 4% parafor-
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FIG. 1.

Light micrographs and confocal sections showing blastocyst morphology and detection of apoptotic nuclei in Day 6 human embryos. Nuclear

material is stained with DAPI (blue), TUNEL-labeled nuclei with DNA fragmentation are shown in pink. A) Grade | Day 6 expanded blastocyst (+IGF-
I) with 62 nuclei, note discrete ICM (»). B) Grade Il Day 6 blastocyst (-IGF-I) with 44 nuclei with excluded cell in blastocoele cavity (»). C) Grade
IIl Day 6 blastocyst (-IGF-I) with 63 nuclei showing excluded cells between the zona pellucida and blastocyst (»). D) Confocal section from a Day 6
blastocyst showing TUNEL-labeled fragmented nucleus (») and healthy interphase nucleus (i). E) Day 6 embryo with 29 nuclei, including 1 mitotic
figure (m) and two TUNEL-labeled condensed nuclei (»). F) Day 6 hatching blastocyst (+IGF-I) with 95 nuclei showing two TUNEL-labeled fragmented
nuclei (f) and a fragmented nucleus without TUNEL labeling (»). G) Day 6 blastocyst (+IGF-I) with 75 nuclei with two fragmented and TUNEL-labeled
nuclei (f), two condensed TUNEL-labeled nuclei (c) and a fragmented nucleus without TUNEL-labeling (»). H) Confocal and light micrograph of
representative Day 6 blastocyst (—IGF-I) with 82 nuclei, and a TUNEL index of 14.6% (close to average of 15%; Fig. 4). I) Confocal and light micrograph

of representative Day 6 blastocyst (+1GF-1) with 79 nuclei, and a TUNEL index of 6.3% (close to average of 7%; Fig. 4).

maldehyde (Sigma), followed by two washes in PBS/PVP
before permeabilization with 0.5% Triton X-100 (Sigma) in
PBS for 1 h. Embryos were then briefly washed twice in
PBS/PVR The embryos were then incubated in 5 ul of
fluorescein-conjugated dUTP and TdT (TUNEL reagents;
Boehringer Mannheim, Roche Diagnostics, Lewes, East
Sussex) for 1 h at 37°C in a dark moist chamber. Positive
controls were incubated in RQ1 DNase (50 U/ml; Promega,
Southampton, UK) for 20 min at 37°C and washed in PBSY
PVP before TUNEL. Negative controls were incubated in
fluorescein-dUTP in the absence of TdT. Following TU-
NEL, embryos were washed twice in 0.5% Triton (5 min
each wash) and then one wash in PBS/PVP, mounted in
Vectashield with DAPI (1.5 pg/ml) (Vector Laboratories,
Peterborough, UK) and stored in the dark at 4°C prior to
laser scanning (LS) confocal microscopy.

Laser Scanning Confocal Microscopy

Fluorescence was detected using a Leica TCS NT-SP-
UV LS confocal microscope (Milton Keynes). Each blas-

tocyst was examined using serial scanning two channel
confocal microscopy. To detect TUNEL labeling with fluo-
rescein isothiocyanate-FITC label (excitation 488 nm) and
DAPI staining (UV; excitation 350 nm), a red and blue
colored Look Up Table was alocated, respectively. A Z
series of optical sections was taken through each specimen,
consisting of 25-36 optical sections at 2- to 3-pm intervals.
This alowed the analysis of al nuclel within the same em-
bryo. A projection image was created using L eica Scanware
software resulting in blue (DAPI) nuclel and pink (TUNEL)
nuclei. All confocal images were stored digitaly as the
original Z series.

Five nuclear morphologies were observed: 1) ‘healthy’
interphase nuclei that were either rounded or oval with a
distinct nuclear outline and uniform DAPI staining but with
no TUNEL labeling (Fig. 1D); 2) mitoses, which included
cells at the prophase, metaphase or anaphase stages with
visible chromosomes and which were counted as single nu-
clei (Fig. 1E); 3) condensed nuclei with intense DAPI stain-
ing, which were smaller than ‘healthy’ interphase nuclei
and were uniformly TUNEL labeled (Fig. 1, E and G); 4)
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FIG. 2. Distribution of grade (left panel) and stage (right panel) of nor-
mally fertilized Day 2 human embryos randomly allocated to groups cul-
tured in the presence (ll, n = 42) and absence (4, n = 45) of IGF-I.

fragmented nuclei which were both TUNEL labeled and
fragmented into discrete clusters of membrane-bound ves-
icles (Fig. 1, D, F, and G); and 5) fragmented nuclei which
were not TUNEL labeled (Fig. 1, F and G). Fragmented
nuclel with or without TUNEL labeling (indicative of DNA
fragmentation) were considered to be ‘apoptotic’ nuclei.
Nuclei at interphase or undergoing mitosis were defined as
‘healthy’ nuclei. For each embryo, the number of nuclei,
including these five apoptotic and healthy morphologies,
were counted. The total number of nuclei included inter-
phase, mitotic, TUNEL -labeled condensed, and fragmented
nuclel with or without TUNEL (Fig. 1).

Mitotic, TUNEL, fragmented, and apoptotic indices
were calculated for each individual embryo as follows:

mitotic index = (no. of metaphases)/(total no. nuclei)
X 100;
TUNEL index = (no. TUNEL-labeled nuclei)/(total
no. nuclei) x 100;
fragmented index = (no. fragmented nuclei—TUNEL
or not)/(total no. nuclei) X 100.

The number of apoptotic nuclei included all nuclei that ex-
hibited morphological features of apoptosis, i.e.,
total number of apoptotic nuclel
= (fragmented TUNEL-labeled nuclei)
+ (fragmented not TUNEL-labeled nuclei)
+ (condensed TUNEL-labeled nuclei);
apoptotic index
= (no. apoptotic nuclei)/(total no. nuclei) X 100.

Statistics

Differences between the percentages of embryos reach-
ing the morula and blastocyst stages were compared by x2-
squared analysis. Differences in the distribution of total cell
numbers per blastocyst, proportion of TUNEL-labeled nu-
clei, fragmented nuclei and mitoses were compared using
the Mann-Whitney U test. Statview |1 (Abacus Concepts,
Berkeley, CA) was used for statistical analyses.
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FIG. 3. Morula and blastocyst formation in the presence (ll, n = 42)
and absence (4, n = 45) of IGF-I. IGF-I significantly enhanced blastocyst
formation (*P < 0.01, x2).

RESULTS
Development of Human Embryos In Vitro

Eighty-seven normally fertilized embryos of good mor-
phology from 32 patients were cultured in the presence (n
= 42) or absence (n = 45) of 1.7 nM IGF-I from Day 2
until Day 6. Embryos were distributed randomly and evenly
from each patient between the two media and were graded
morphologically at the beginning of each culture experi-
ment. There was no significant difference in the distribution
of the grade or stage of embryos allocated to each group
(Fig. 2).

Overadll, out of atotal of 87 embryos, 53 (61%) reached
the blastocyst stage by Day 6. The remainder arrested main-
ly between the 8-cell and morula stages (Fig. 3). Supple-
mentation of culture medium with 1.7 nM IGF-I signifi-
cantly increased the proportion of embryos reaching the
blastocyst stage (74% compared to 49% in the control
group P < 0.05; Mann-Whitney) while decreasing the num-
ber arresting at the morula and other early cleavage stages
(Fig. 3). Of the embryos that reached the blastocyst stage,
the majority did so by Day 5 (70% in the presence of 1GF-
| and 59% in the absence of IGF-1, n.s.). There was no
significant difference in the rate of development between
Days 2 and 6 in the presence and absence of |GF-I.

Total Number of Nuclei in Day 6 Blastocysts

The total number of nuclei was counted for each blas-
tocyst that remained intact on Day 6, 26/31 (84%) in the
+IGF-I group and 17/22 (77%) in the —IGF-I group. Two
blastocysts degenerated between Days 5 and 6 in the +IGF-
I group and four in the -IGF-I group; thus counts were
unobtainable. Furthermore, three blastocysts from the
+IGF-I group and one from the —IGF-I group were lost
during processing.

Blastocysts cultured in the presence of 1GF-I had a sim-
ilar total number of nuclei (61.7 = 4.6; n = 26) to embryos
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FIG. 4. DNA fragmentation (TUNEL), nuclear fragmentation (fragment-
ed) and cell division (mitoses) in Day 6 human blastocysts following cul-
ture in the presence (M, n = 26) and absence of IGF-I1 (4, n = 17). IGF-
I significantly reduced DNA and nuclear fragmentation (*P < 0.01, Mann-
Whitney). Values are mean = SEM.

cultured in its absence (54.5 = 5.1; n = 17). The tota
number of nuclei ranged from 22 to 110 and 17 to 85 in
the +1GF-I and —IGF-1 groups, respectively. There was no
significant difference in the mitotic index between the two
groups (2.6 = 0.6 with IGF-I; 1.5 = 0.5 without IGF-I)

(Fig. 4).
Apoptosis and Nuclear Morphology

The proportion of nuclei showing features of apoptosis
(nuclear and/or DNA fragmentation) decreased from 16.3
+ 2.9% (- GF-1) to 8.7 = 1.4% (+1GF-l). The mgjority of
fragmented nuclei (75% or more) were also TUNEL la
beled. Comparing each marker of apoptosis separately,
|GF-1 significantly reduced (P < 0.005; Mann-Whitney) the
percentage of fragmented nuclei from 12.8 = 2.3 (control)
t0 5.3 = 0.9 (Fig. 4). IGF-I aso significantly decreased the
proportion of TUNEL-labeled nuclei in blastocysts from
15.0 = 24 to 7.2 = 1.0 (Fig. 4). Figure 1, H and | show
two representative Day 6 blastocysts with similar total cell
numbers cultured in the absence and presence of IGF-I,
respectively. These display the average TUNEL index for
their respective groups.

The different apoptotic nuclear morphologies were cat-
egorized into three groups; fragmented and TUNEL la-
beled, fragmented with no TUNEL labeling, and TUNEL-
labeled condensed nuclei. IGF-1 had no effect on the pro-
portion of condensed nuclei, or of fragmented nuclei with
no TUNEL labeling (Fig. 5). However, blastocysts cultured
in the presence of IGF-I had significantly lower proportions
of nuclei that were both fragmented and TUNEL labeled
(Fig. 5; P < 0.005; Mann-Whitney).

The nuclei in DNase-treated positive controls were all
TUNEL positive. There was no staining present in the neg-
ative controls.

Blastocyst Morphology and Apoptosis

The number of grade |l blastocysts were low in both the
presence (n = 4) and absence (n = 4) of IGF-I, therefore

Percentage of nuclei

Condensed TUNEL Frag TUNEL Frag no TUNEL

FIG. 5.
IGF-I specifically inhibits the formation of nuclei with both DNA and
nuclear fragmentation (*P < 0.005, Mann-Whitney). Mean percentage of
nuclei that were condensed and TUNEL labeled (condensed TUNEL), frag-
mented and TUNEL-labeled (Frag TUNEL), and fragmented nuclei with
no TUNEL-labeling (Frag no TUNEL) in Day 6 blastocysts cultured in the
presence (M, n = 26) or absence of IGF-I (4, n = 17). Values are mean
* SEM.

Effect of IGF-I on apoptotic nuclear morphology in blastocysts.

the data for grade | and Il blastocysts were amalgamated
and considered to represent ‘good morphology’ blastocysts.
71% of blastocysts cultured in the presence of IGF-1 were
grade | and I1, while 59% of control blastocysts were grade
I and Il (n.s). The average total cell number in grade |
blastocysts in the presence of IGF-I (71.7 = 5.8) was sim-
ilar to that in the absence of IGF-1 (64.3 = 7.8).

Blastocysts of good morphology (grades | and I1) had
fewer apoptotic nuclei than embryos of poor morphology
(grade 111), significantly so in the presence of IGF-I (P <
0.01; Mann-Whitney) (Fig. 6). IGF-I reduced the propor-
tion of fragmented nuclei in blastocysts of good morphol-
ogy (P < 0.05; Mann-Whitney) (Fig. 6); i.e., the reduction
in apoptosis seen in the presence of IGF-I was seen even
when comparing embryos of similar morphology and was
not due to an increase in the proportion of blastocysts of
good morphology.

Cytoplasmic Fragmentation

Cytoplasmic fragmentation was present at low levelsin
the mgjority of embryos used for this study (Fig. 2). Taking
light micrographs twice daily allowed us to monitor fluc-
tuations in the degree of cytoplasmic fragmentation. There
was no increase in cytoplasmic fragmentation in embryos
cultured in the absence of 1GF-I.

DISCUSSION

We present evidence that IGF-1 actsasa ‘survival’ factor
during human preimplantation development. We found that
1.7-nM |GF-I significantly reduced the proportion of apo-
ptotic nuclei in Day 6 human blastocysts (Fig. 4). Indeed,
levels of nuclear and DNA fragmentation, as quantified by
DAPI staining and TUNEL labeling, respectively, were re-
duced in the presence of IGF-I by 48% and 41%, respec-
tively (Fig. 4). In addition, IGF-I significantly increased the
proportion of embryos reaching the blastocyst stage by
25%, confirming previous work by Lighten et a. [31]. The
total cell numbers in blastocysts cultured with (62 = 5) and
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FIG. 6. Relationship between blastocyst morphology and the percentage
of apoptotic nuclei in Day 6 blastocysts cultured in the presence (ll, n
= 26) or absence of IGF-I (4, n = 17). The mean percentage of apoptotic
nuclei in blastocysts of good morphology (I and 1) (n = 19 and 12 in the
presence and absence of IGF-I respectively) was compared to that in blas-
tocysts of poor morphology (Ill) (n = 7 and 5, respectively). The percent-
age of apoptotic nuclei was significantly lower in blastocysts of good
morphology cultured in the presence of IGF-I compared to similar blas-
tocysts cultured in the absence of IGF-I (*P < 0.05), and compared to
blastocysts of poor morphology (+IGF-I) (*P < 0.01). Values are mean =
SEM.

without (54 = 5) IGF-I are in close agreement with those
reported by Lighten et al. [31] (64 = 5 and 54 * 2, re-
spectively). Labeling of embryo nuclei with DAPI did not
alow us to confirm whether IGF-1 specificaly increased
the cell number in the ICM (as was shown in [31]), or
reduced cell death in this lineage. Studies in other species
have shown that TGF-a significantly reduces cell death in
the ICM of mouse blastocysts [22]. The anti-apoptotic
properties of IGF-l have also been demonstrated in rabbit
preimplantation embryos [37]. Herrler et al. [37] found that
IGF-1 reduced levels of cell death and increased cell num-
ber in rabbit preimplantation embryos with UV-induced
DNA damage.

IGF-1 is a powerful inhibitor of apoptosis via an IGF-I
receptor mediated cell survival pathway (reviewed in [39,
40]). IGF-I, through activation of its receptor, has been
shown to confer protection from apoptosis to a wide range
of cells, including blastomeres [37], hemopoietic cells [48],
fibroblasts [49, 50], neuroblastoma cells [51] and oligoden-
drocytes [24] (reviewed by [40]). Rodriguez-Tarduchy et
al. [48] were the first to demonstrate the role of IGF-1 as a
survival factor for cellsin culture that were | L-3-dependent.
Further confirmation of the anti-apoptotic properties of
IGF-I were provided by the study of c-myc induced apo-
ptosis in Rat-1 fibroblasts [49], where it was found that
IGF-1 prevented death at any stage of the cell cycle even
in the presence of a protein synthesis inhibitor. It has also
been shown that reduction in the number of IGF-1 receptors
(IGF-Rs) causes extensive apoptosis while over-expression
of IGF-Rs protects cells from apoptosis in vivo [52]. Inter-
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estingly, a direct correlation between expression of 1GF-I
ligand and receptor and developmental potential to the blas-
tocyst stage in mouse preimplantation embryos has recently
been observed [53].

We identified a range of different nuclear morphological
features that could be either indicative of different stages
of the degradation phase of the apoptotic pathway or the
result of different apoptotic pathways being activated (Fig.
5). For example, DNA fragmentation may occur first in
condensed nuclei, before the nucleus itself fragments. Frag-
mented nuclei without DNA fragmentation may represent
the activation of another apoptotic pathway. Although there
was no significant difference in the proportion of condensed
nuclei with fragmented DNA and TUNEL-negative frag-
mented nuclel, there was a highly significant decrease
(52%) of nuclei that had both DNA and nuclear fragmen-
tation in blastocysts cultured in the presence of IGF-I. Our
findings corroborate studies from other cell systems that
have found that IGF-IR activation inhibits DNA fragmen-
tation. There are a number of hypotheses for the mecha
nisms by which the IGF-I survival pathway achieves the
inhibition of apoptosis (e.g., transcriptional activation of
Bcl-2, inhibition of caspases, upregulation of DNA repair
enzymes), and this again may reflect the existence of mul-
tiple pathways. IGF-1 is known to bind to its receptor IGF-
IR with highest affinity, activating tyrosine kinase function
which in turn may activate a number of major signalling
pathways (e.g., PI-3 kinase, p70 S6 kinase, MAP kinase)
depending on the cell type. Pl 3-kinase is emerging as the
major effector pathway and activation of this pathway may
result in phosphorylation and sequestration of pro-apoptotic
factors such as BAD, preventing them from dimerizing with
anti-apoptotic BCL-2 members in the mitochondria mem-
brane. Growth factor withdrawal would inactivate the ki-
nase pathway, leaving BAD unphosphorylated and free to
heterodimerize with BCL-2 and BCL-xL, leading to release
of cytochrome ¢ from the mitochondria, caspase activation,
and apoptosis [54]. It is most likely that the nature of the
trigger that activates the apoptotic pathway (growth factor
deprivation, UV irradiation, abnormal chromosomal com-
plement) will define the apoptotic signalling pathways acted
on by a given surviva factor.

The presence of nuclear fragmentation in mouse embry-
0s in vivo [55] suggests that apoptosis occurs as a normal
physiological process during normal preimplantation em-
bryogenesis. In vitro culture has been shown to increase
levels of cell death in mouse embryos [22] and levels of
cell death can be reduced by altering the composition of
the culture media [56]. It may be argued that by adding
IGF-1 to culture media we are ‘rescuing’ cells that are des-
tined to die. IGF-I may be suppressing apoptosis triggered
by genetic damage or suboptimal culture conditions. Alter-
natively, it may be inhibiting the elimination of cells with
an inappropriate developmental potential. It has been pro-
posed that ICM cells which retain the potential to form TE
are eliminated by apoptosis during normal preimplantation
development [55, 57]. The increased number of ICM cells
in the presence of IGF-I [31] is consistent with inhibition
of this proposed elimination.

We found that supplementation of culture medium with
IGF-1 also significantly increased the proportion of embry-
os reaching the blastocyst stage by 25%, yet we did not
observe an increase in cell number despite seeing a signif-
icant decrease in cell death. It is possible that IGF-I is ‘res-
cuing’ embryos that would otherwise have arrested, and
that the rescued embryos have a low cell number, reducing
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the mean cell number in the +I1GF-1 group and masking
any IGF-1 induced increase in cell number. While optimiz-
ing culture conditions to ensure that healthy embryos reach
the blastocyst stage is an important goal, it is of critical
importance that mechanisms by which abnormal cells are
eliminated are not overridden. Thus it is important to con-
firm that embryos cultured in the presence of IGF-I do not
have an increased incidence of chromosomal abnormalities.

Blastocysts were classified according to their morphol-
ogy (Fig. 1, A—C). Firstly, we found that embryos of good
morphology (grades | and Il) had a lower proportion of
apoptotic nuclel in the presence of IGF-1 than in its absence
(Fig. 6). Secondly, the proportion of embryos of good mor-
phology was not significantly different in the presence and
absence of IGF-1. These two points demonstrate that | GF-
| is not decreasing cell death rates by increasing the pro-
portion of grade | blastocysts, but rather by reducing apo-
ptosis per se. The incidence of cell death was correlated
with embryo morphology, with embryos of poor morphol-
ogy having a higher proportion of dead cells than embryos
of good morphology (Fig. 6), confirming previous studies
[8].

We have demonstrated that |GF-I reduces apoptosis dur-
ing early human preimplantation development. Before add-
ing IGF-I to culture medium it should be kept in mind that
during in vivo conditions embryos are subjected to a
““soup”’ of growth factors and their binding proteins. Nev-
ertheless, while IGF-I supplementation of culture medium
appears to be beneficial as it increases the number of em-
bryos surviving and reaching the blastocyst stage, it is now
important to firstly confirm that IGF-1 is not overriding nat-
ural selection mechanisms and secondly to examine wheth-
er improvement of in vitro culture conditions will lead to
a higher implantation and live birth rate.

The precise causes of apoptosis in preimplantation de-
velopment remain unknown although the evidence present-
ed here suggests that some cell death can be modulated by
the environment. We do not believe that there is a single
cause or role for cell death in preimplantation embryos but
that apoptosis can be triggered by a variety of stimuli at
different stages of development resulting in the elimination
of cells by a number of apoptotic pathways.

ACKNOWLEDGMENTS

The authors would like to thank the IVF team at Hammersmith Hos-
pital. The authors would also like to thank Darran Clements and Daniel
Ciantar of University College London for their assistance with confocal
microscopy, and Daniel Brison for teaching the TUNEL technique. D.L.B.
acknowledges the Royal Society for its support.

REFERENCES

1. Dawson KJ, Conaghan J, Ostera GR, Winston RM, Hardy K. Delay-
ing transfer to the third day post-insemination, to select non-arrested
embryos, increases development to the fetal heart stage. Hum Reprod
1995; 10:177-182.

2. Human Fertilisation and Embryology Authority. Eighth Annual Re-
port, Paxton House, London: HFEA; 1999.

3. Hardy K. Development of human blastocystsin vitro. In: Bavister BD
(ed.), Preimplantation Embryo Development. New York: Springer-
Verlag; 1993: 184-199.

4. Hardy K, Robinson FM, Paraschos T, Wicks R, Franks S, Winston
RM. Normal development and metabolic activity of preimplantation
embryos in vitro from patients with polycystic ovaries. Hum Reprod
1995; 10:2125-2135.

5. Hardy K. Apoptosis in the human embryo. Rev Reprod 1999; 4:125—
134

6. Giorgetti C, Terriou B Auquier P, Hans E, Spach JL, Salzmann J,
Roulier R. Embryo score to predict implantation after in vitro fertil-

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

1419

ization: based on 957 single embryo transfers. Hum Reprod 1995; 10:
2427-2431.

. Hardy K. Cell death in the mammalian blastocyst. Mol Hum Reprod

1997; 3:919-925.

. Hardy K, Handyside AH, Winston RM. The human blastocyst: cell

number, death and allocation during late preimplantation devel opment
in vitro. Development 1989; 107:597—604.

. Kerr J5 Wyllie AH, Currie AR. Apoptosis: a basic biological phe-

nomenon with wide-ranging implications in tissue kinetics. Br J Can-
cer 1972; 26:239-257.

Wyllie AH, Kerr JF Currie AR. Cell death: the significance of apo-
ptosis. Int Rev Cytol 1980; 68:251-306.

Mohr LR, Trounson AO. Comparative ultrastructure of hatched hu-
man, mouse and bovine blastocysts. J Reprod Fertil 1982; 66:499—
504.

Hertig AT, Rock J, Adams EC, Mulligan WJ. On the preimplantation
stages of the human ovum: a description of four normal and four
abnormal specimens ranging from the second to fifth day of devel-
opment. Contrib Embryol 1954; 35:199-220.

Hardy K, Warner A, Winston RM, Becker DL. Expression of inter-
cellular junctions during preimplantation development of the human
embryo. Mol Hum Reprod 1996; 2:621-632.

Jurisicova A, Varmuza S, Casper RFE Programmed cell death and hu-
man embryo fragmentation. Mol Hum Reprod 1996; 2:93-98.

Kane MT, Morgan PM, Coonan C. Peptide growth factors and pre-
implantation development. Hum Reprod Update 1997; 3:137-157.
Kaye PL. Preimplantation growth factor physiology. Rev Reprod
1997; 2:121-127.

Bowman P, McLaren A. Cleavage rate of mouse embryos in vivo and
in vitro. J Embryol Exp Morphol 1970; 24:203-207.

Harlow GM, Quinn P Development of preimplantation mouse embry-
os in vivo and in vitro. Aust J Biol Sci 1982; 35:187-193.

Paria BC, Dey SK. Preimplantation embryo development in vitro:
cooperative interactions among embryos and role of growth factors.
Proc Natl Acad Sci U S A 1990; 87:4756-4760.

Lane M, Gardner DK. Effect of incubation volume and embryo den-
sity on the development and viability of mouse embryosin vitro. Hum
Reprod 1992; 7:558-562.

O'Neill C. Autocrine mediators are required to act on the embryo by
the 2-cell stage to promote normal development and survival of mouse
preimplantation embryos in vitro. Biol Reprod 1998; 58:1303-1309.
Brison DR, Schultz RM. Apoptosis during mouse blastocyst forma-
tion: evidence for a role for survival factors including transforming
growth factor alpha. Biol Reprod 1997; 56:1088-1096.

Chia CM, Winston RM, Handyside AH. EGF, TGF-alpha and EGFR
expression in human preimplantation embryos. Development 1995;
121:299-307.

Barres BA, Hart IK, Coles HS, Burne JF Voyvodic JT, Richardson
WD, Raff MC. Cell death and control of cell survival in the oligo-
dendrocyte lineage. Cell 1992; 70:31-46.

Rappolee DA, Sturm KS, Schultz GA, Pedersen RA, Werb Z. The
expression of growth factor ligands and receptors in preimplantation
mouse embryos. In: Heyner S, Wiley LM (eds.), Early Embryo De-
velopment and Paracrine Relationships. New York: Alan R. Liss;
1990: 11-25

Lighten AD, Hardy K, Winston RM, Moore GE. Expression of mMRNA
for the insulin-like growth factors and their receptors in human pre-
implantation embryos. Mol Reprod Dev 1997; 47:134-1309.

Weatson AJ, Hogan A, Hahnel A, Wiemer KE, Schultz GA. Expression
of growth factor ligand and receptor genes in the preimplantation bo-
vine embryo. Mol Reprod Dev 1992; 31:87-95.

Pfeifer TL, Chegini N. Immunohistochemical localization of insulin-
like growth factor (IGF-1), IGF-I receptor, and IGF binding proteins
1-4 in human fallopian tube at various reproductive stages. Biol Re-
prod 1994; 50:281-289.

Zhang X, Kidder GM, Watson AJ, Schultz GA, Armstrong DT. Pos-
sible roles of insulin and insulin-like growth factors in rat preimplan-
tation development: investigation of gene expression by reverse tran-
scription-polymerase chain reaction. J Reprod Fertil 1994; 100:375—
380.

Liu HC, He Z2Y, Mele CA, Veeck LL, Davis OK, Rosenwaks Z. Ex-
pression of IGFs and their receptors is a potential marker for embryo
quality. Am J Reprod Immunol 1997; 38:237-245.

Lighten AD, Moore GE, Winston RM, Hardy K. Routine addition of
human insulin-like growth factor-1 ligand could benefit clinical in-
vitro fertilization culture. Hum Reprod 1998; 13:3144—3150.

Harvey MB, Kaye PL. Insulin increases the cell number of the inner



1420

33.

35.

36.

37.

38.

39.

41.

42.

cell mass and stimulates morphological development of mouse blas-
tocysts in vitro. Development 1990; 110:963-967.

Harvey MB, Kaye PL. Insulin-like growth factor-1 stimulates growth
of mouse preimplantation embryos in vitro. Mol Reprod Dev 1992;
31:195-199.

. Martin KL, Barlow DH, Sargent IL. Heparin-binding epidermal

growth factor significantly improves human blastocyst development
and hatching in serum-free medium. Hum Reprod 1998; 13:1645—
1652.

De Hertogh R, Vanderheyden |, Pampfer S, Robin D, Delcourt J.
Maternal insulin treatment improves pre-implantation embryo devel-
opment in diabetic rats. Diabetologia 1992; 35:406—408.

Brison DR, Schultz RM. Increased incidence of apoptosis in trans-
forming growth factor alpha-deficient mouse blastocysts. Biol Reprod
1998; 59:136-144.

Herrler A, Krusche CA, Beier HM. Insulin and insulin-like growth
factor-1 promote rabbit blastocyst development and prevent apoptosis.
Biol Reprod 1998; 59:1302-1310.

Moley KH, Chi MM, Knudson CM, Korsmeyer SJ, Mueckler MM.
Hyperglycemia induces apoptosis in pre-implantation embryos
through cell death effector pathways. Nat Med 1998; 4:1421-1424.
Rubin R, Baserga R. Insulin-like growth factor-I receptor. Its role in
cell proliferation, apoptosis, and tumorigenicity. Lab Invest 1995; 73:
311-331.

. O'Connor R. Survival factors and apoptosis. Adv Biochem Eng Bio-

technol 1998; 62:137-166.

Palma GA, Muller M, Brem G. Effect of insulin-like growth factor |
(IGF-1) at high concentrations on blastocyst development of bovine
embryos produced in vitro. J Reprod Fertil 1997; 110:347-353.
Matsui M, Takahashi Y, Hishinuma M, Kanagawa H. Insulin and in-
sulin-like growth factor-1 (IGF-I) stimulate the development of bovine
embryos fertilized in vitro. J Vet Med Sci 1995; 57:1109-1111.

. Xia B, Tekpetey FR, Armstrong DT. Effect of IGF-1 on pig oocyte

maturation, fertilization, and early embryonic development in vitro,
and on granulosa and cumulus cell biosynthetic activity. Mol Reprod
Dev 1994; 38:373-379.

. Hillier SG, Dawson KJ, Afnan M, Margara RA, Ryder TA, Wickings

EJ, Winston RML. Embryo culture: quality control in in vitro fertil-
ization. In: Thompson W, Joyce DN, Newton JR (eds.), Proceedings

46.

47.

49.

50.

51.

52.

53.

55.

56.

57.

SPANOS ET AL.

of the Twelfth Study Group of the Royal College of Obstetricians and
Gynaecologists. London: Royal College of Obstetricians and Gynae-
cologists; 1984: 125-140.

. Altman DG. Practical Statistics for Medical Research, London: Chap-

man and Hall; 1991.

Devreker F; Winston RM, Hardy K. Glutamine improves human pre-
implantation development in vitro. Fertil Steril 1998; 69:293-299.
Nicolson GL, Yanagimachi R, Yanagimachi H. Ultrastructural locali-
zation of lectin-binding sites on the zonae pellucidae and plasma
membranes of mammalian eggs. J Cell Biol 1975; 66:263-274.

. Rodriguez-Tarduchy G, Coallins MK, Garcia |, Lopez-Rivas A. Insu-

lin-like growth factor-I inhibits apoptosis in IL-3-dependent hemo-
poietic cells. J Immunol 1992; 149:535-540.

Harrington EA, Bennett MR, Fanidi A, Evan Gl. c-Myc-induced ap-
optosisin fibroblasts is inhibited by specific cytokines. EMBO J 1994,
13:3286-3295.

Valentinis B, Morrione A, Peruzzi F, Prisco M, Reiss K, Baserga R.
Anti-apoptotic signaling of the IGF-1 receptor in fibroblasts following
loss of matrix adhesion. Oncogene 1999; 18:1827-1836.

Singleton JR, Dixit VM, Feldman EL. Type | insulin-like growth fac-
tor receptor activation regulates apoptotic proteins. JBiol Chem 1996;
271:31791-31794.

Resnicoff M, Abraham D, Yutanawiboonchai W, Rotman HL, Kajstu-
raJ, Rubin R, Zoltick B, Baserga R. The insulin-like growth factor |
receptor protects tumor cells from apoptosisin vivo. Cancer Res 1995;
55:2463-2469.

Kowalik A, Liu HC, He ZY, Mele C, Barmat L, Rosenwaks Z. Ex-
pression of the insulin-like growth factor-1 gene and its receptor in
preimplantation mouse embryos; is it a marker of embryo viability?
Mol Hum Reprod 1999; 5:861-865.

. Datta SR, Brunet A, Greenberg ME. Cellular survival: aplay in three

Akts. Genes Dev 1999; 13:2905-2927.

Handyside AH, Hunter S. Cell division and death in the mouse blas-
tocyst before implantation. Roux’s Arch Dev Biol 1986; 195:519-526.
Devreker F, Hardy K. Effects of glutamine and taurine on preimplan-
tation development and cleavage of mouse embryos in vitro. Biol
Reprod 1997; 57:921-928.

Pierce GB, Lewellyn AL, Parchment RE. Mechanism of programmed
cell death in the blastocyst. Proc Natl Acad Sci U S A 1989; 86:
3654-3658.



