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Addendum

Chapter 2
Representative embryos with normal morphology on five consecutive days in culture are
shown in the figure below. The arrowhead in E points to the inner cell mass of the
blastocyst.
Day 1 Day 2 Day 3 Day 4

~

On page 29, the volume of culture droplets should be corrected to 100-200uL.

On page 34, the protocol for fixation of single cells and whole embryos should be
modified as follows: Fixation of single cells should include a first step of brief exposure
of the cell to a hypotonic solution (sodium citrate in 0.2mg/mL bovine serum albumin)>
For fixation of day-2 to morula stage whole embryos for FISH, embryos were exposed to
hypotonic solution for approximately 2 minutes, then transferred to the fixative solution
where the zona pellucida dissolved. The embryo was then transferred to a slide and small
drops of fixative were added while increasing humidity (to 35%-40%) until the cells
lysed, and the nuclei became fixed to the slide. For blastocyst fixation, the embryo was
exposed to hypotonic solution for approximately 30-60 seconds and transferred to the
fixative solution for approximately 2-3 minutes. The blastocyst, now with “transparent”
cells, was picked up in a capillary tube filled with 10uL of 70% acetic acid and 20 pL of
methanol/acetic acid/water, 3:3:1, and placed on the glass slide in a small volume of the
solution; before complete evaporation, a drop of the methanol/acetic acid (3:1) was added
directly onto the blastocyst. Once the nuclei were spread properly, a second drop of
fixative was added, while humidity was kept at 40% or more. Immediately after the cells
in the blastocyst lysed, air was blown over the embryo to push the remains of cytoplasm
away from the nuclei and to force the nuclei to expand, avoiding clumping.

Chapters 3 and 4
The definition of homogeneous transfers on page 42 is an error; it should read more than
half rather than half or more embryos in the same category.

Because implantation was the most important outcome measure in the study, this
definition was chosen with the aim of eliminating or minimizing correlative uncertainties
when multiple embryos were transferred, but without restricting the analyses to too few
cases. According to the definition, homogeneous transfers included all single embryo
transfers, 2-embryo transfers in which both embryos were in the same category, 3-
embryo transfers in which 2 or 3 of the embryos were in the same category, etc. The
majority of transfers involved 2-4 embryos; the range was between 1 and 6 embryos.



During routine clinical practice, day-3 evaluations were assigned to (often two) senior
embryologists whose decisions were further reviewed by a laboratory director. Scoring
consistency was evaluated through proficiency tests, administered periodically, using
videotaped images and photographs of embryos. ANOVA and correlation analysis of the
data showed that the values for variables, cell number, degree of fragmentation, and
fragmentation type, scored by four different embryologists were statistically comparable
both in their overall mean levels and in their degree of association.

The primary objective of embryo transfer was to establish a clinical pregnancy; therefore
the best embryos available were transferred. Among the 1727 cases, 894 cases had no
fragment removal (no fragmentation or minimal fragmentation); all others (833 cases)
had embryos from which fragments were removed.

On page 39, the phrase, largely but not entirely, refers to higher pregnancy rate in group
W1 compared to groups W4 and W5, and in groups W2, W3, and W4 compared to group
WS5. It also refers to higher implantation rate in group W1 compared to groups W3 and
WS, and in groups W2, W3, and W4 compared to group WS5. It is true that the most
significant clinical effect occurred when embryos with more than 35% fragmentation
were transferred. However, this was under the conditions described in the study, i.e., after
application of selective assisted hatching and removal of fragments. C. elegans was noted
on page 44 not to suggest it as a good model for humans, but as an example of a species
in which cell corpses are engulfed by neighboring cells thus removed from the body.

Chapter 5§

The experiments in the mouse did not support the notion that cell fragments per se limit
developmental capacity of viable cells in an embryo. However, the extent to which these
findings can be extended to the human is questionable since this experimental model did
not mimic spontaneous fragmentation in the human in several respects, as noted. It has
been suggested that the “packing pressure” within the intact embryo may be higher than
that in the experimental embryos and this may explain reduced negative effect of
fragmentation in both the experimental mouse embryos and the human embryos from
which fragments were removed. This is a possibility, however, the experiments in
Chapter 6 suggest that packing pressure is not a significant factor in the success (or
failure) of development. Moreover, Chapters 4 and 6 suggest a secondary effect of
spontaneous fragmentation in the human. Fragment removal, while unlikely to address
other problems represented by fragmentation, may address such a secondary effect (e.g.,
of failed compaction due to disorganization), by bringing the viable cells in close
proximity.

Chapter 7

As advised by the manufacturer, the mouse monoclonal anti-e-cadherin antibody was
raised against human placental e-cadherin and reacts strongly and specifically with
human e-cadhrin. Although the study clearly demonstrates a link between disorganization
of the embryo and disrupted distribution of e-cadherin, the question of whether disruption
in e-cadherin distribution occurred as a result of embryo disorganization or was the cause
of it remains to be resolved.
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Synopsis

Synopsis

Cytoplasmic fragmentation is the most common cause of embryonic loss after in vitro fertilization
and culture of human eggs. The occurrence of fragmentation often coincides with the presence of
other abnormalities, including low cell number, uneven blastomere size, disrupted cell-cell contact,
blastomere multi-nucleation, and chaotic chromosome mosaicism. As commonly as fragmenta-
tion is observed during clinical practice of in vitro fertilization and embryo transfer, the phenom-
enon itself rarely has been studied. The occasional investigative attempts have narrowly focused
on linking fragmentation to apoptosis. Undoubtedly, one reason for this limited inquiry is the
practical difficulties and obstacles associated with the use of human eggs and embryos for experi-
mentation. The lack of a suitable animal model and the relative unimportance of fragmentation
in experimental mouse embryology have also contributed to its dismissal as a worthy research
subject. The present studies aim to reach beyond these imposed and inherent limitations and un-
cover the causes and mechanisms of cytoplasmic fragmentation, and delineate its developmental
consequences. Chapter 3 describes a fragmentation classification system which was developed
through non-invasive morphological evaluation of large numbers of embryos and was based on
fragmentation patterns: the size and distribution of fragments relative to the size and position of
nucleated cells. These patterns along with (but independent of) the degree of fragmentation were
shown to be of predictive value for clinical outcome of in vitro fertilization and embryo transfer
and therefore useful for selection of embryos for transfer. The loss of more than one third of the
cytoplasmic volume to fragmentation or formation of large fragments was found to lead to a sig-
nificant decrease in implantation and pregnancy rates following intrauterine transfer on day-3 of
development. In Chapter 4, embryos with fragmentation and other abnormalities were followed
through day-5 of development in culture; it was discovered that the processes of compaction,
cavitation, and blastulation were often abnormal in such embryos. In Chapters 5 and 6, attempts
were made to discover whether (and how) fragments interfered with development. It was shown in
a mouse model that continued development of blastomeres was generally unaffected by the pres-
ence of fragments. In the human, isolation of intact blastomeres from several fragmented embryos
and their aggregation within a host zona pellucida led regularly to formation of chimaeric blas-
tocysts. This work demonstrated that viable cells with apparently normal regulatory capacity can
be found within non-viable embryos. In Chapter 7, the distribution of a vital cell adhesion pro-

tein, E-cadherin, was investigated in abnormal embryos by immunocytochemistry and confocal



Synopsis

fluorescence microscopy. The results suggested that the characteristic distribution pattern of E-
cadherin is perturbed and erratic in such emnbryos, providing one explanation for their failure to
compact, cavitate or blastulate normally. Finally, the experiments described in Chapter 8 revealed
the key to the nature of fragmentation: its resemblance to cytokinesis in its requirement for activa-
tion, its timing in the cell cycle, and its mediation by reorganization of the cytoskeleton. This was
investigated in a mouse model, using enucleation as a way to make eggs and embryos “fragmenta-
tion-prone”. In meiotic cells, the timing of fragmentation coincided with second polar body ex-
trusion, and in mitotic cells, it coincided with mitosis and cell division. Therefore, far from being
random, fragmentation occurred only during the M phase of the cell cycle. By taking into consid-
eration the observation that the non-activated mature eggs neither divide nor fragment and that
such eggs are arrested in metaphase, it was also possible to point to cytokinesis as the phase dur-
ing which fragmentation occurs. The close association of fragmentation with the M phase of the
cell division cycle, and in particular with the failing coordination of microtubule function would
account for the numerous chromosomal and nuclear abnormalities that accompany fragmentation.
Furthermore, by firmly establishing a link between fragmentation and cell division, both nuclear
and cytoplasmic, the present work has definitively opened an important area for future research, most

critically, into strategies to minimize or prevent fragmentation and its associated abnormalities.
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Chapter 1
Literature overview

1.1 Background

1.1.1 Fertilization and culture of mammalian eggs in vitro

Efforts to fertilize mammalian eggs outside the female reproductive tract date back to the late 1800s.
Success and rapid progress, however, seem to have been out of reach until the discovery of sperm
capacitation by Austin (1951; 1952) and Chang (1951). Working independently, these pioneers
discovered that in the rat and the rabbit, epididymal or ejaculated sperm had to undergo some
changes within the female tract before they could penetrate the egg zona pellucida (ZP). Austin and
Chang subsequently used sperm recovered from the rabbit uterus to successfully induce fertiliza-
tion of rabbit eggs in vitro. Prior to reports by Austin and Chang, there were other claims of in vitro
fertilization (IVF), most notably one by Moricard (1950). However, the validity of such claims
before the discovery of capacitation has been vigorously disputed (Chang, 1968; Austin, 1961).

For several years after the success of IVF in the rabbit, as Chang (1968) describes, “it was felt that
unless living young could be obtained after transplanting such fertilized eggs into recipient rabbits,
successful fertilization in vitro could not be held to be proven, since such eggs could be abnormally
fertilized or may not be fertilized at all.” This final confirmation was obtained by Chang in 1959
(Chang, 1959). He incubated newly ovulated eggs with capacitated sperm for four hours then cul-
tured the eggs in 50% rabbit serum for another 18 hours before transferring the eggs into recipient
females. These experiments resulted in the first live births following IVF and embryo transfer (ET)
in mammals. This outcome was later confirmed by Bedford and Chang (1962).

It was over a decade after the discovery of in vivo capacitation in the rabbit that sperm capacitation
in vitro was first achieved in the hamster ( Yanagimachi and Chang, 1963). After another few years,
IVF was achieved in the mouse (Whittingham, 1968), opening a tremendous avenue for research

into early mammalian development.

For experimental embryology in mammals to move forward, however, a reliable embryo culture

method was imperative so that the fertilized eggs could be maintained in vitro through the cleav-
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age stages. Hammond (1949) had discovered that mouse embryos collected at the 8-cell stage, but
not the 2-cell stage, could be cultured to the blastocyst stage in a physiological saline solution that
was supplemented with hen egg yolk and white. Although the inability to culture 2-cell embryos
was and remained for some time a formidable challenge, Hammond’s discovery was a significant
one and set the stage for abandonment of biological fluids as culture media for embryos. In 1956,
Whitten (1956) replaced Hammond’s medium with a modification of Krebs-Ringer bicarbonate
solution. He supplemented the latter with glucose, antibiotics, and bovine serum albumin (BSA)
and showed that it could support development of 2-cell and 8-cell mouse embryos to the blastocyst
stage. Two years later, McLaren and Biggers (1958) obtained normal young following transfer of

blastocysts grown in Whitten’s medium, proving that viable blastocysts could be produced in vitro.

At this juncture, it was the inability to obtain large numbers of eggs at a time (and at will) that ham-
pered research efforts. According to Edwards (1980), the dogma of the time dictated that ovaries
of adult females would not respond to gonadotrophic hormones. However, Fowler and Edwards
(1957) successfully challenged this dogma. They followed the work of Gates (Runner and Gates,
1954) who had artificially induced ovulation in pre-pubertal mice using a regimen that included
injection of pregnant mare serum followed two days later by serum from a pregnant woman. Fowler
and Edwards (1957) used the same method and induced superovulation and pregnancy in mature
mice. Later, it was shown that superovulation could be achieved in the human using pituitary
gonadotrophins (Gemzell, 1962).

But another hurdle had to be overcome before production, fertilization, culture, and transfer of
mammalian eggs would become routine practice. A reliable and efficient embryo culture system
had to be devised. In 1963, Brinster (1963) introduced culture of eggs and embryos in small drops
of culture medium under a layer of paraffin oil. With only minor modifications, this “micro-
drop” method has become the most widely used and successful system for culture of mammalian

embryos in vitro today.

The basic principles of and experience gained in experimental animal embryology, including
oocyte maturation in vitro (Edwards, 1965), were first successfully applied to the human in March
1968: Edwards and Bavister, using a modification of Tyrode’s solution devised by Yanagimachi and
Chang (1963) for hamster IVF, added sperm to nine human eggs and, eleven hours later, recorded
the presence of a sperm tail within one egg and the presence of pronuclei in another. This was
indisputable evidence of fertilization in vitro in the human (Edwards et al., 1969; Bavister et al,,
1969; Bavister, 1969).

What followed was a series of dogged attempts, particularly on the part of Edwards, Steptoe, and
Purdy, to perfect the procedure and establish a human pregnancy through in vitro fertilization,

6
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culture, and intrauterine transfer of human eggs (Edwards et al., 1970; Edwards and Steptoe, 1974;
1976). The first birth following human IVF/ET was announced in 1978 by Steptoe and Edwards
(1978). A new era was dawning.

1.2 Events following activation of a human egg: an overview

1.2.1 Resumption of meiosis Il and the mitoses beyond

The mature, non-activated human egg is arrested in the modified prophase of the second meiotic
division. It contains a typically barrel-shaped meiotic spindle positioned in the cortex of the egg
(Pickering et al., 1988). This is similar to the mouse, although the difference in size between the
meiotic spindle of a mouse egg (about 20pum long) and that of a human spindle (about 12um long)
relative to the size of their eggs (80um and 120um, respectively) is quite interesting (Figure 1.1). In
a recently matured egg, shortly after first polar body (PB1) extrusion, the spindle would be expect-
ed to be close to where PB1 has been extruded. However, in human eggs, this is often not the case
(Silva et al., 1999; Hardarson et al., 2000; Cook et al., 2003). This has been attributed to the “highly
movable property” of PB1 (Cook et al., 2003) rather than the movement of the spindle (Gardner,
1997). At the same time, it should be kept in mind that spindle movement is quite common in the
mouse as the mature egg ages, though this is an inward and not a lateral movement (Eichenlaub-
Ritter et al., 1986). Therefore, the location of the spindle in the human eggs examined may have in

some cases reflected ageing of the egg by the time of examination.

The egg chromosomes are held within the spindle in metaphase of meiosis II. Activation of the
egg, whether sperm-induced, artificial, or spontaneous, involves a local increase in cytosolic calcium
concentration, which spreads wavelike through the cell and is followed by prolonged calcium oscilla-
tions. Exocytosis of cortical granules and release of their enzymes then induce changes in two specific
protein components of the zona pellucida (ZP)— ZP2 and ZP3. The activation alteration of the ZP
is generally termed zona reaction and normally has the effect of blocking entry of additional sperm.

Figure 1.1 Meiotic spindles in
non-activated eggs. (A) Mouse
MII spindle in an oocyte collect-
ed at 16 hrs post hCG. Distance
between arrowheads is approxi-
mately 20pm. (B) Human MII
spindle in an oocyte collected at
35.5 hrs post hCG and matured
in vitro overnight. Distance be-
tween arrowheads is approxi-
mately 12um.
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Activation changes set the egg on a developmental course which begins with progression through
anaphase and telophase of meiosis II. Activation becomes morphologically obvious some hours
later (after fertilization, about 4-5 hours in the mouse and 9-11 hours in the human), when a
highly asymmetric cytoplasmic division occurs and a small second polar body is produced. The
sister chromatids of each of 46 chromosomes, joined at their centromeres, are separated by the
spindle microtubules, leaving 23 daughter chromosomes in each resulting cell. The completion of
meiosis II thus results in reduction of the chromosome number of the egg from a diploid to a hap-

loid complement, before incorporation of the male haploid genome.

Successful fertilization is marked by the emergence of two (one female and one male) pronuclei
within the egg, while artificial or spontaneous activation results in formation of a single (female)
pronucleus. The fertilized egg is called a zygote. Human pronuclei can be visualized in zygotes as
early as 11 hours post insemination; but eggs are routinely checked for fertilization between 16 and
19 hours following insemination. Within the pronuclei, the nucleoli can be visualized (Figure 1.2).
The size and position of the pronuclei as well as the alignment of the nucleoli have been shown to
have predictive value for embryo viability (Wright et al., 1990; Sadowy et al., 1998; Scott and Smith,
2000). A role as a determinant of developmental competence has also been suggested for “inter-
pronuclear synchrony” (Tesarik and Greco, 1999).

Roughly 24 hours after insemination, the pronuclear membranes break down and the zygote is said

to be in syngamy; development of the syngamic zygote continues with the first mitotic cell cycle.

Figure 1.2 A human zygote with two closely apposed
pronuclei (PN). The nucleoli (arrowheads) are vis-
ible in each pronucleus, aligned symmetrically. The
cytoplasm is typically slightly contracted, leaving a
small area devoid of organelles (arrow) in the cortex.
The zona pellucida (ZP) is also visible. Scale bar is
approximately 20um.

1.2.2 The mitotic cell cycle

The mitotic cell cycle is controlled by a number of cyclin-dependent kinases (Cdks), which are ac-
tivated/inactivated in a specific sequence. The cycle includes an interphase and a mitotic phase or
an M phase. Interphase (shown in the human in Figure 1.3A) is the period between two M phases

where the cell spends most of its time. In rapidly dividing cells, interphase includes two gap phases,
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G1 and G2, during which the cell grows. However, during early cleavage in mammals, there is no
growth between successive mitoses, so the size of the cells is reduced—essentially halved—with
each division. Protein synthesis, chromosome duplication, and centrosome (microtubule orga-
nizing center or MTOC) duplication occur during the S phase of interphase. In the human, as in
several other mammals, the major MTOC has been shown to be paternal in origin (Sathananthan,
1992; Palermo et al., 1995) while in the mouse, the maternal MTOC play this critical role (Maro et
al., 1985; Schatten et al., 1985). Nuclear and cytoplasmic divisions occur during the M phase of the
cell cycle. Nuclear division or karyokinesis is driven by the tubulin-based mitotic spindle apparatus
while cytoplasmic division or cytokinesis is driven by an actin and myosin-based contractile ring.

The location of the cleavage furrow is determined by the position of the spindle.

Figure 1.3 A 5-cell, day-3 human embryo, stained for tubulin (green) and DNA (red). Images are
projections of multiple 3-4um thick optical sections obtained on the laser scanning confocal mi-

croscope. (A) microtubule organizing centers (arrows) are visible closely associated with nuclei in
three cells. (A') A metaphase spindle is visible in a fourth cell. Scale bar is 20um.

1.2.3 Mitosis

Mitosis (Reviewed by Nigg, 2001) is dependent on the proper assembly and function of the mitotic
spindle. The mitotic spindle is an infinitely intriguing machine, the workings of which, despite
having been studied at the molecular level at a dizzying pace in recent years, seem to remain a
mystery. The assembly of the spindle begins in prophase with the duplicated centrosomes already
positioned on/near the nuclear envelope (Figure 1.3A and 1.4A, B). Nuclear envelope breakdown
(NEBD) (shown in the mouse in Figure 1.4A), provides microtubule access to the chromosomes
(and vice versa) and thus further elaboration of the spindle. In metaphase, the spindle microtubules
attach to the condensed chromosomes at the kinetochore (Kinetochore microtubules) and align

them in the metaphase plate (metaphase shown in the human in Figure 1.3A" and in the mouse in
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Figure 1.4D). It is generally thought, though not known for certain, that in the absencé of centro-
somes, microtubule nucleation is coordinated by the chromosomes. Progression of the cell cycle
into anaphase is dependent on proper alignment of all chromosomes along the metaphase plate. A
spindle assembly checkpoint mechanism delays anaphase until the kinetochors of the sister chro-

matids in all pairs are attached to microtubules emanating from opposite poles of the spindle.

Figure 1.4 Three of four phases of mitosis
in the mouse. Eggs have been stained for
tubulin (green) and DNA (red). Images are
projections of multiple 3-4um thick optical
sections obtained on the laser scanning con-
focal microscope. (A) Prophase; nuclear en-
velope breakdown and chromatin conden-
sation (cc) into chromosomes in progress.
Distance between arrowheads is approxi-
mately 20pum. (B) Prometaphase; nucleation
of microtubules initiated by microtubule or-
ganizing centers (arrows). Distance between
arrowheads is approximately 16um. (C) Pro-
metaphase; metaphase spindle formation in
progress. Distance between arrowheads is
approximately 20pum. (D) Metaphase; spin-
dle fully formed, chromosomes aligned in
the middle; the second polar body (pb2) is
visible. Distance between the arrowheads
is approximately 40um. (E) Anaphase A;
chromosomes being pulled toward the spin-
dle poles. Distance between arrowheads is
approximately 23um. (F) Anaphase B; cy-
toplasmic microtubules starting to reform.
Distance between arrowheads is approxi-
mately 42pum.

During anaphase A, the sister chromatids are separated through the action of proteases; these
daughter chromosomes, as they are now labeled, are then moved toward the poles. The movement
is mediated by the dynamic shortening of kinetochore microtubules. In anaphase B, the poles are
separated through the “push” of elongation of the overlapping microtubules between the separat-
ing chromosomes and the “pull” of motor proteins in the poles (anaphase is shown in the mouse
in Figure 1.4E, F). At the completion of anaphase, two groups of chromosomes are at the opposite
poles of the cell and nuclear envelopes begin to form around them. Decondensation of the chro-

mosomes and formation of the nuclear envelope mark the completion of mitosis.
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1.2.4 Cytokinesis

Cytokinesis overlaps with the final two phases of mitosis—anaphase and telophase—and its com-
pletion marks the end of the M phase. The first overt sign of cytokinesis is the appearance of a
cleavage furrow as a result of the inward movement of the plasma membrane at a site near the

middle of the cell and perpendicular to the bipolar spindle axis.

The machinery driving the advancing furrow is the so-called contractile ring. This “ring” is
assembled during anaphase from actin and myosin II filaments and generates the considerable
force that is necessary to ultimately divide the cytoplasm. Once cleavage is complete, the ring is
disassembled, and the remnants of the spindle form a midbody that joins the two daughter cells
until the next division. The product of this division is an embryo, although it has been argued that
the use of this term is misleading and incorrect (Johnson and Selwood, 1996) and that the word
“embryogen” would more accurately describe the preimplantation stages (Johnson, 2001). The
length of the second and following cell cycles in the human embryo is estimated to be 11.9 hours
(Cummins et al., 1986), but there is considerable variation among IVF embryos, as will be dis-

cussed in the next section. The first cleavage occurs around 25 hours post insemination.

1.3 Division in human eggs fertilized in vitro

In vitro fertilization and culture of preovulatory human eggs (obtained by superovulatory treat-
ment) often leads to atypical development for reasons that are largely unknown. Not surprisingly,
many atypical features of embryos are associated with reduction in embryo viability. The question
that needs to be answered is whether the major abnormalities are mechanistically inter-related.

1.3.1 Cleavage timing and cleavage rate

Several studies have suggested that the timing of the first cleavage is a strong marker of human
embryo viability. Early cleaving (EC) zygotes, defined as those that have cleaved to two cells by
25-27 hours post-insemination, show an advantage over those with delayed cleavage (Edwards et
al., 1984; Shoukir et al., 1997; Sakkas et al., 1998; 2001; Bos-Mikich et al., 2001; Lundin et al., 2001;

Fenwick et al., 2002; Salumets et al., 2003).

Lundin et al. (2001) evaluated 10,798 embryos with respect to early cleavage and found that a sig-
nificantly higher proportion of good quality embryos resulted from EC embryos and that following

intracytoplasmic sperm injection (ICSI), early cleavage was an “independent predictor of birth.”

In a study by Sakkas et al. (2001), 45% of patients undergoing IVF or ICSI had EC zygotes. Both

implantation and pregnancy rates increased significantly as the number of embryos resulting
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from EC zygotes in the transfer cohort increased from zero to two (the mean number of embryos
replaced was 2.2).

Perhaps the most convincing study so far is that of Salumets et al. (2003). These authors evaluated
178 elective single embryo transfer (eSET) procedures in patients 37 years of age or younger with
good quality embryos. All embryos in the study were checked for early cleavage, but this was not
used as a criterion for embryo selection for transfer. They subsequently compared 72 transfers with
EC embryos and 106 that did not include EC embryos and found that clinical pregnancy rate was
significantly higher in the case of the former (50% vs. 26.4%, respectively).

Although the higher implantation potential of early cleaving embryos is clear from these studies,
the biological basis of this observation is not well-understood or tested in the human. It has been
speculated that early cleavage following ICSI reflects inherent advantages in the egg rather than ac-
celerated completion of the fertilization process (Sakkas, 1998). One such advantage is suggested
to be “ample protein and RNA stores in which case cytoplasmic and nuclear maturation are better
synchronized” (Lundin et al., 2001). It will be interesting to see whether the apparently faster tran-
sition from interphase to M phase in EC embryos can be attributed to a low incidence of chromo-
somal abnormalities among such embryos. It is possible that early cleavage indicates the absence of
checkpoint induced (Hartwell and Weinert, 1989) cell cycle deterrents such as non-replicated DNA,
damaged DNA, or misaligned chromosomes. However, in view of implantation and development
(even to term) of many chromosomally abnormal embryos, and the apparently “clonal” pattern
of chromosomal mosaicism in cleavage stage embryos (Harrison et al., 2000), it is questionable

whether these checkpoints are fully operational during early embryonic development.

Cleavage rate is another important predictor of embryo viability. Among the embryos transferred
to patients who become pregnant, very slowly as well as very rapidly developing embryos are known
to be underrepresented (Cummins et al., 1986). A review of ongoing twin pregnancies after 2-
embryo transfers has shown that these embryos have 4 to 5 blastomeres on day-2 and at least 7

blastomeres on day-3 (Gerris et al., 1999; Van Royen et al., 1999).

We defined slow cleavage as fewer than 5 cells on day-3 of development, and fast cleavage as more
than 10 cells on day-3 of development; our analysis of about 75,000 day-3 embryos with less than
15% fragmentation has shown that slow cleavage is far more common than fast cleavage among
IVF embryos (M. Alikani and G. Tomkin, unpublished). While 1% show fast cleavage, 15% are
slowly cleaving. In the mouse model, lack of a specific protein product (Qa-2) of the preimplanta-
tion development gene, or ped gene, consistently leads to slowly developing embryos that implant
at the same rate as their fast developing counterparts, but are lost between mid-gestation and birth
(Warner et al., 1998). A homologue of this gene in the human probably exists (Jurisicova et al.,
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1996a; Cao et al., 1999), since a functional homologue of the mouse Qa-2 (identified as HLA-G)
has been found in human 8-cell embryos and blastocysts (Comiskey et al., 2003). However, early
pregnancy loss specifically attributable to transfer of slowly cleaving human embryos has not been

reported. Our estimate of the implantation rate of 4-cell embryos transferred on day-3 is 10%.

Examination of unusually fast cleaving embryos, defined as those with nine or more cells at 62
hours post-insemination, has shown high levels of mosaicism and polyspermic fertilization
(Harper et al., 1994; Magli et al.; 1998). Consistent with this finding, fewer fast embryos transferred
on day-3 of development implant (Racowsky et al., 2003).

1.3.2 Cell size and symmetry

There is general agreement that transfer of embryos with unevenly sized cells results in lowered
pregnancy and implantation rates (Ziebe et al., 1997; Hardarson et al., 2001; Racowsky et al., 2003).
The position of the cleavage furrow is ordinarily determined by the position of the mitotic spindle.
The pattern of the first two cleavage divisions and its functional significance in mammalian embryos
has been the subject of intense study and controversy (Gulyas, 1975; Gardner, 1999; 2002; Hansis
and Edwards, 2003; Edwards and Hansis, 2005). In the mouse (and also frequently in the human),
the first cleavage is merdional relative to the position of the second polar body and produces two
daughter cells, each of which inherit cytoplasm from both the animal pole (where the second polar
body is located) and the vegetal pole (opposite to the polar body) of the egg. The pattern of cleavage
during the second division gives the resulting 4-cell embryo its typical tetrahedral shape. Edwards
and Hansis (2005) have suggested that during this division, one blastomere often divides meridi-
onally again to produce two identical daughter cells, but the second blastomere divides equitorally,
producing one daughter cell with mostly animal pole cytoplasm and another with mostly vegetal
pole cytoplasm (Edwards and Hansis, 2005). They have proposed that the fate of the blastomeres
is determined after the second division: the two blastomeres inheriting a full animal/vegetal axis
would be precursors of the inner cell mass, the blastomere inheriting cytoplasm from the animal
pole would be the precursor of the trophectoderm, and the blastomere with cytoplasm from the
vegetal pole would be the originator of the germline (Edwards and Beard, 1997). If true, the disrup-
tion of this pattern would have profound implications for the embryo, but in view of the known

plasticity of the mammalian embryo prior to compaction, this question is still unanswered.

Asymmetric or unequal cell division can result from unusual placement of the spindle and may
compromise both the genetic and the cytoplasmic equality of the daughter cells. In an interesting
study by Goyanes et al. (1990), quantitative evaluation of human embryos revealed that those with

unevenly sized blastomeres had a total blastomere volume that was 8% lower than normal em-
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bryos. At the same time, these authors found, as would have been expected, that total blastomere
volume during cleavage stages did not differ from ooplasmic volume at the pronuclear stage. So,
perhaps the reduced volume of the uneven embryos reflects a reduction in oocyte volume, and is
an indication of subtle changes in oocyte development and maturation within the follicle.

Some representative embryos with unevenly sized blastomeres are shown in Figure 1.5. Cytoplasmic
fragmentation can lead to uneven appearance of groups of cells (Figure 1.5A). Alternatively, uneven-
ly sized cells may appear as a result of missed cytokinesis in one or more cells; in these instances, if
karyokinesis did occur, the arrested cells may appear bi-nucleated or multi-nucleated (Figure 1.5B).
Hardarson et al. (2001) found a significantly higher frequency of both multi-nucleation and aneu-
ploidy in unevenly-sized blastomeres. An overt form of blastomere asymmetry is a single large cell
among several smaller cells (Figure 1.5C). The larger cell is often multi-nucleated. These embryos
have been found to be typically polyploid indicating failure of cytokinesis (Munné et al., 1994).

Figure 1.5 Human embryos with unevenly sized blastomers. (A) Loss of large volumes of cyto-
plasm through fragmentation leading to uneven appearance of cells (arrowheads); fragments have
been removed. (B) Possible arrested cytokinesis and continued karyokinesis giving rise to blasto-
mere bi-nucleation (arrowheads). (C) A dominant cell (arrowhead) among other smaller cells,
usually associated with polyploidy. Scale bar is approximately 50pm.

1.3.3 Multi-nucleation

Following the first cleavage division, some blastomeres in human embryos can show multiple nu-
clei (Figure 1.6A). One proposed cause of multi-nucleation is follicular under-oxygenation (Van
Blerkom et al., 1997). Accelerated follicular response to exogenous gonadotrophins has also been
implicated in multi-nucleation (Jackson et al., 1998). The mechanisms of multi-nucleation include
karyokinesis without cytokinesis, “fragmentation of nuclei’, and abnormal migration of chromo-
somes during anaphase (Tesarik et al., 1987; Winston et al., 1991; Hardy et al., 1993). On day-2 of
development, blastomere multi-nucleation has been shown to occur significantly more frequent-
ly in 2-cell embryos than 4-cell embryos (Balakier and Cadesky, 1997). The presence of multi-
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nucleated blastomeres (MNB) in developing day-2, day-3, and day-4 embryos is correlated with
extensive mosaicism and/or polyploidy (Kligman et al., 1996; Laverge et al., 1997; Magli et al., 2001).

Staessen and Van Steirteghem (1998) found that 2-cell embryos with bi- and multi-nucleation
often cleaved further and gave rise to embryos containing mono-nucleated diploid blastomeres,
mono-nucleated diploid and non-diploid blastomeres, or only non-diploid blastomeres. These
investigators concluded that multi-nucleation may in some instances be temporary and revers-
ible. In a study by Van Royen et al. (2003), blastomere multi-nucleation was observed in 34% of
the embryos and was represented among the embryos of 87% of the patients—an unusually high
incidence. This condition was found to be associated with faster response to exogenous gonado-
trophins, higher yield of eggs, impaired cleavage, increased fragmentation, and lowered ongoing

implantation rates.

Walmsley (2002) evaluated a large set of data on multi-nucleation and made a number of interest-
ing observations. In total, 63.6% of patients had at least one embryo with MNB on day-2 or day-3
of development. Of all embryos (n=55,612), 17.6% had one or more multi-nucleated cells during
culture. Multi-nucleation was first observed on day-2 in 12.5% of the embryos whereas only 5%
of embryos had multi-nucleation first observed on day-3. This abnormality was associated with
maternal age less than 31 years, low basal follicle stimulating hormone (FSH) levels, shorter than
average ovarian stimulation, ICS], severe male factor, and embryo culture in HTF supplemented
with human serum albumin (HSA). Multi-nucleation did not occur with the same frequency dur-
ing repeat cycles. Overall implantation and pregnancy rates were lower when all replaced embryos
were affected by multi-nucleation (13.6% and 19.0%, respectively; n=110) than when none were
affected (27.5% and 53.8%, respectively; n=5573). Exclusive replacement of bi-nucleated embryos
(n=11) led to higher implantation and pregnancy rates (18.1% and 36.3%) than other types of
multi-nucleation (n=25; 10% and 20%). Exclusive replacement of embryos with MNB observed on
day-2 (n=63) led to a higher implantation rate (12.2%) than those in which MNB was first observed
on day-3 (n=23; 3.5%). In fifteen cycles, embryos in which all cells were multi-nucleated on day-2

were replaced; four clinical pregnancies resulted; all have led to live birth.

1.3.4 Zona pellucida architecture

It is well established that the zona pellucida (ZP), the transparent glycoprotein shell that sur-
rounds the mammalian egg plays an important role in normal mammalian embryo development
(Wasserman and Mortillo, 1991). In the mouse, in utero, the zona is eventually shed by the embryo,
and the timing of this event is well established (McLaren, 1967; 1968; 1970). In this species, the
transcripts encoding constituent zona proteins are continuously translated during oocyte growth

and their levels drop dramatically after ovulation (Reviewed by Zhao and Dean, 2002). Although
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expression of zona pellucida proteins has been found to be oocyte-specific in the mouse (Epifano
etal., 1995; El Mestrah et al., 2002), in other mammals such as the cow, rabbit, dog, and pig, follicle
cells have also been found to express these proteins (Reviewed by Sinowatz et al., 2001). The latter
is also true in cynomolgus (Martinez et al., 1996) and marmoset rﬁonkeys (Bogner et al., 2004).
Moreover, FIGa, a transcription factor required for expression of zona proteins in the mouse, is
also required for initiation of folliculogenesis in this species (Soyal et al., 2000). Together these data
are at least suggestive that zona biosynthesis in most mammalian species is carried out by the oo-

Cyte in co-operation with its surrounding follicle cells.

The ZP can appear dark or pigmented, multilayered, distorted, too thick or too thin in human IVF
embryos (Figure 1.6B). The exact origin of these characteristics is not known and in most cases,
their relationship to embryo viability is difficult to assess. Zona pellucida thickness (ZPT) is an

R
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Figure 1.6 Human embryos on day-3 of development, showing various abnormal features.
multi-nucleation (arrowheads), (B) distorted and multi-layered zona pellucida (arrow), (C) poor
cell adhesion (arrow), (D) vacuoles in the cytoplasm (arrowheads), and (E) cytoplasmic vesicula-
tion or “pitting”. Scale bar is approximately 50pm.

exception to this.

Cohen etal. (1988; 1990) discovered that ZPT and ZPT variation (ZPTV) were predictive of embryo
hatching ability, hence potentially also predictive of viability following in vitro culture. Garside and
colleagues (1997) studied the normal progression of ZP thinning during in vitro culture and the
variables that correlate with ZP thickness. They confirmed earlier findings of Cohen (1993) that
ZPT decreased during in vitro culture, and that these changes were more evident in embryos that
resulted in successful pregnancies. They also found a significant correlation between ZPT and em-
bryo quality (cell number and fragmentation) and maternal age. Increasing cell number as well as
increasing maternal age (most notably >35 years) correlated with decreased ZPT, while increased

fragmentation was associated with thicker ZP.

The preovulatory hormonal environment (Bertrand et al., 1996; Loret De Mola et al., 1997) has
been linked to ZPT. Qestradiol levels at the time of hCG administration have been shown to have

an inverse linear relationship and the dosage of hMG a direct linear relationship with ZPT. This
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was interpreted to mean that ZP formation within the follicle is optimal in “good responders” who
require fewer doses of gonadotrophins for adequate ovarian response (Bertrand et al., 1996). A di-
rect correlation between ZPT and basal FSH levels was also established, but this was reversed by 48
hours of culture: embryos of patients with the highest FSH had thinner ZP at the time of transfer
than embryos of other patients (Loret De Mola et al., 1997).

The variation of ZPT has been shown to be a strong predictor of pregnancy and therefore a useful
parameter for embryo selection (Palmstierna et al., 1998; Gabrielsen et al., 2000). Zona pellucida
thickness variation is obtained by taking the average value of 2-4 measurements of ZP thickness
around the circumference of the embryo. A ZPTV value of less than 15% was a poor prognosis for
pregnancy, while inclusion of one or more embryos with more than 20% variation led to very high
pregnancy rates in a small group of patients (26/34 or 76.5%). Gabrielsen et al. (2001) showed that
in embryos with cleavage abnormalities, the consideration of ZPTV during embryo selection led to

a two-and-one-half fold increase in the chance of achieving a clinical pregnancy.

More recently, Shen et al. (2005) used orientation-independent polarization microscopy to evalu-
ate ZP morphology quantitatively. They found that the magnitude of “light retardance” in the inner
layer of the ZP is more than 30% higher in the oocytes of the conception cycles than the non-con-
ception cycles. They concluded that this parameter may provide a non-invasive marker for oocyte

development potential.

1.3.5 Cell-cell contact

Cell adhesion plays a pivotal role in morphogenesis (Johnson et al., 1986; Fleming and Johnson,
1988). The expression of cell adhesion molecules is partly dependent on cell-cell contact. For
instance, aggregation of developmentally blocked cells from 2-cell mouse embryos with cells of a
non-blocking genotype can restore the developmental capacity of the former, which resume ex-
pression of cell adhesion molecules on their surfaces (Neganova et al., 2000). The degree to which
human embryos show intercellular contact is therefore likely to impact their development, includ-

ing allocation of cells to the inner cell mass.

Consistent with this, disorganization and reduced cell adhesion after thawing was found to lower
implantation rate of frozen-thawed cleavage stage embryos (Cohen et al., 1988). Fresh embryos can
exhibit the same feature (Figure 1.6C). Cell-cell contact is also reduced by cytoplasmic fragmenta-
tion. It is more than likely that the loss of cell adhesion impacts a number of key events that precede

differentiation, including cell polarization, compaction, and structural junction formation.
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1.3.6 Cytoplasmic appearance

The presence of numerous intracytoplasmic vacuoles (Figure 1.6D) and cytoplasmic contraction
in blastomeres signals possible degenerative processes (Sathananthan, 1993). Conversely, the ap-
pearance of vesicular (sometimes referred to as “pitted”) cytoplasm, commonly observed in day-3
embryos (Figure 1.6E), may be a positive sign for genomic activation: fractional volumes of at
least two cytoplasmic organelles, tubular endoplasmic reticulum and secondary lysosomes, were
found to significantly increase with transcriptional activity (Tesarik et al., 1988). In one scoring
system devised by Desai et al. (2000), vesiculation was found to correlate well with pregnancy and
implantation; embryos were given positive points in the absence of vacuoles and the presence of a
“pitted” cytoplasm. Other cytoplasmic inclusions, such as “pyknotic nuclei” or areas of intracel-
lular necrosis, observed and studied in oocytes (Van Blerkom, 1991; Alikani et al., 1995), are often
isolated in one or more blastomeres of the cleaving embryo. Their specific impact on development

is undetermined but appears to be relatively insignificant.

1.3.7 Cytoplasmic fragmentation

During the early days of human embryo culture in vitro, Edwards (Edwards et al., 1970) observed
a phenomenon he described as “cell division without nuclear division”. This was noted in both
developing and arrested embryos. That observation still holds true: partial or total loss of cellular
integrity can affect a large percentage of cleavage stage embryos. Some examples of fragmented/

fragmenting embryos are shown in Figure 1.7.

Figure 1.7 Human embryos with extensive fragmentation. Embryos have been stained for tubulin
(green) and DNA (red). DIC images are single 3-4um thick optical sections obtained on the laser
scanning confocal microscope. Many fragments (F) and two abnormal spindles (arrowheads) are
visible in both (A) and (B). Scale bar is 20pm.
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Fragmentation before syngamy also occurs, albeit very rarely, and in many cases is associated
with zygotic/embryonic arrest. In one study by Schmiady and Kentenich (1993), 38% of arrested
zygotes exhibited fragmentation. Our own database reflects the rarity of this type of fragmentation
(less than 2% of all zygotes) and shows that a great number of pronucleate embryos with fragmen-
tation either arrest on day 1, arrest on day-2, or become excessively fragmented by day-3 and are
neither suitable for transfer nor for cryopreservation. Antczak and Van Blerkom (1999) reported
complete arrest either at the pronuclear or the syngamic stage, if fragmentation at the one-cell stage
was pervasive and affected a significant portion of the oolema. Cytoplasmic fragmentation is the

most common cleavage anomaly affecting human embryos developing in culture.

1.3.7.1 Cytoplasmic fragments

Fragments are cytoplasmic pieces that do not contain a nucleus but may contain chromatin. On
the scanning electron microscope (SEM), cell fragments appear to have a surface structure very
different from that of whole cells. The surface of whole cells is covered by microvilli that are orga-
nized with consistent density and length, whereas fragments have somewhat disorganized, small,

rounded blebs covering their surfaces (Dale et al., 1995).

Transmission electron micrographs reveal a heterogeneous internal organization and content, that
is normal, apart from the absence of a nucleus. Depending on their origin and position, fragments
may contain a full complement of organelles, including mitochondria, (Sathananthan et al., 1993;
Van Blerkom et al., 2001), or they may be virtually devoid of organelles (Van Blerkom et al., 2001).

Fragments may be reincorporated or they may lyse under some circumstances. Hardarson et al.
(2002) reported an observation to this effect with the aid of time-lapse photography. Of three
fragments that appeared on the surface of one blastomere of a two-cell embryo during the first
cleavage, one was completely internalized within minutes, and its contents became continuous
with the underlying blastomere. The basis of such reincorporation has been provided by trans-
mission electron microscopy (TEM) showing cytoplasmic continuity between columns of frag-
ments and the underlying cell (Van Blerkom et al., 2001). Evidence also points to lysis of small
apical fragments while, according to Van Blerkom et al. (2001), larger fragments can swell, display
a transparent cytoplasm and disappear in a “burst-like” fashion. It has been suggested that lysis of
detached fragments may be due to absence of mitochondria and the associated depletion of ATP

stores in these structures (Van Blerkom et al., 2001).

1.3.7.2 Cytoplasmic fragmentation in preimplantation embryos in vivo
Fragmentation is not exclusive to embryos developing in vitro. In vivo-produced cleavage stage
embryos collected from a number of species, including the human, exhibit various degrees of

cellular fragmentation. Embryos recovered after natural or induced ovulation in the baboon

19



Literature overview Chapter 1

(Hendrickx and Kraemer, 1968) and rhesus monkey (Batta et al., 1978; Hurst et al., 1980; Enders
et al., 1982) contained “fragmenting blastomeres”. Killeen and Moore (1971) reported a high inci-
dence of “anucleate particles” in viable sheep embryos collected from fallopian tubes and portions

of the uterine horn 60 hours following uterine insemination or natural mating,

In the human, it is difficult to know whether fragmentation is as common in vivo as it is in vitro.
Information on morphological features of in vivo fertilized and developed human embryos is
understandably limited. Three important studies, Hertig et al. (1954), Ortiz and Croxatto (1979),
and Buster et al. (1985) provide some clues, however. Hertig and co-workers (1954) examined
4 ova that they judged to be abnormal. Apart from multi-nucleated blastomeres, the authors re-
ferred to “cellular degeneration or necrobiosis” in these ova which vaguely implies fragmentation,

although this is not obvious from the thick sections through the embryos.

Ortiz and Croxatto (1979) associated fragmentation with aging of the unfertilized oocyte: 42%
of unfertilized ova recovered 96 or more hours after the LH surge from women practicing sexual
abstinence showed fragmentation. They also identified 25 abnormal ova recovered from the geni-
tal tract of women who had intercourse both outside and within the fertile period. Nine of the
25 ova had not cleaved and were presumed to be unfertilized. Thirteen ova exhibited no sign of
cleavage or cytoplasmic fragments. Whether fragmentation resulted from aging of unfertilized

ova or had occurred subsequent to fertilization could not be determined.

In the study of Buster et al. (1985), the four 1-cell ova recovered by uterine lavage at 100 or more
hours post ovulation from fertile donors were found to be fully intact. These investigators col-
lected 15 other ova in which development was arrested between the 2 and 16-cell stage. One 6-cell
embryo had fully intact, but unevenly sized cells with contracted cytoplasm, while the intact cells
of an unevenly divided 2-cell embryo were in close proximity to necrotic debris (possibly a lysed
cell) in the perivitelline space (PVS). Another embryo evaluated as a 14-cell with “non-uniform”

cells may have actually contained some fragments, but this is difficult to ascertain.

Overall, it may be safe to say that although fragmentation seems to be a feature of both in vitro
and in vivo fertilized embryos, it is more prevalent among the former, at least when the scenarios
represent comparable situations of infertility. Perhaps in vitro conditions and/or ovarian hyper-

stimulation are more conducive to the induction of embryonic fragmentation.

1.3.8 Causes and mechanisms of cytoplasmic fragmentation in blastomeres

The causes of fragmentation in human embryos remain largely unknown, but a number of factors

may play a role.
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1.3.8.1 Ovarian stimulation

Ovarian hyper-stimulation and oocyte maturation under adverse follicular conditions may con-
tribute to fragmentation and related abnormalities. Poorly vascularized, and thus hypoxic follicles,
have been reported to produce eggs with increased cytoplasmic and chromosomal abnormalities
and to embryos with reduced development potential (Van Blerkom et al., 1997). However, frag-
mentation is clearly not limited to embryos generated following exogenous gonadotrophin ad-
ministration; embryos from non-stimulated natural ovulatory cycles also display fragmentation
in mild to severe forms (Monks et al., 1993) but of course the common denominator between the

two situations is exposure of embryos to in vitro culture conditions.

1.3.8.2 Culture conditions

Quite apart from the influence of media composition, the conditions under which embryos are
maintained in vitro have an impact on embryonic development. Extra-cellular pH (Squirrell et
al., 2001), and temperature (Pickering et al., 1990), for instance, can impose their effects by alter-
ing the cytoskeleton. A decrease in the pH of the culture medium may lead to destabilization of

cell membranes through inhibition of actin polymerization (Begg and Rebhun, 1979).

Similarly, high oxygen tension has been shown to lead to accumulation of reactive oxygen species
in blastomeres, and said to jeopardize the integrity of their membranes, triggering apoptosis and

fragmentation (Yang et al., 1998).

1.3.8.3 Chromosomal abnormalities

Numerical and structural chromosome abnormalities inherent in male and female gametes
(Pellestor, 1991; Martin, 1987) may not preclude fertilization, but may produce embryos that sub-
sequently fragment and fail to develop. Indeed, a very high percentage of embryos with extensive

fragmentation has been shown to be chromosomally abnormal.

Pellestor et al. (1994) examined the karyotypes of 118 embryos with irregular blastomeres and
extensive fragmentation. A normal diploid chromosome complement was found in only 12% of
the embryos examined, the remainder showing a variety of abnormalities such as aneuploidy and
mosaicism. Munné et al. (1995) applied fluorescent in situ hybridization (FISH) with probes for
chromosomes X, Y, 18, and 13/21 to 154 slow and/or fragmented embryos. Chromosomal anom-

alies found in this group included extensive diploid mosaicism, aneuploidy, and polyploidy.

In further studies, all intact blastomeres of embryos with extensive fragmentataion were subjected
to chromosome analysis. Sixty-six percent of embryos exhibiting more than 35% fragmentation

were shown to be chromosomally abnormal (Munné et al., 2001). Though this was significantly
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higher than the 47% abnormality rate among embryos with less than 35% fragmentation, the

findings also imply that a fair number of fragmented embryos may be chromosomally normal.

1.3.8.4 Apoptosis

Body cell renewal takes place in a rapid process that also involves the degradation and disposal of
damaged cells. This process is termed apoptosis or programmed cell death (PCD). The morpho-
logical signs of apoptosis are described as condensation of the nucleus and the cytoplasm, nuclear
fragmentation, plasma membrane ruffling and blebbing, and ultimately production of cell frag-
ments of varying sizes (Kerr et al., 1972). This is different from necrosis, the other form of cell

death, which usually results from injury and affects entire groups of cells (Wyllie et al., 1980).

The morphological similarities between somatic cell apoptosis and embryo fragmentation, as well
as evidence for programmed cell death in mammalian blastocysts (El-Shershaby and Hinchliffe,
1974; Mohr and Trounson, 1982; Enders et al., 1990) was noted by some investigators, and a pro-
posal was put forth linking apoptosis and early embryo blastomere fragmentation (Jurisicova et
al., 1995; 1996b).

This was based on evidence obtained by applying transferase-mediated dUTP nick-end labeling
(TUNEL) to arrested fragmented embryos to identify condensation and degradation of chroma-
tin (Jurisicova et al., 1996b). Subsequently, Levy et al. (1998) argued that TUNEL alone may fail
to distinguish between apoptosis and necrosis; they used TUNEL in combination with annexin V
labeling in order to detect cells in “early stages of apoptosis™ Annexin V binds phosphatidylserine,
a molecule that translocates from the inner to the outer cell membrane during apoptosis (Martin
et al,, 1995). All arrested or fragmented human embryos stained positively for annexin V, while
cryopreserved embryos that continued to develop normally after being thawed did not show any

staining (Levy et al., 1998).

However evidence disputing the role of apoptosis in blastomere fragmentation is accumulating.
Van Blerkom et al. (2001) have convincingly argued that the TUNEL assay and annexin V label-
ing cannot reliably determine whether cell death has occurred, because normal active nuclei can
be TUNEL positive, and, if cell death has occurred, annexin cannot reveal what type of death the
cell has suffered since cells undergoing necrosis or lysis also stain positively with annexin V. Van
Blerkom et al. (2001) therefore subjected fragmented embryos to the ‘comet’ assay in addition to
TUNEL and annexin V in order to detect DNA damage. Positive TUNEL fluorescence and comets
were evident only in second polar bodies, and in embryos with cell lysis, or where DNA cleavage
was experimentally induced by DNase treatment. All fixed embryos displayed annexin V label-
ing. The latter demonstrated a major weakness of the study by Levy et al. (1998) in which fixed

embryos displaying annexin V staining were thought to be undergoing apoptosis.
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1.3.8.5 Other non-apoptotic pathways

Van Blerkom et al. (2001) offer an attractive alternative to apoptosis, in that they consider the
role of the cytoplasm in fragmentation. They propose that an oncosis-like process, may be the
underlying mechanism of fragmentation in human embryos. Oncosis has been described as a
potentially reversible set of events that occur in oxygen-deprived somatic cells and can lead to cell
death (Majno and Joris, 1995); oncosis is also characterized by membrane elaboration resembling
fragmentation. Van Blerkom et al. (2001) argue that in blastomeres of early human embryos,
transient and focal ATP deficiencies resulting from discrepant distribution of mitochondria in

blastomeres may be the trigger for such a process.

This suggestion is based on the observation that large regions of cortical cytoplasm in zygotes
as well as early blastomeres can be devoid of mitochondria (Van Blerkom et al., 2000). This de-
ficiency in the inherited complement of these organelles, they propose, can lead to insufficient
ATP concentrations for proper maintenance of cell membrane integrity, ultimately leading to

fragmentation.

1.4 Aims of the study

The low efficiency of therapeutic IVF is a formidable problem in assisted reproduction. Analysis of
data show that two in three eggs that are retrieved from superovulatory treatment become clini-
cally unusable. They are judged to be unsuitable for transfer or cryopreservation (Figure 1.8)
(e.g., 94,653 discarded / 133,956 eggs collected; M. Alikani and G. Tomkin, unpublished data) and
are discarded at the end of the treatment cycle. The majority of these eggs are “lost” between fertil-

ization and compaction, primarily to fragmentation, slow cleavage, and arrest.

It is the aim of this thesis to delineate the consequences of the most frequent cause of embryonic
loss during in vitro culture—cytoplasmic fragmentation. This may be achieved through detailed
analysis of embryology data obtained in the course of patient treatment cycles at the IVF Clinic (at
Saint Barnabas Medical Center, NJ, USA).

Several elements in the laboratory of the Clinic have helped to create this opportunity. Culture of
individual rather than groups of embryos allows the monitoring of their development from fertil-
ization through the last day in culture. This meticulous follow-up of every egg collected is possible
because of the availability of an extensive embryology database. The database was designed to allow
the type of data collection and analysis integral to the present studies, and has been used for this

purpose for over a decade. Once a question is formulated, specific queries can be written to obtain
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the pertinent data, which can be studied and analyzed in-depth. The large numbers of embryos in

the database enable higher levels of significance to be determined in multivariate analyses.

It is an aim of these studies to provide answers to several important questions in order to fill in
the large gaps in current knowledge about the clinical significance of fragmentation: Is fragmenta-
tion morphologically indistinct (more or less uniform) or are there certain patterns? What is the
potential of a fragmented embryo to continue development in utero and form a fetus? Can this
potential be improved by opening the ZP (assisted hatching) and removing the fragments? What

is the potential of a fragmented embryo to form a normal blastocyst in vitro? Is it preferable to
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Figure 1.8 The low proportion of clinically usable eggs following super-ovulation. Roughly one
third of the total number of eggs collected is frozen or transferred; the remaining eggs are discarded
at various stages.

transfer fragmented embryos to the uterus as soon as possible or to leave them in culture to see
whether they survive? When fragments are present, is survival in vitro more of a challenge than it

is in vivo?

Another aim of these studies is to address a fundamental problem in the investigation of cytoplas-
mic fragmentation: the lack of an appropriate experimental model in which the phenomenon itself
may be studied. Fragmentation has been observed in all species of mammals in which embryo
transplantation has been implemented. However, when the phenomenon is encountered, following
superovulation with exogenous gonadotrophins, or during the process of nuclear transplantation,

it is attributed, respectively, to apoptosis and failed nuclear transfer. But unless fragmentation
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can be reliably and easily induced, and studied in a readily available animal model, uncovering its
origins and mechanisms would be very difficult. In the absence of such studies, fragmentation
in human embryos has been viewed simply as a degenerative process and an unavoidable nui-
sance. The few studies in this area, have, perhaps understandably, viewed fragmentation from the
perspective of cell death, attempting to link the phenomenon to apoptosis. There has been little
effort to investigate fragmentation from other angles. This has placed an arbitrary limit on the
scope of such investigations, ignoring some basic observations regarding fragmentation. For in-
stance, unfertilized human eggs rarely ever show signs of fragmentation during in vitro culture (the
same is true generally of unfertilized or unactivated eggs in other species as well); nor is fragmenta-
tion unequivocally associated with arrest of development in cleavage stage embryos, although ar-
rested embryos are destined to die. If fragmentation were part of a process whereby unfertilized (or
unfertilizable) eggs are eliminated in vivo through a genetically programmed process, why do they
then not consistently fragment during culture after they fail to become fertilized? If fragmentation
represents death, why do fragmented human embryos show a wide range of morphologies and why

is limited fragmentation compatible with further development?

The studies that follow attempt to answer other basic questions: How do fragments interfere with
development—is it their mere presence that affects the health of the embryo as a whole or do they
signify other underlying abnormalities? What is fragmentation and does it occur randomly during
the course of development or is it restricted to certain phases? What is the basis for the association
of fragmentation with other abnormalities? Is this a mere association or are they mechanistically

inter-related?

The undertaking of these studies is hoped to lead to a better understanding of early human
development in vitro, and provide the basis for development of strategies to prevent the loss of

large numbers of embryos during therapeutic IVE.
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Chapter 2
General materials and methods

2.1 Clinical data collection and analysis

Data from IVF treatment cycles were collected and analyzed using the EggCyte database (EggCyte,
ART Institute of NY and NJ, Livingston, NJ, 1995-2005)(Tomkin and Cohen, 2001). A computer
network with both paper and on-line database record-keeping was maintained in the clinical IVF
laboratory. Data were recorded at the point of generation and afterwards confirmed with the paper
records. Using MS-Access (Microsoft Corporation, Seattle, USA), a suite of tables, forms, program
functions, and reports tailored to the requirements of clinical embryology for individual oocyte
and embryo tracking were created. Like any relational database, the tables link the relevant records

by indexed numeric fields common to each.

After retrieval, oocytes were numbered and tracked individually with separate pages or tables for

each day of development, just as in a daily journal.

When embryos were transfered, separate records for each were again created and linked to the re-
cord of the transfer procedure. As pregnancy results became available, they were entered in a fur-
ther table, always linked by procedure number. Data for the analyses in these studies were extracted
by creating selection lists or queries from relevant tables in the database. EggCyte has over 40 data
tables, all or some of which may be used in any of the analyses. Hundreds of queries of varying com-
plexity with Structured Query Language (SQL) and Visual Basic programming functions (Micro-
soft Corporation, Seattle, USA) were used to generate the data presented in the following chapters.

2.2 Ovulation induction, embryo transfer, luteal phase support, and assessment
of pregnancy

All patients undergoing IVF were placed on one of two protocols: 1) mid-luteal (cycle day-21)
down-regulation with leuprolide acetate (0.5mg)(Lupron; Tap Pharmaceuticals Inc., Lake Forest,
IL, USA) followed by stimulation with gonadotrophins on day-3 of the subsequent menses, or 2)

a microdose leuprolide acetate (50pg twice a day) flare protocol utilizing leuprolide on day-2 of
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an oral contraceptive withdrawal bleed followed by gonadotrophin stimulation beginning one day
later (day-3 of menses). Patient diagnosis and previous response were used to tailor a clinically op-
timal protocol. Various urinary gonadotrophins (Metrodin; Serono Laboratories Inc., Randolph,
MA, USA; Pergonal; Serono Laboratories Inc., Randolph MA, USA; Humagon; Organon Inc., West
Orange, NJ, USA; Repronex; Ferring Pharmaceuticals Inc., Tarrytown, NY, USA), and recombinant
gonadotrophins (Gonal F; Serono Laboratories Inc, Randolph, MA, USA; Follistim; Organon Inc.,
West Orange, NJ, USA) were employed at different times. The daily gonadotrophin dosage varied
but was usually between 300 and 450 IU. Ovulation was triggered with either 5,000 IU or 10,000 IU
of human chorionic gonadotropin (hCG; Profasi; Serono Laboratories Inc, Randolph, MA, USA;
Pregnyl; Organon Inc., West Orange, NJ, USA; Novarel; Ferring Pharmaceuticals Inc., Tarrytown,
NY, USA). Oocyte retrieval was performed 35 hours after hCG administration.

Embryo transfers were scheduled between noon and 14.00 hrs on day-3 or day-5 of embryo devel-
opment (day 0 = day of insemination). This was done under ultrasound guidance, using a Wallace
(Irvine Scientific, Irvine, California, USA) or Edwards-Cohen (IVF online) transfer catheter. From
August 1995 until October 1999, the average numbers of embryos replaced in regular (average age
35.46) and oocyte donation cycles were, respectively, 3.31 and 2.72. In October 1999, a major orga-
nizational overhaul in the Saint Barnabas IVF program allowed implementation of a policy that re-
duced the number of embryos for replacement. This was despite a significant increase in the average
age of the patients treated. The average numbers of embryos replaced in regular (average age 36.57)
and oocyte donation cycles after that time were, respectively, 2.84 and 2.21.

Luteal phase support was by intramuscular progesterone (50mg) injection, first administered three
days after oocyte retrieval and continued until 8hCG was assayed 16 days after hCG administra-
tion. Progesterone was continued in case of significant levels of $hCG until the first ultrasound
was performed at 5 weeks gestation. At this time, the number of gestational sacs, and if visible,
yolk sacs, was noted. At 6 weeks gestation, fetal heartbeat (FHB) was assessed and crown-rump
length (CRL) measurements were taken. At 7 weeks, in addition to measurement of FHB, interval
growth was assessed with CRL. The final ultrasound prior to patient discharge for obstetrical care

was performed at 8 weeks and again evaluated growth and presence of FHB within the normal

developmental range.

2.3 Human gamete collection and culture
2.3.1 Oocyte collection

A list of all media used for culture and manipulation of human gametes and embryos is shown in
Table 2.1.
28



General materials and methods Chapter 2

Medium Source Supplement/additives Use

Acidified Tyrode’s Medium In-house None (pH 2.36 - 2.4) Zona drilling

(AT)

Chatot Ziomek Bavister (CZB) In-house 3% BSA None

Calcium-magnesium-free CZB  In-house 3% BSA Dissociation of mouse embryos

(CMF-CZB)

Modified CZB (M-CZB) In-house 3% BSA, 10pg/mL CCB 2 Mouse egg/embryo enucleation

Human Tubal Fluid (HTF) In-house 10% PS, 5% HSA, or Human embryo culture, semen preparation
5% Plasmanate

HTF-HEPES In-house 10% PS, 5% HSA, or 5% Human egg collection and MM
Plasmanate

CMF-HTF-HEPES In-house 5% HSA, 0.05M sucrose ~ Human embryo biopsy

Gardner’s growth medium, Scandinavian IVF 5% HSA Human embryo culture (D1-D3)

phase 1 (G1.2)

Gardner’s growth medium, Scandinavian IVF 5% HSA Human embryo culture (D3-D6)

phase 2 (G2.2)

Global Medium (GLM) LifeGlobal 10% HSA Human embryo culture (D1-D6)

KSOM 1% BSA None Mouse embryo culture

KsoM * 1% BSA None Mouse embryo culture

! Some media are no longer in use.

? On some occasions, 1pg/mL colcemid was also added.
BSA = Bovine serum albumin

CCB = Cytochalasin B

D1-D3 = Day 1 to day 3 of development

HSA = Human serum albumin

MM = Micromanipulation

PS = Patient’s heat inactivated serum

Oocytes were collected in HEPES-HTF medium. After cumulus dissection (during which part
of the cumulus was removed) and washing, oocytes were placed in 100-200mL drops of protein-

supplemented HTF under mineral oil (Squibb, Princeton, New Jersey, USA).

Protein supplementation was provided either by 10% heat-inactivated maternal serum, 6% plas-
manate (Miles Inc., Indiana, USA) or 6% Synthetic Serum Substitute (SSS; Irvine Scientific, Irvine,
California, USA).! Oocytes and embryos were cultured at 37°C in an atmosphere of 5% CO, and
95% humidity in protein-supplemented HTE. Culture dishes containing oil (only) for each case
were prepared and placed in the incubator one day before oocyte retrieval. Culture media were
prepared on that day but placed at 4°C until 2-4 hours before oocyte retrieval. At that time, drops
were made in the pre-equilibrated oil dishes and the dishes were placed in the incubator again.

! Serum and SSS are no longer in use. 29
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2.3.2 Semen collection and preparation

The semen sample was collected by masturbation on the day of oocyte collection. The specimen
was allowed to liquefy for 20 minutes at room temperature. Sperm concentration (count) was
determined on a CELL-VU slide (Millenium Sciences Corporation, New York, NY, USA). Semen
was diluted 1:2 with protein-supplemented HTF and spun in a centrifuge at 200g for five minutes.
The cell pellet was resuspended in 1.0mL protein-supplemented HTE. Sperm were separated on
a discontinuous density gradient (PureSperm 100; Nidacon, Gothenberg, Sweden). The Isotonic
PureSperm was used to prepare the dilutions for the gradients. The gradients were made as fol-
lows: 1.0mL of 95% on the bottom, 70% in the middle, and 47.5% on the top. Once the sperm
suspension was placed on the 47.5% layer, the gradient was spun in a centrifuge at 400g for 10
minutes.' After centrifugation, at least 0.5mL of the 95% layer was collected, washed twice in 3mL
fresh medium, and resuspended in fresh medium, the volume depending on the total count of
sperm. Sperm morphology was assessed using Kruger’s strict criteria (Kruger et al., 1986). The
sample was kept in suspension in protein-supplemented HTF until insemination (4-6 hours after
oocyte collection). Insemination was either by standard methods by addition of approximately
50,000-200,000 sperm per mL to each medium drop containing eggs, or by intracytoplasmic sperm
injection (ICSI) (Palermo et al., 1995). ICSI was applied primarily in case of male factor infertility.

2.3.3 Assessment of fertilization and zygote changeover

Fertilization was assessed roughly 24 hours from oocyte retrieval (16-20 hours from insemination).
This was done by mechanical removal of corona-cumulus cells by repeated aspiration-expelling
through finely pulled glass pipettes (200-600um inner diameter). Oocytes in which a single pro-
nucleus or two pronuclei were seen after standard insemination and those in which two pronuclei
were seen after [CSI were separated and transfered individually into fresh drops of protein-sup-
plemented HTF or 10% HSA-supplemented Global medium (GLM; Life Global, Guilford, Con-
necticut, USA), under mineral oil (Squibb, Princeton, NJ, USA or GenX International, Guilford,
CT, USA). They remained in the same dishes until day-3 or day-6 of development, respectively.
The dishes were prepared as for oocyte collection when HTF was used or they were prepared and
equibrated in the incubator if G2.2 (Scandinavian IVF Science, Sweden) or GLM were used. For
extended culture of embryos that were in HTF during days 1-3, the embryos were switched from
HTF to G2.2 medium on day-3 of development. A second changeover to fresh G2.2 was done on

the morning of day-5, after embryo evaluation and before embryo transfer.?

' Speed was adjusted based on sample quality. Oligospermic/azospermic samples were spun at 1800 rpm. 30
2G and S media are no longer in use in the clinical lab; they have been replaced with Global media (Life

Global, CT, USA).
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2.3.4 Embryo evaluation

On days 2, 3, 4, and 5 of development, embryos were evaluated on an Olympus IX70 inverted
microscope (Olympus America, Melville, New York), equipped with Hoffman Modulation Optics
(Narishige, Japan) at a total magnification of 600X. On the morning of days 2 and 3 of develop-
ment, a number of parameters were recorded: uneven appearance of cells, including the presence
of a dominant blastomere, the degree of fragmentation expressed as a percentage and defined as the
embryonic volume occupied by anucleate cytoplasmic fragments, fragmentation patterns defined
and based on spatial distribution and relative size of the fragments, the number of blastomeres
with multiple nuclei (fully sized or micro-nuclei) and the number of nuclei in each multi-nucleate
blastomere, reduced cell-cell adhesion/contact and generally disorganized appearance of the embryo,
presence of cytoplasmic inclusions, including vacuoles, contraction of the cytoplasm, zona pellu-

cida abnormalities and thickness (occasionally measured).

Assessment criteria for day-4, 5, and 6 embryos and blastocysts are described in Chapter 4.

2.4 Source of human embryos for experimentation

The embryos used in the experiments were obtained from consenting patients, undergoing infer-
tility treatment by IVF/ET, and under a protocol approved by the Internal Review Board of Saint
Barnabas Medical Center in 1995 and 1999, revisions of which were re-approved in 2000, 2002,
and 2004. The protocol concerned the in-depth study of abnormal gametes and embryos gener-
ated during clinical IVF procedures and judged to be unsuitable for transfer or cryopreservation.

A copy of the consent forms appear in appendices A and B.

Embryos with extensive abnormalities were collected upon completion of each treatment cycle,
that is, after transfer and cryopreservation of viable embryos, and with the signed consent of the
patient. Fresh or frozen/thawed embryos with one or more of the following characteristics were
normally not considered for transfer: 1) fewer than two cells on day-2 of development, 2) fewer
than five cells on day-3 of development, 3) no division in 24 hours of culture, 4) one or more highly
uneven cleavage divisions, 5) loss of more than 35% of the total cytoplasmic volume to fragmenta-
tion or degeneration, 6) large fragments associated with few remaining blastomeres, 7) one or more
multi-nucleated blastomeres appearing either on day-2 or day-3 of development, 8) less than 50%

of the cells remaining intact after thawing of cryopreserved embryos.
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2.5 Mouse oocyte and embryo collection and culture

A list of all media used for culture and manipulation of mouse eggs and embryos may be found in
Table 2.1.

Eight to tweleve-week old F1 (C57BL/6] x BALB/c) females were injected intraperitoneally with
10 IU of pregnant mare’s serum gonadotrophin (PMSG; Sigma-Aldrich Company, St Louis, Mis-
souri, USA), followed 48-49 hours later by 10 I[U hCG (Sigma-Aldrich) to induce ovulation. Ovu-
lated oocytes were collected 13-18 hours later (depending on the experiment) by dissecting the
ampullae of the oviducts in modified CZB medium (Chatot et al., 1989; Chatot et al., 1990). The
modified medium (M-CZB) contained D-glucose, HEPES, and reduced bicarbonate (Kimura and
Yanagimachi, 1995) and was supplemented with 0.1% hyaluronidase and 3% bovine serum albu-
min (BSA, fraction V; Sigma-Aldrich). Zygotes were recovered 18-20 hours post hCG injection also
by dissecting the ampullae. All oocytes and zygotes were cultured in drops of KSOM (Lawitts and
Biggers, 1993) or KSOM with amino acids (KSOMAA; Ho et al., 1995; Biggers et al., 2000) (Specialty
Media, Phillipsburg, NJ, USA) under mineral oil (Squibb), at 37°C in 5% CO, and 95% humidity.

2.6 Zona pellucida removal and disaggregation of embryos

To disaggregate embryos, the zona pellcida (ZP) was removed from embryos by 10-minute incuba-
tion in the protease, pronase (from Streptomyces griseus; Sigma-Aldrich) (Mintz, 1962). The pro-
tease solution was made in M-CZB and contained 0.5% pronase, 0.1% PVP, and 3% BSA. During
this incubation period, the ZP began to loosen and dissolve. At this point, the ZP was completely
removed by pipetting the embryo through a pulled glass pipette. Zona pellucida-free embryos
were incubated in calcium-magnesium-free CZB (CMF-CZB) for 10 minutes. The cells were sepa-
rated mechanically by pipetting through a pulled glass pipette. In the case of fragmented human
embryos, incubation in CMF medium was often not necessary since the cells were held together

loosely and disaggregated easily following removal of the ZP and pipetting.

2.7 Micromanipulation of human and mouse eggs and embryos

2.7.1 Microtools

Holding pipettes, ICSI needles, and blastomere biopsy needles were purchased (Humagen Fertility
Diagnostics, Charlottesville, VA, USA). Holding pipettes had an inner diameter of 20um, and an
outer diameter of 65-100um, depending on the type of egg/embryo under manipulation. Needles
for ICSI had an outer diameter of about 7-8um, an inner diameter of about 5um, and a sharp spike
of about 2um. The biopsy needles had an inner diameter of 40pm. Assisted hatching needles were
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prepared in-house and had an inner diameter of 10-12pm. Closed-tip ZP dissection needles were
prepared in-house by pulling pre-pulled pipettes on a microforge (model MF-9; Narishige, Tokyo,
Japan). For enucleation, a pipette with an inner diameter of roughly 30um was manufactured in-
house. The tip of the pipette was rounded using the heated filament of the microforge. All tools
were bent at about 800pm from the tip at a 40° angle.

2.7.2 Equipment, media, and procedures

2.7.2.1 Human

For human egg and embryo manipulation, the micromanipulation medium was HEPES-buffered
HTF (HEPES-HTF) supplemented with 10% human serum albumin (HSA; SAGE in vitro Fertiliza-
tion, Inc., Trumbull, CT, USA). Embryo biopsy and assisted hatching procedures were performed
in shallow culture dishes (Falcon 1006; Becton and Dickinson, Franklin Lakes, NJ, USA) with drops
arranged under oil as shown in Figure 2.1.' Manipulations were done on a heated microscope stage
(Thermo Plate, Tokai Hit, Shizuoka-ken, Japan), set to 37°C. The work surface of the laminar flow
hood used for general handling of eggs and embryos was also set to 37°C. The procedures were
performed at 40X magnification using an IX-70 inverted Olympus microscope (Olympus America,
Melville, New York, USA), connected to a 14-inch monitor, and equipped with Hoffman Modula-
tion Optics (Narishige, Tokyo, Japan) and hydraulic miromanipulators (Narishige, Tokyo, Japan).

Figure 2.1 A schematic representation of a culture
dish prepared with microdrops under oil for human
embryo biopsy or assisted hatching micromanipula-
tion procedures.

Falcon 1006
dish

CMF-HTF-HEPES/ 5% HSA + 0.2M sucrose (Biopsy)
Or
HTF-HEPES/ 5% HSA (Assisted hatching)

Acidified Tyrod’s solution

®©00 O

Mineral oil

2.7.2.2 Mouse
All micromanipulations were performed in shallow Falcon culture dishes with medium drops

arranged under oil as shown in Figure 2.2. For enucleation, 10ug/mL cytochalasin B (CCB; Sigma-
Aldrich) was added to M-CZB, as specified in methods in the relevant chapter. Microscope and ma-
nipulators were the same as that used for human embryo work.” Some procedures were performed

at room temperature while others were performed at 37°C, as specified in methods in each chapter.

! Figure adapted from The Embryology Laboratory Manual, IRMS at SBMC. 33
2The research laboratory is completely separated from the clinical IVF laboratory.
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Figure 2.2 A schematic representation of a culture
dish prepared with microdrops under oil for mouse
egg and embryo micromanipulation procedures.

Falcon 1006
dish

Drops used for manipulation

()

(#) Drops used for wash/microtool cleaning
© Mineral oil
o

M-CZB /3% BSA/ 10pm CCB

2.8 Preparation of host zonae pellucidae

Mouse, bovine, or human eggs or embryos were placed in a drop of M-CZB for micromanipula-
tion. The ZP was either opened mechanically, using a ZP dissection microneedle, or by laser irra-
diation (Fertilase; ZMS, Vero Beach, FL, USA). The egg/embryo was then positioned so that the ZP
incision was at the three o’clock position. An enucleation needle with an outer diameter of 30um
was inserted through the opening and the cytoplasm was aspirated until the ZP was empty.

2.9 Fixation of cells for cell counts and fluorescence in situ hybridization

Whole embryos were fixed on glass slides using a method first described by Tarkowski (1966), modi-
fied by Munné et al. (e.g., 1993; 1998) and described in detail by Velilla et al. (2002). A capillary
tube with an inner-diameter of 0.16 mm was filled with a 1:3 solution of methanol: acetic acid. One
embryo was picked up and placed on a clean glass slide on the stage of a stereoscope (Leica MZ 9.5;
Leica Microsystems Bannockburn, IL, USA) along with a minimum volume of the fixative. While
the ZP dissolved and the solution evaporated, humidity was increased by blowing on the slide until
all cytoplasm was dissolved and the nuclei were fixed onto the glass slide. Nuclei were counted on a

compound microscope (Olumpus BX 41, Olympus America, Inc., Melville, NY, USA).

! Figure adapted from The Embryology Laboratory Manual, IRMS at SBMC. 34
2The research laboratory is completely separated from the clinical IVF laboratory.
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Chapter 3

Human embryo fragmentation in vitro
and its implications for pregnancy and implantation

3.1 Summary

Although fragmentation is the most common feature of human embryos in vitro, its impact on
pregnancy and implantation is only generally understood and the phenomenon itself and its ori-
gins remain largely undefined. Through non-invasive morphological assessments, we have defined
five distinct patterns of fragmentation based on the size and position of fragments in relation to
those of the nucleated cells. It is shown that these patterns along with the degree of fragmenta-
tion determine the developmental potential of fragmented human embryos. Exclusive transfer of
embryos in which more than one third of the cytoplasmic volume was represented by fragments or
those with large fragments led to very low implantation and pregnancy rates. The data also suggest
that microsurgical removal of the fragments may be of benefit to some fragmented embryos.

3.2 Introduction

Fragmentation is a common feature of human embryos developing in vitro (Trounson and
Sathananthan, 1984; Sathananthan et al., 1990). When exceeding 10% of the embryonic volume,
it is thought to reflect a certain aberration in development. Although a study by Jurisicova et al.
(1996b) suggested that programmed cell death or apoptosis is triggered in arrested fragmented hu-
man embryos, the exact manner in which fragments interfere with development of non-arrested

embryos remains to be clarified.

The current protocols assess the quality of an embryo based largely on the degree to which it has
fragmented. This system of embryo “grading” reflects early knowledge of human embryo mor-
phology (Veeck, 1988). It is now inadequate, as it distinguishes fragmented embryos only at a
rudimentary level and may underestimate the developmental potential of certain types (Erenus et
al., 1991; Shulman et al., 1993).
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The largest studies published to date on the impact of fragmentation and the outcome of in
vitro fertilization and embryo transfer (IVF/ET) are those of Staessen et al. (1993), Giorgetti et
al. (1995), and Ziebe et al. (1997). These investigators have reported very low implantation rates
(approximately 5%) after transfer of embryos with 10-50% fragmentation on day two of develop-
ment. These reports do not address the differences among embryos within this wide range, nor do

they consider the size and distribution of the fragments.

Since August 1995, record keeping of embryonic development and transfer at the Saint Barnabas
Clinic has included detailed tracking of individual embryos, making it possible to retrospectively
analyze large series of cases. Here we have considered specific degrees and patterns of fragmenta-
tion and indicate their impact as well as the effects of fragment removal on the implanting potential

of fragmented embryos.

3.3 Materials and Methods

3.3.1 Patients in the study

An institutional review board approval was not required for this study since the work is routine
at the Saint Barnabas Clinic and was based on a previously approved protocol. This involved over
3000 patients without obvious side effects (Cornell University Medical College, 1989). The study
population consisted of patient procedures for which pregnancy outcome was known (n=2410).
Transfer cycles involving frozen-thawed embryos were excluded. Ovulation induction, luteal phase

support, and pregnancy assessment protocols are described in Chapter 2 (section 2.2).

3.3.2 Homogeneous transfers

To eliminate or minimize correlative uncertainties when multiple embryos were transferred, only
patient procedures with “homogeneous transfers” were selected for these analyses. A transfer was
considered homogeneous when more than one half of the embryos replaced were in the same cat-
egory. A pool of 2410 procedures was searched for homogeneous transfers. With respect to the
degree of fragmentation, 1,727 procedures were found to be homogeneous (“W” groups). With
respect to the pattern of fragmentation, 570 procedures were homogeneous (“T” groups). Proce-
dures common to “W” and “T” groups were homogeneous with respect to both degree and pattern

of fragmentation and were analyzed separately.

The degree of fragmentation in replaced embryos in groups W1 to W5 was 0-5%, 6-15%, 16-25%,
26-35%, and greater than 35%, respectively. The pattern of fragmentation in groups T1 to T5 was
Types I through V, respectively, and followed the definitions below. Since only six patients were in

group T5, this group was excluded from all analyses.
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3.3.3 Definition of fragmentation patterns

Based on distribution and size of the fragments, five patterns of fragmentation were defined. Em-

bryos with these patterns are presented in Figure 3.1, before and after fragment removal.

Type I fragmentation was minimal in volume and the fragments were typically associated with
only one blastomere. Type II fragments were small and localized, forming a column associated
with one or more cells. Type III fragments were small and scattered throughout the embryo. Type
IV fragments are large, sometimes resembling whole blastomeres. These fragments were scat-
tered throughout the embryo and were associated with uneven cells. Type V fragments appeared
necrotic, and were associated with a characteristic granularity and cytoplasmic contraction in the

intact blastomeres.

A designation of “no distinct pattern” implied that fragmentation did not fit in any of the above

categories.

3.3.4 Assisted hatching and fragment removal

All embryos fragmented beyond 5% arriving to day-3 of de-
velopment and selected for transfer were subjected to selec-
tive assisted hatching (Cohen et al., 1992), followed by micro-

surgical removal of some or all fragments (see Figure 3.1).

Fragment removal was attempted at high magnification and
with continuous re-focusing and rotation of the embryo to
avoid damaging intact blastomeres and to provide access to
more fragments. The needle was moved towards the con-
tra-lateral side of the aperture in the zona pellucida (ZP) or
placed between blastomeres in order to remove fragments.
Any blastomeres lysed accidentally during the procedure were

removed completely.

Figure 3.1 Day-3 fragmented human embryos with frag-
mentation patterns [, I[, I[II, IV, and V. The left panel shows
the embryos on day three of development before assisted
hatching and fragment removal. Arrowheads point to the
position of fragments. The right panel shows the same em-
bryos after assisted hatching and fragment removal. Note
differences in the organization and appearance of the re-
maining blastomeres after removal of different types of
fragments. Arrow in (V)a shows the size of the ZP hole.
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3.3.5 Statistical analysis

To find the relationship between fragmentation and pregnancy and implantation, variables
represented as proportions (pregnancy and implantation rates) were analyzed by means of logistic
regression. The Tukey multiple comparisons test was used to compare mean cell numbers among

different fragmentation patterns.

3.4 Results

3.4.1 The degree of fragmentation and its impact on implantation and pregnancy

To measure the impact of fragmentation on implantation and pregnancy, we considered the degree
and type of fragmentation as evaluated on the morning of developmental day-3. Data for the ho-
mogeneous transfer groups with respect to the degree of fragmentation (“W” groups, n=1727) are

presented in Table 3.1.

Total

Fragmentation Transfer No. of Patients No. of Clinical No. of No.of No.of Implantation
Range Group  No.of with Positive ~ Procedures  Pregnancy Embryos Sacs  FHB Rate

(%) Procedures 8hCG with FHB>0 Rate Replaced (%)

(%)

0-5 w1 1,062 769 669 63.0 3,651 1,312 1,160 31.8

6-15 w2 533 365 308 57.8 1,845 584 521 28.2

16-25 W3 64 42 33 51.6 231 64 54 234

26-35 W4 41 22 19 46.3 111 32 26 23.4

>35 W5 27 9 4 14.8 78 6 5 6.4

Total 1,727 1,207 1,033 59.8 5,916 1,998 1,766 29.9

FHB= Fetal Heart Beat

During the 1727 procedures reviewed, a total of 30,772 oocytes were retrieved, 5916 embryos were
transferred of which 2105 had fragment removal. The average fragmentation rate for all day-3
embryos and for those replaced on day-3 was 15.4% and 8.6%, respectively. The incidence of clini-
cal pregnancy, defined as fetal heart beat (FHB) detected on ultrasound, was 59.8% (1033/1727).
Implantation rate, defined as FHB per embryo replaced, was 29.9% (1766/5916). The average

maternal age in this population was 35.7 + 4.25 (S.D.) years.

There was a significant decrease in implantation and pregnancy as fragmentation increased in
degree (p<0.001). This significance was largely (but not entirely) due to the drop in pregnancy and

implantation beyond 35% fragmentation.
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3.4.2 Microsurgical fragment removal

Following microsurgical fragment removal, none of the transfers in the study involved embryos
with more than 25% fragmentation. The most fragments were removed from embryos with greater
than 35% fragmentation (Figure 3.2).

—_— [y} [3°] W W
W (== W () W

Fragments Removed (%)
=

0-5 6-15 16-25 26-35 >35
Degree of Fragmentation (%)

Figure 3.2 The percentage of fragments removed from fragmented embryos Vs. the degree of frag-
mentation. Nearly all fragments were removed from embryos with more than 35% fragmentation.
In other groups, on average, roughly half the fragments were removed.

The damage rate was calculated based on the number of embryos in which one or more blasto-
meres lysed as a result of contact with the assisted hatching needle. The overall damage rate was
6.33% (255/3775) and it ranged from 1.7% (11/654) in embryos 0 to 5% fragmented, to 11.4%
(22/193) in embryos with more than 35% fragments. The pattern of fragmentation also affected
the degree to which cells were accidentally damaged. Embryos with no distinct pattern of fragmen-
tation were those most frequently damaged (27/223; 12.1%), followed by Types V, IV, III, II, and I
(4/190; 2.1%).

3.4.3 The pattern of fragmentation and its impact on implantation and pregnancy

Data for the “T” groups are presented in Table 3.2. There was a general decline in implantation and

pregnancy in successive groups T1 to T4, with the largest decrease in group T4 (p<0.001).
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Trans- Mean (%) Total No. of Patients No. of Clinical No. of No.of No.of Implantation
fer Day-3 No. of with Positive ~ Procedures  Pregnancy Embryos Sacs FHB  Rate
Group  Fragmentation® Procedures 8hCG with FHB>0 Rate Replaced (%)
(£SD) (%)
T1 5.9 (2.91) 63 48 41 65.1 206 87 78 379
T2 14.0 (6.77) 62 51 42 67.7 216 85 73 33.8
T3 14.4 (5.89) 335 239 199 59.4 1,089 378 332 30.5
T4 25.2 (10.43) 104 53 42 40.4 318 68 58 18.2
Total 564 391 324 57.4 1,829 618 541 29.6

FHB= Fetal Heart Beat

*Before fragment removal

A meaningful trend was observed when transfers homogeneous with respect to both degree and
pattern of fragmentation were considered. Compared to the implantation rate of embryos in
W2-W4 groups (without consideration of the pattern of fragmentation), embryos in group T4
implanted least frequently (Figure 3.3).

3.4.4 Cell number and the patterns of fragmentation

These data are presented in Table 3.3. Embryos with localized fragments (Type II) had an average
of 3.22 * 1.14 cells on day two. This was significantly lower in comparison to all other fragment
types (p<0.001). On day-3, both types II (5.98 £ 1.99 cells) and IV (5.58 + 1.97 cells) embryos had
fewer cells compared to others (p<0.001).

Implantation Rate

All Types T2 T3 T4
Fragmentation Type Group

|I:|6-15% B 16-25% -26-35%|

Figure 3.3 The incidence of implantation in transfer groups T2, T3, and T4 compared to implanta-
tion of embryos according to the degree of fragmentation and without consideration of the pattern
of fragmentation. Homogeneous transfer of type IV fragmented embryos led to the lowest rate of

implantation.
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Fragment Day-2 Day-3

Type Cell Number Cell Number
I 3.64 7.39

I 321° 5.98°

I 3.85 7.06

v 3.65 5.58°

*Significantly different from cell number of other types on that day (p<0.05)

3.5 Discussion

What is evident from years of recorded observations on fragmentation is that it does limit develop-
ment of the human embryo in vitro. The specifics of this developmental limitation, however, have
been far from clear. Comparisons among programs have been uncertain because of inadequate
descriptions of morphology or indirect evaluations such as assignment of grades or scores. This has
hampered the development of an acceptable embryo classification system that, for instance, would

serve as a general aid in embryo selection for transfer.

The present study focuses on an important aspect of embryo morphology, namely fragmentation,
from an angle other than that used traditionally. This work establishes a relationship between the
degree and pattern of fragmentation on day three of development and the incidence of implanta-

tion and pregnancy following selective assisted hatching and fragment removal.

Our findings indicate that not all fragmentation, even at high levels, is detrimental to the embryo.
The pattern of fragmentation has a profound effect on the developmental fate of the embryo, thus
must be considered in its evaluation. Homogeneous (half or more of the embryos in the same
category) transfer of embryos with large fragments, designated here as type IV pattern of fragmen-
tation, produced an implantation rate (18%) significantly lower than that of other types.

There was also a significant decrease in clinical pregnancy rate following homogeneous transfer
of such embryos (40% compared to an overall pregnancy rate of 58.5%). Electron microscopic
evidence suggests that large fragments originate from cells of two- or four-cell embryos, as these
fragments have mitochondria that are more electron-dense than in later stage cells (Sathananthan
et al., 1993). The release of large fragments at an early stage may deplete the embryo of essential
organelles such as mitochondria, or structures such as pinocytotic caveolae which are involved

in uptake of exogenous protein. Moreover, the portion of the cell that retains the nucleus may
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actually arrest following such a great loss. The minimum cytoplasmic volume required by a human

blastomere at various stages in order to undergo further division is not known at present.

The average degree of fragmentation on day-3 was higher (25%) in group T4 (Type IV embryos
replaced primarily), than all others. This high degree of fragmentation was probably one con-
tributing factor to decreased implantation. However, to delineate the effect of fragmentation pat-
tern apart from fragmentation degree, we considered implantation in transfers homogeneous for
both degree and pattern of fragmentation. This analysis showed that transfer of Type IV frag-
mented embryos, with 6 to 35% fragmentation, led to implantation rates lower than their Type I
or III counterparts, or the implantation rate of fragmented embryos regardless of the pattern of

fragmentation. However, these differences were not significant.

It should be noted that implantation in group W3 with 16-25% fragmentation was in fact identical
to that of group W2 with 6-15% fragmentation. It is thus more likely that the difference in implan-
tation of Type II and Type IV embryos is at least influenced by fragmentation type.

In contrast to large fragments, small, scattered fragments (Type III) do not appreciably affect cell
number during the three days in culture. Nor do they appear to pose a serious threat to further de-
velopment. Based on the appearance of these fragments, it is likely that they are generated during

successive divisions. They may not point to a systemic anomaly, but to “imperfect” cytokinesis.

The distribution of fragments is also of significance, as in the case of localized fragments (Type
IT), which appear to have resulted from the complete fragmentation of one or more cells. Despite
lower cell numbers both on day-2 and day-3 of development, the implantation rate of embryos
with Type II fragmentation is nearly 34%. Elimination of selected blastomeres by the embryo may
reflect its effort in restoring or maintaining viability when anomalies affect particular blastomeres.
For instance, limited diploid mosaicism is not uncommon among day-3 embryos (Munné et al.,
1995). Early loss of such cells would prevent their later contribution to the inner cell mass or the

trophectoderm of the blastocyst.

There was no correlation between the appearance of any pattern and maternal age, suggesting that
ovarian response to exogenous gonadotrophins is not a significant factor in the evolution of frag-
mentation patterns. Although implantation is best when embryos are not fragmented, moderately
fragmented embryos implant frequently. This is consistent with cytogenetic data indicating that
about 60% of highly fragmented embryos (up to 40%) are chromosomally normal (Reviewed in
Munné and Cohen, 1998). However, these data are in sharp contrast to previous reports which

estimate the implantation rate of such embryos at 5% (Staessen et al., 1993; Ziebe et al., 1997).
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In the current study, a very low implantation rate (6%; 3 delivered) occurred when replaced
embryos had greater than 35% fragmentation before fragment removal. The relatively high im-
plantation rate of embryos with 20-35% fragmentation may be attributable to microsurgical frag-
ment removal, since it was applied routinely during the course of this study. The application of
fragment removal is based on our previous finding of a 4% overall increase in implantation rate
when assisted hatching and fragment removal were applied simultaneously; this was in comparison

to embryos which were only zona-drilled (Cohen et al., 1994).

We propose two hypotheses, one or both of which may explain this effect. The first is that
removal of extracellular fragments restores the spatial relationship of cells within the embryo.
Fragments positioned between cells (as in fragmentation pattern III) may cause distortion of
division planes or interfere with normal cell-cell contact, leading to abnormal compaction,
cavitation, and blastocyst formation. Furthermore, fewer cells may be allocated to the inner cell
mass, as this is dependent on contact between sister blastomeres (Edwards and Beard, 1997).
A second explanation for the relatively high rate of implantation of moderately fragmented
embryos following fragment removal may be the prevention of secondary degeneration. On
the transmission electron microscope, blastomeres immediately adjacent to fragments show
early signs of vacuolar degeneration (Sathananthan et al., 1990). Removal of fragments and cell
degradation products may stop deterioration of the remaining cells. Perhaps a lesson is to be
learned from lower organisms, such as C. elegans, in which at least eight genes are dedicated to
the function of cell corpse recognition, engulfing and degradation by neighboring cells (Ellis et
al., 1991). Since blastomeres of early human embryos do not appear to have such phagocytic
activity, necrotic fragments and cell remains are not effectively removed from the developing

embryo and may become problematic.

In addition to fragments and remains of cells, the perivitelline space in fragmented embryos often
appears to be filled with other debris. Some of this debris is traced to the polar body or corona cell
processes (Trounson and Sathananthan, 1984). However, it is possible that debris is also generated

by lysed fragments.

During artificial removal, fragments, “cells” completely devoid of cytoplasm, as well as structures
resembling extra-cellular vesicles occasionally break as they come in contact with the needle. The
close proximity of any of these components to the surrounding cells can cause further damage
leading to the demise of an otherwise viable embryo. This has been demonstrated in the mouse,
where the presence of deliberately lysed cells in company of healthy cells led to reduced blastocyst
expansion and hatching (Alikani et al., 1993).
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This work is partly an effort to expand the focus of embryo morphology assessment to include the
size and distribution of fragments. This is a different concept from the traditional view, indicated
only by blastomere size and degree of fragmentation. These data also suggest a positive influence

of fragment removal on the implanting potential of partially fragmented embryos.
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Chapter 4

Cleavage anomalies in early human embryos and survival after
prolonged culture in vitro

4.1 Summary

This study examines the relationship between common morphological anomalies of cleaving em-
bryos and their ability to form apparently normal blastocysts in vitro. The impact of cleavage rate,
fragmentation, and multi-nucleation on compaction, cavitation, along with inner cell mass and
trophectoderm formation has been assessed. The study population consisted of 102 patients who
elected or were selected to have a day-5 embryo transfer. Clinical pregnancy and implantation rates
were 66.7% and 49%, respectively. Slow and fast cleavage had a significant negative correlation
with normal blastocyst formation. Only 13.8% (67/484) of embryos with fewer than 7 cells and
27.5% (25/91) of those with more than 9 cells on day-3 formed blastocysts with apparently normal
morphology, compared to 41.9% (252/602) with 7-9 cells on day-3 (p<0.001). Fragmentation had
a negative impact on normal blastocyst formation. Embryos with more than 15% fragmentation
formed normal blastocysts significantly less frequently (46/279; 16.5%) than embryos with 0-15%
fragmentation (311/935; 33.3%)(p<0.001). Furthermore, the pattern of fragmentation correlated
with blastocyst formation. Type IV fragmentation led to a significant reduction in blastocyst for-
mation (25/170 or 14.7%), compared to types [, II, and III which performed much better (38.6%,
32.9%, and 32.4%, respectively). Only 15.9% (22/142) of embryos with one or more multi-nucle-
ate cells on day-2 and/or 3 formed normal blastocysts compared to 31.9% (335/1051)(p<0.001)
of those without multi-nucleation. Collectively, the data suggest that cleavage anomalies, some of
which do not preclude development after short-term culture, may reduce the developmental com-

petence of embryos after prolonged culture.

4.2 Introduction

While 70% of eggs fertilized in vitro undergo the first three cleavage divisions during three days
in culture, less than half advance to cavitation after five days (Gardner et al., 1998a, b; Jones et al,,

1998; Behr et al., 1999), and about one third form morphologically optimal blastocysts with a well
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defined inner cell mass (ICM), a cohesive trophectoderm (TE), and full expansion (Racowsky et
al., 2000).

It has been proposed that prolonged culture allows development of “normal” embryos with im-
plantation potential, while “abnormal” and non-viable embryos arrest before or shortly after the
onset of genomic activation (Huisman et al., 1994; Dawson et al., 1995; Janny and Menezo, 1996;
Gardner and Lane, 1997).

Indeed, a number of intrinsic factors have been shown to influence survival to the blastocyst stage
in extended culture, among them are sperm quality (Menezo et al., 1992; Jones et al., 1998), the
etiology of infertility (Menezo et al., 1992), and maternal age (Menezo et al., 1992; Schoolcraft et
al., 1999).

Cleavage patterns have also been linked to blastocyst formation (Bolton et al., 1989; Wiemer et al.,
1995; Balakier and Cadesky, 1997; Rijnders and Jansen, 1998). These observations, together with
the link between chromosomal abnormalities and aberrant early embryo morphology (Pellestor et
al., 1994; Munné et al., 1994; Munné et al., 1995; Sadowy et al., 1998), as well as some reports indi-
cating the high viability of in vitro grown blastocysts (Gardner et al., 1998a, b; 2000; Schoolcraft et
al., 1999) lend support to the “survival of the fittest” proposal.

However, the relationship between morphology, chromosomal integrity, embryogenesis, and viabil-
ity is clearly more complex. Embryos with normal morphology may be chromosomally abnormal,
but can reach the blastocyst stage; on the other hand, many chromosomally normal embryos with
atypical or normal morphology fail to undergo differentiation in extended culture (Sandalinas et
al., 2000). There is also some clinical evidence that suggests a loss of development potential with
extended culture of compromised embryos. Racowsky et al. (2000) reported that patients with no
8-cell embryos on day-3 had a 33% pregnancy rate after day-3 transfers, but failed to achieve preg-

nancies after day-5 transfers.

Hence, extrinsic factors such as prolonged culture under sub-optimal conditions may also contri-
bute to the loss of in vitro generated embryos over time in culture, but, it is unclear which embryos
are affected and to what extent. In the present study, the impact of cleavage rate, fragmentation, and
multi-nucleation on compaction, cavitation, along with ICM and TE formation after prolonged
culture is assessed. Morphological abnormalities of blastulation are described. The relationship
between blastocyst morphology and implantation after day-5 transfer was also evaluated. The

findings may have important implications for the application of day-5 transfer after IVE.
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4.3 Materials and Methods

4.3.1 Patients in the study

Patients were treated between October 1997 and March 1999 at the Institute for Reproductive
Medicine and Science of Saint Barnabas Medical Center. The Internal Review Board of Saint Barn-
abas Medical Center approved the review of these patient records. Ovulation induction protocols
are described in Chapter 2 (section 2.2). The study population consisted of 102 patients (including
38 oocyte recipients) who elected or were selected to have embryos transferred on day-5 of devel-
opment, mainly to avoid high order multiple pregnancy. The mean ages of regular patients and
oocyte recipients were 33.89 + 3.7 and 40.06 * 4.21 years, respectively.

Procedures during which embryos were pooled in groups (n=11) were excluded from the study, as

the embryos could not be individually tracked during culture.

4.3.2 Embryos in the study

Embryo culture methods are described in Chapter 2 (section 2.3). A total of 1,395 zygotes from
102 patients were cultured, of which 112 were cryopreserved on or before day-3. An additional 69
embryos were discarded before reaching day-5, as they were judged to have completely arrested.
Thus the total number of embryos cultured to day-5 was 1,214. The number of embryos in the
cleavage rate analyses differs slightly from this number, since the pertinent information was not

available in the database for all the embryos in the study.

4.3.3 Embryo evaluation

Embryos were evaluated according to the protocol described in Chapter 2 (section 2.3). For the
present analyses, cell numbers on days 2 and 3 were adjusted according to each embryo’s individual
time in culture after retrieval using the following formula: [(Cell number/Hours in culture) x Aver-
age hours in culture for all embryos in the database]. The average number of hours in culture from

oocyte retrieval to day-2 and day-3 were 48.28 and 71.68, respectively.

Development on days 4 and 5 was recorded in detail during the study but was classified only during
data analysis. At that time, embryos were classified according to the criteria listed in Table 4.1. As
is the nature of all morphological classification systems, the one proposed here is subjective, but
based on our own observations as well as those of others on morula and blastocyst morphology
in the human (e.g., Cohen et al., 1985; Hardy et al., 1989; Dokras et al., 1991; 1993; Van Blerkom,
1993; Gardner and Schoolcraft, 1999; Menezo et al.,, 1999). Our analyses do not include day-6
development since the majority of the blastocysts in this study, as in other studies (Gardner et
al., 1998a, b), formed on day-5, and embryos that did not undergo differentiation by day-5 rarely
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formed normal blastocysts on day-6. This is not to say that day-6 blastocysts do not have an im-
plantation potential, but, in the context of this study, timing was an important factor in definition
of normal development.

Developmental Event Day-4 Day-5

Compaction

Complete
Incomplete
Regional

Fusion-like

> > > 0 ow»

None

Cavitation
Single Cavity *
Beginning

Large vacuoles

> > Z
> > » Z

Multiple cavities

Inner Cell Mass formation

Distinct/organized * N
Forming % S
Large cells * S
Small mass % S
None * A
Trophectoderm organization

Cohesive % N
Large cells o S
Irregular % A

N = Normal; S = Sub-optimal; A = Abnormal

*This developemntal event is not expected on this day.

Compaction was expected to occur on day-4 (Nikas et al., 1996); a delay of one day in compac-
tion was considered an indication of slow development and thus sub-optimal. Absence of com-
paction on day-5 was considered abnormal. Compaction on both days 4 and 5 was defined as
complete, incomplete, regional, or fusion-like. Complete or incomplete compaction involved all
cells within the embryo, with all cells appearing flattened and cell boundaries becoming vague

(complete) or only some cells demonstrating this morphology and cell borders still recognizable
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(incomplete). Regional compaction (Figure 4.1; panel A)
marked exclusion of one or more cells from the compacted
morula. A less common form of compaction was termed
“fusion-like” and involved the complete disappearance of
intercellular spaces not by flattening of cells, but by what
appeared as “fusion” of cells (Figure 4.1; panel B). The
extent to which these morphologies determine the poten- §
tial of the morula for development needs further assess- |

ment; but for the purposes of this study and based on the

likelihood of these embryos to form normal blastocysts on
day-5, we have classified regional, fusion-like, and delayed
compaction (one full day’s delay) as sub-optimal.

It was not unusual to see the beginning of cavitation on
day-4. However, a single defined cavity was never observed
before day-5. If a cavity was beginning to form on day-5,
this was sub-optimal, but included as normal. The persis-
tence of large vacuoles, small and multiple cavities on day-5
was considered abnormal (Hardy et al., 1989; Dokras et al.,
1991; 1993) (Figure 4.1; panels C, D, and E, respectively).

A distinct ICM, organized as a compacted mass of nu-
merous cells, was considered normal. If the inner cells

formed a small mass, or if the mass comprised loosely

packed cells, the formation was sub-optimal but consid-
ered normal (Gardner and Schoolcraft, 1999)(Figure 4.1;
panels F and G, respectively). The absence of an ICM was
abnormal (Hardy et al., 1989) (Figure 4.1; panel H). A co-

Figure 4.1 Various abnormal forms of compaction, cavitation, inner cell mass formation, and
trophectoderm organization (A-L). Regional compaction occurred when several blastomeres
(marked with asterisks) were excluded from the morula (Panel A); Complete disappearance of in-
ter-blastomeric spaces was termed “fusion-like compaction” and was considered abnormal (Panel
B); large vacuoles, sometimes with internalized excluded cells or fragments (Panel C, arrow), small
cavities (Panel D, arrow), and multiple cavities (Panel E, arrows) were all considered abnormal
forms of cavitation; A small mass of inner cells (Panel F, arrow) or few large and disorganized in-
ner cells (Panel G, arrow) were sub-optimal formations, while the absence of an ICM (Panel H)
was abnormal. Large TE cells, few in number (Panels [ and J, arrows) were considered sub-optimal.
Irregular forms of ICM and TE cells (Panels K and L, arrows) were considered abnormal.
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hesive layer of numerous tightly packed cells in the TE
was normal; large TE cells were sub-optimal but again
considered normal (Figure 4.1; panels I and J). Highly
irregularly arranged ICM and/or TE cells were consid-
ered abnormal (Figure 4.1; panels Kand L). A blastocyst
was considered morphologically normal if it contained
either a normal or sub-optimal ICM in combination with
either a normal or sub-optimal TE on day-5 (Table 4.1).
The appearance of either an abnormal ICM or an ab-
normal TE, or a full day’s delay in differentiation placed
the day-5 embryo in the abnormal category. Ten repre-
sentative blastocysts of normal appearance are shown in
Figure 4.2; six of these have been delivered (shown in A,
C,D,EorEIand]).

4.3.4 Statistical analysis

Differences in the number of embryos compacting,
cavitating, and forming blastocysts in each fragmenta-
tion group as well as in each cleavage group were tested
for significance using Chi square analysis. Differences
between mean cell numbers were analyzed using ANOVA.

P values <0.05 were considered significant.

Figure 4.2 Representative day-5 embryos with normal morphology. A remarkable variation in size
and shape of the ICM, as well as TE cells is visible. Embryo in panel A (delivered male) was an 8-cell
without fragmentation on day-3. Embryo in panel B was an 8-cell with 15% fragmentation type
III and did not establish a heartbeat. Embryo in panel C (delivered male) was an 8-cell with 5%
fragmentation type I. Embryo in panel D (delivered male) was an 8-cell with 10% fragmentation
type [II. Embryos in panels E and F were 9-cell with 20% fragmentation type III and 8-cell with
15% fragmentation type III; they both implanted, but only a single female was delivered. Embryo
in panel G was a 14-cell without fragmentation and did not implant. Embryo in panel H was an
8-cell with 15% type III fragmentation and did not implant. Embryo in panel I (delivered female)
was an 11-cell without fragmentation. Embryo in panel J (delivered female) was an 8-cell without

fragmentation.
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4.4 Results

4.4.1 Overall clinical results

Table 4.2 is a summary of clinical outcome for the 102 cases reported here. Clinical pregnancy
rate with confirmed fetal heart activity on ultrasound was 66.7% (68/102). Implantation rate (per-
centage of transferred embryos represented by fetal heartbeats (FHBs) was 49.0% (102/208). The
average number of embryos transferred per patient was 2.06. Five patients received one embryo, 88
received 2 embryos, and 9 patients received 3 embryos. Overall blastulation rate was 44.9%; and
normal blastocyst formation rate was 30.6% (371/1214) (some were sub-optimal; see Table 4.1,
Figure 4.2, and materials and methods section). The majority of the blastocysts were obtained on

day-5. All transfers were performed on day-5.

Total No. of Clinical No. No. No. of Eggs No.of No. of No.of  No.of Implantation
No. of Procedures Pregnancy Delivered* Lost Retrieved 2PN  Blastocysts Embryos FHBs Rate (%)
Procedures with FHB >0 Rate (%) (Average) (%) Replaced
102 68 66.7 55 12 2146 1,395 576 208 102 49

(21.0) (44.9)**

FHB = Fetal heart beat
*Delivery information was not available for one patient.

**Blastocyst formation rate reflects 114 embryos that were cryopreserved before or on day-3.

4.4.2 Development rate and blastocyst formation

Figure 4.3 is a summary of the data for a total of 1,177 embryos in the cleavage rate analysis. The
rate of development was an important determinant of normal blastulation. Only 7.4% (15/204) of
the embryos with fewer than 5 cells and 14.3% (17/119) of those with 5 to 6 cells on day-3 formed a

Figure 4.3 Normalized cell num-
bers on day-3 of development and
the incidence of normal blasto-
cyst formation. Embryos with
fewer than 7 cells or more than
9 cells formed normal appearing
blastocysts significantly less fre-
quently than those with 7-9 cells
(p<0.001).

Percent Embryos
Forming Normal Blastocysts

Z5 5-6 6-7 7-8 8-9 9-10 >10
Normalized Day-3 Cell Number
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morphologically normal blastocyst on day-5. The proportion of embryos developing into normal-
appearing blastocysts increased significantly among embryos with 6-7 cells (35/161; 21.7%), 7-8
cells (157/389; 40.4%), 8-9 cells (95/213; 44.6%), 9-10 cells (14/62; 22.6%), and >10 cells (11/29;
37.9%) (p<0.001).

When divided into three groups, embryos with <7 cells, 7-9 cells, and >9 cells on day-3, the propor-
tion of normal-appearing blastocysts were 13.8% (67/484), 41.9% (252/602), and 27.5% (25/91),
respectively. The proportion of normal-appearing blastocysts was significantly higher among
embryos with 7-9 cells compared to embryos with <7 cells (p<0.001) and >9 cells (p<0.01). The
average (+ Standard Deviation) cell numbers on day-2 and day-3 for normally-compacted day-4
embryos were 3.92 £ 0.75 and 7.65 * 1.48, respectively. The day-2 and day-3 averages for embryos
that formed a cavity on day-5 were 3.95 * 0.71 and 7.70 * 1.45, respectively. If a normal ICM had
formed, average cell numbers for days 2 and 3 were 3.96 + 0.49 and 7.97 + 1.3, respectively. By con-
trast, cell numbers on both day 2 and day-3 were significantly lower in non-compacted embryos
(3.52 + 1.21 and 6.03 = 2.15, respectively) and embryos that did not cavitate (3.56 * 1.30 and 6.08
+ 2.24, respectively) (p<0.001). Embryos that did not form a normal ICM had significantly fewer
cells on day-3 (7.42 £ 1.50) (p<0.001). Day-2 cell numbers did not differ between embryos form-
ing a normal ICM verses an abnormal one (3.96 + 0.49 Vs. 3.91 + 0.78). The data for day-3 cell

numbers are presented in Figure 4.4.

S5 Figure 4.4 Average cell number
Abnormal ICM §

of day-3 embryos and blastula-
Noriaal ECM tion. Embryos that successfully
underwent normal compac-
Not Cavitated tion, cavitation, and inner cell
mass formation had significantly
Cavitated higher cell numbers than those
i embryos that failed to complete
Not Compacted these developmental transitions
(P<0.001).
Compacted

5 5.5 6 6.5 7 7.5 8 85
Average Day-3 Cell Number

4.4.3 Fragmentation and blastocyst formation

Figure 4.5 shows the relationship between the degree of fragmentation and the incidence of nor-
mal compaction, cavitation, and blastocyst formation in 1,214 embryos available for this analysis.

Normal blastocyst formation rate decreased significantly with increasing fragmentation: 33.3%
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Figure 4.5 The relationship between
fragmentation degree and normal
compaction, cavitation, and blasto-
cyst formation. When fragmenta-
tion exceeds 15%, the rates of normal
compaction, cavitation and blastocyst
formation are significantly reduced
(p<0.001).

Percent

0-5 6-15 16-25 26-35 >35
Degree of Fragmentation (%)

h:l Compaction B Cavitation B Blastulation I

(311/935) among embryos with 0-15% fragmentation was significantly higher than 16.5% (46/279)
among embryos with more than 15% fragmentation (p<0.001). The difference was apparent at
compaction (51.1% vs. 24.6%, respectively) and cavitation (47.9% vs. 29.3%, respectively). When
fragmentation exceeded 35%, all processes were severely compromised, and normal compaction
(5/50; 10%), cavitation (5/47; 10.6%) and blastocyst formation (6/51; 11.8%) were low.

Figure 4.6 The relationship between
pattern of fragmentation and normal
compaction, cavitation, and blasto-
cyst formation. Embryos with type
IV fragmentation have significantly
lower rates of compaction, cavitation
and blastocyst formation than those
with fragmentation types I, II, and III
(p<0.001).

Percent

Pattern of Fragmentation

||:| Compaction B Cavitation B BlastulatimlJ

The pattern of fragmentation also correlated with blastulation; this is presented in Figure 4.6.
Blastocyst formation rates were not different among embryos with fragmentation type I (54/140,
38.6%), type 11 (27/82, 32.9%), or type III (143/442, 32.4%). However, type IV fragmentation led
to a significant reduction in normal blastocyst formation (25/170, 14.7%) (p<0.001). The same
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trend was apparent at compaction and cavitation.

4.4.4 Multi-nucleation and blastocyst formation

The data for 1,214 embryos in this analysis are presented in Table 4.3. The presence of one or more
blastomeres with two or more nuclei either on day-2 or day-3 of development had a strong negative
correlation with the ability of the embryo to compact, cavitate, and form a blastocyst. Among the
embryos with multi-nucleation on day-2 and/or day-3, only 30.6% (44/144) compacted normally,
27.5% (38/138) cavitated normally, and 15.9% (22/138) formed normal blastocysts. The rates of
normal compaction, cavitation, and blastocyst formation for embryos without multi-nucleation
were 47% (498/1060), 45.9% (482/1051), and 31.9% (335/1052), respectively. The differences be-
tween the two groups were statistically significant (p<0.001).

Day-2/Day-3  Normal Percent Not Normal Blastocyst Average Day-2 Cell  Average Day-3 Cell
Embryo Compaction Compacted Cavitation ~Formation ~ Number * Number *
Morphology Rate (%) Rate (%) Rate (%) (+SD) (+SD)

Without MNB ~ 47.0 384 59.9 326 3.96 (0.7) 7.76 (1.4)

With MNB 30.6 50.7 38.4 16.7 3.53 (1.0) 6.65 (1.96)

P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

MNB = Multi-nucleate blastomeres

* For normally compacted embryos

4.4.5 Multiple cleavage anomalies and blastocyst formation

Blastocyst formation among embryos with multiple anomalies was evaluated. Forty-one percent
of all embryos (493/1214) had one or more of the anomalies described here, that is, on day-3 of
development, they had <5 cells, >15% fragmentation, type IV fragmentation, and/or multi-nucle-

Figure 4.7 Blastocyst formation rate
among embryos with 0, 1, 2, or >=3
cleavage abnormalities on day-3 of cul-
ture. The highest rate of blastocyst for-
mation is among embryos without ab-
normalities. The appearance of a single
anomaly led to a significant reduction in
normal blastocyst formation (p<0.001);
this was further reduced with multiple
anomalies but not significantly.

Percent of Embryos
Forming Normal Blastocysts

Number of Cleavage Anomalies on Day-3
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ation. Figure 4.7 depicts blastocyst formation among embryos with 0, 1, 2, or >=3 abnormalities.
A significantly higher proportion (294/721 or 40.8%) of embryos without abnormalities formed
blastocysts than those with one anomaly (45/270 or 16.7%), two anomalies (24/153 or 15.7%), or
three or more anomalies (8/70 or 11.4%) (p < 0.001). The rate of blastocyst formation did not

change with increasing number of abnormalities.

4.4.6 Implantation and cleavage profile/morphology of transferred blastocysts

The morphology of the transferred blastocysts was analyzed in four patient groups with different
pregnancy outcomes (Table 4.4): (i) 23 patients with no implantation, (ii) 11 patients with a bio-
chemical or an anembryonic pregnancy, (iii) 36 patients in whom at least one of the transferred
embryos gave rise to a fetal heart, and (iv) 32 patients in whom all the transferred embryos resulted
in fetal hearts. The proportion of non-blastocysts and blastocysts with abnormal morphology in
groups (iii) and (iv) with one or more fetal hearts was 15.8% (22/139). This was significantly lower
than the proportion in groups (i) and (ii) with complete implantation failure (negative pregnancy
result) or with implantation but development failure (biochemical or anembryonic pregnancy)
(22/71; 31%)(p<0.01). Moreover, blastocyst abnormalities in groups (iii) and (iv) were limited to
the trophectoderm and some slow embryos, but abnormalities in the failed implantation/develop-
ment groups (i) and (ii), included the ICM and many slow embryos (non-blastocysts).

Implantation No. of No. of No. of No. Abnormal No. Not Percent

Outcome (Group) Patients Blastocysts FHB Blastocysts Abnormal
Transferred

Failed (i) 23 49 0 4 10 28.6

Anembryonic (ii) 11 22 0 8 0 36.4

Total 34 71 0 12 10 31.0°

Some implanted (iii) 36 75 38 7 5 16

All implanted (iv) 32 62 64 74 3 15.6

Total 68 137 102 14 8 158"

#p<0.01 (proportion of abnormal embryos in failed implantation groups compared to the groups with fetal heart activity)

Of the 208 blastocysts that were transferred, 182 (87.5%) were embryos with <=15% fragmenta-
tfon on day-3, and 26 (12.5%) had more than 15% fragmentation. Six embryos (2.9%) had multi-
nucleate blastomeres either on day 2 or day-3. In patients of group (iv), all transferred blastocysts
implanted (64/62; 2 pairs of monozygotic twins). Of these blastocysts, only 8/62 (12.9%) had more
than 15% fragmentation and 3/62 (4.8%) exhibited fragmentation pattern IV on day-3. In pa-
tients of group (iii), with implantation of 38/75 replaced embryos, day-3 fragmentation in excess
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of 15% was only found in 8/75 (10.7%), and Type IV fragments in 5/75 (6.7%). In groups (i) and
(i) together, where none of the 71 transferred embryos resulted in a fetal heart, the proportion of
embryos with more than 15% fragmentation or type IV fragmentation was similarly low and not
different from that found in groups (iii) and (iv). This reflected the low percentage of such embryos
reaching the blastocyst stage and the poor morphology of the ones that did since they were rarely

selected for transfer.

4.4.7 Implantation potential of embryos with cleavage anomalies after short-term culture

The EggCyte database was searched for homogeneous day-3 transfers involving embryos with ei-
ther no abnormality or one or more of the anomalies described here. Homogeneous transfers
were those where all the embryos transferred belonged in the same morphological category. The
resulting implantation rates were compared to blastocyst formation rate in extended culture and
the theoretical implantation rate after day-5 transfer (Table 4.5). A similar concept was previously
introduced by Edwards and Beard (1999).

Day-3 Cleavage Anomaly Implantation Rate (%) Day-5 Blastocyst Theoretical Implantation
(Day-3 Transfer) Formation Rate (%) Rate (%)
(Day-5 Transfer)
>15% frag. 17.7 16.5 8.2
Type IV fragmentation 16.5 16.4 7.8
MNB 13 14.1 7.0

MNB = Multi-nucleate blastomere

Embryos with none of the abnormalities discussed here had an implantation rate of 40.1%
(332/828) on day-3. Embryos with cleavage rate anomaly (<5 cells) had an implantation rate of
22.0% (78/354) after day-3 transfer.! It must be noted that 1-,2-, or 3-cell embryos were never
transferred on day-3, but they were included in the blastocyst formation data. The implantation
rate of embryos with more than 15% fragmentation was 17.7% (40/226). Exclusive transfer of
embryos with type IV fragmentation on day-3 resulted in an implantation rate of 16.5% (22/133).
Embryos with MNB on days 2 and/or 3 resulted in a low implantation rate of 13.0% (14/108).

The theoretical implantation rate of embryos in prolonged culture was calculated based on the
following formula: [(Number of normal appearing blastocysts/Total number of embryos cultured)
x 100] x Overall implantation rate of blastocysts. Overall, the theoretical implantation rate after
day-5 transfer appeared to be lower than actual implantation rate after day-3 transfer, since many

embryos with cleavage abnormalities were lost during extended culture (Table 4.5).

! Later analyses showed that this figure was exaggerated. The actual implantation rate of slow embryos is about 10%. 58
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4.5 Discussion

This study demonstrates the relationship between early embryo morphology and blastocyst for-
mation . Slow development (fewer than 5 cells on day-3), fragmentation (in excess of 15% and/or
type IV), and multi-nucleation (on day 2 and/or 3) all interfered with the formation of apparently

normal blastocysts.

The culture system used during this study, included culture in HTF on days 0 to 3, then in G2.2 or S2
on days 3.5 to 6. This is a variation on the currently advocated sequential systems, hence the possibil-
ity that the observed effects were a direct result of deviation from the established sequence. Although
this possibility cannot be excluded, the culture system reported here produced an overall blastocyst
formation rate similar to that reported by others (e.g., Gardner et al., 1998a, b). Moreover, a 49%
implantation rate reflects the ability of this system to support development of viable blastocysts.

The reduced ability to form blastocysts of normal appearance was in many instances already ob-
vious at compaction, which occurs on day-4 of development in the human (Nikas et al., 1996).
Regional compaction with exclusion of a number of cells and fragments from the morula occurred
among fragmented embryos (Figure 4.1). Blastocyst formation rate among normally compacted
day-4 embryos was 46.8%, but this rate was reduced to 28.6% among regionally compacted em-
bryos and 10.3% among embryos that did not show compaction on day-4 (data not shown). These
data suggest that 1) the absence of compaction on day-4 is highly prognostic for normal blastocyst
formation, and 2) while regional compaction by itself does not preclude blastocyst formation, the
extent to which cell exclusion occurs may determine development potential of the embryo; we did
not note the number of excluded cells when regional compaction occurred. Exclusion of cells in
the blastocoelic cavity was also observed. This anomaly is associated with reduced embryo viability
in sheep and cattle (Steen Willadsen, personal communication), but its impact on human embryo

viability is uncertain.

Other abnormal features in human blastocysts described in this and other studies have been cor-
related to reduced total cell count, low or absent hCG secretion (Dokras et al., 1993), and reduced
implantation after intrauterine transfer (Jones et al., 1998; Gardner et al., 2000). Furthermore,

total blastocyst cell count has been correlated to hatching ability (Van Blerkom, 1993).

The occurence of a single cleavage anomaly on day-2 and/or 3 of development led to a significant
reduction in normal blastocyst formation on day-5. Only 17% of embryos with >15% fragmenta-
tion formed a morphologically normal blastocyst. Such embryos have been shown to develop into

fetuses at a higher rate after assisted hatching, fragment removal, and intrauterine transfer on day-3
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(Chapter 3). A further analysis for this study of 118 homogeneous transfers (all embryos trans-
ferred in one morphological category) involving embryos with >15% fragmentation revealed that
about 18% implanted; on the other hand, the loss of some 80% of such embryos between day-3
and day-5 in vitro yields a theoretical day-5 implantation rate of about 8%. This suggests that the

developmental potential of some of these embryos may be reduced in extended culture.

The 8% figure seems to be in agreement with the approximately 5% implantation rate for frag-
mented embryos reported by a number of investigators (Staessen et al., 1993; Giorgetti et al., 1995;
Ziebe et al., 1997). However, fluorescence in-situ hybridization (FISH) analysis of embryos with
<= 35% fragmentation shows that about one half are normal for the number of chromosomes
tested, and aneuploidy is not a major abnormality among such embryos (Munné et al, 1995;
Marquez et al., 2000). Instead, these embryos display different forms of mosaicism, some of which
are compatible with normal development (Reviewed by Munné and Cohen, 1998). Together, these

findings suggest that fragmentation per seis not an abnormality.

Moreover, with the exception of extreme cases where more than a third of the embryo has been
lost to fragmentation and chromosomal abnormality is almost certain, the potential of moderately
fragmented embryos for implantation may be determined by the distribution and size of the frag-
ments (Chapter 3; Antczak and Van Blerkom, 1999). Here, reduced rates of normal compaction,
cavitation, and blastocyst formation were observed in embryos with type IV fragments (large scat-
tered fragments associated with several cells) but not types I, II, or III. If fragmentation results
in the depletion of cortically positioned regulatory proteins essential to the embryo, as suggested
by Antczak and Van Blerkom (1999), then type IV fragmented embryos may be specially affected,
since the fragments are much larger than those in other types. These embryos had the lowest im-
plantation rate after transfer on day-3 (Chapter 3) but extended culture may reduce their potential

even further and less than a quarter may survive.

In Chapter 3, it was suggested that fragment removal may, at least in part, explain the relatively high
implantation rates for 6-35%, non-type IV fragmented embryos. Whether fragment removal on
day-2 or 3 can lead to better blastocyst formation remains to be shown, but there is some indication
that both cleavage between day-2 and 3 (Zaninovic et al., 1999) and compaction between day-3 and

day-4 (Alikani, 2001) are promoted if fragments are microsurgically removed.

Embryos that successfully underwent normal compaction, cavitation, and inner cell mass forma-
tion had significantly higher mean cell numbers on days 2 and 3 compared to those that failed to
complete these developmental stages. Somewhat surprisingly, fast cleaving embryos, particularly

those with 9-10 cells on day-3, showed a reduced capacity to form normal blastocysts. Unusually

60



Abnormal cleavage and blastocyst formation Chapter 4

fast embryos may exhibit high levels of chromosomal aberrations (Magli et al., 1998), some of
which are due to polyspermic fertilization (Harper et al., 1994).

In a large study by Huisman et al. (1994), slow embryos showed lower implantation potential after
2, 3, or 4 days in culture. In the present study, prolonged culture of such embryos often led to ab-

normal patterns of compaction, specifically “fusion-like” compaction, and abnormal cavitation.

The reduced capacity of embryos with MNB to form blastocysts was demonstrated by Balakier and
Cadesky (1997). The majority of the embryos in that study arrested at 2-15 cells and only 14%
formed morphologically normal blastocysts. It has also been shown that multi-nucleation leads
to low implantation rates after day-3 transfer (Jackson et al., 1998; Pelinck et al., 1998), as was ob-
served in this study. Multi-nucleation, therefore, appears to have a significant negative correlation

to the development potential of embryos regardless of the duration of culture.

Many of the embryos with MNB failed to show signs of compaction. When they did compact, their
attempt at cavitation often ended with the persistence of what should be only transitory structures
(e.g., intracellular vacuoles) involved in the formation of the blastocoel (Gualtieri et al., 1992).
Embryos with MNB had a lower cell number (on average 6.5) on day-3, and formed blastocysts at
a rate of 14.1%; this figure is not different for the rate at which all embryos with fewer than 7 cells
formed blastocysts (13.8%). So, it is possibly both chromosomal anomalies associated with multi-
nucleation (Kligman et al., 1995; Laverge et al., 1997; Staaesen and Van Steirteghem, 1998) as well
as their lower cell number that contribute to reduced blastocyst formation and reduced implanta-

tion in this group.

Under the conditions of this study, extended culture led to a reduction in viability of embryos with
cleavage abnormalities. On this basis, and until further refinement of culture media to accommodate
compromised embryos, this study suggests that extended culture should be limited to those em-

bryos with optimal development during the first three days in culture.
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Chapter 5

The developmental capacity of isolated mouse blastomeres
following exposure to heterologous cytoplasmic fragments

5.1 Summary

The impact of heterologous cytoplasmic fragments on isolated, intact mouse blastomeres was eval-
uated. Two-cell stage mouse embryos were disaggregated and each blastomere (1/2 blastomere)
was placed in an emptied mouse or bovine zona pellucida. One 1/2 blastomere was aggregated in
the host zona pellucida with heterologous cytoplasmic fragments of different origins while the oth-
er was left alone and served as control. The volume of fragments inserted was either roughly equal
to the missing 1/2 blastomere or far exceeded it. The frequency of blastocyst formation was 81%
(64/79) among experimental and control half embryo constucts; average cell count on day-5 was
13.5 cells for both groups, considerably lower, as would be expected, than the average cell number
of fully intact embryos. The volume of fragments did not have a measurable impact on blastocyst
formation, however, it did somewhat influence the morphology of the blastocysts that developed.
The source of the fragments was of no consequence; egg fragments from non-mated and mated
mice, and human embryo fragments produced the same results. We conclude that, at least in the
absence of a fully intact zona pellucida, mouse blastomeres are neither overtly sensitive to close
physical association with heterologous (often degenerative) cytoplasmic fragments nor responsive
to the intra-zonal microenvironment created by them. This suggests that the generally negative im-
pact of fragmentation on embryo viability is unlikely to be a result of the presence of fragments per
se. Although fragment interference in the spatial organization of the embryo and communication
among cells can not be ruled out, fragmentation most likely represents already established atypical

cellular conditions that affect the overall performance of the embryo.

5.2 Introduction

In the human, the fate of embryos with blastomere fragmentation is degree and type dependent, as
was shown in Chapter 3 as well as in other reports (Puissant et al., 1987; Warner et al, 1998; Antczak
and Van Blerkom, 1999; Van Blerkom et al., 2001). The loss of up to 15% of the volume of the embryo
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to fragmentation is largely tolerated during short-term culture and transfer to the uterus and during
extended culture to the blastocyst stage. However, if fragmentation exceeds 15%, or if large fragments

form, development is seriously compromised (Chapter 3; Racowsky et al., 2003; Stone et al., 2003).

Clearly, the non-viability of some fragmented embryos is a result of extensive chromosomal mo-
saicism, polyploidy, and haploidy that often characterize such embryos (Munné and Cohen, 1998;
Munné et al., 2001). In other embryos, the drastic reduction in total cytoplasmic volume or the
obvious loss of internal resources in the fragments may lead to arrest (Antczak and Van Blerkom,
1999; Van Blerkom et al., 2001). But, many fragmented embryos with adequate cytoplasmic volume

and limited or no chromosomal abnormality still fail for reasons that are not well understood.

The laboratory mouse has been used as a model to study potential causes and mechanisms of cyto-
plasmic fragmentation (Hawes et al., 2001; Liu et al., 2002). But, so far, the mouse has shown lim-
ited potential as a model to study the impact of fragmentation on embryo viability (Dozortsev et
al., 1998). To some extent, this is consistent with the observation that fragmentation in the mouse
seems to have an ‘all or none’ effect. Division subsequent to normal fertilization and under opti-
mal culture conditions is rarely if ever accompanied by fragmentation in this species, but ovulated
oocytes (from mated and non-mated animals) found to be fragmented at the time of isolation have

no chance of further development (Perez et al., 1999).

The present work evaluates the prospect of mouse embryos as a model system for human embryo
fragmentation, focusing specifically on the influence of superfluous, presumably degenerating cy-
toplasm on healthy cells. The experiments were based on the proposal that cell fragments may
create a ‘hostile’ microenvironment within the embryo causing deterioration and eventual arrest
of the vital blastomeres, much the same as has been suggested for degenerate cells in amphibian

(Denker, 1976), and mouse embryos (Alikani et al., 1993).

Taking advantage of totipotency in mouse early blastomeres (Tarkowski, 1959), two-cell embryos
were dissociated (generating 1/2 blastomeres); in each case, one 1/2 blastomere was placed in a host
zonae pellucida (ZP) and aggregated with cytoplasmic fragments while the sibling 1/2 blastomere
was placed in the ZP alone. The development of the half embryo-fragment aggregates and the con-

trol half embryos was evaluated over the course of the following three to four days in culture.

5.3 Materials and Methods

5.3.1 Source of cytoplasmic fragments

Cytoplasmic fragments of both mouse and human origin were used. For mouse fragments, ovu-
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lated eggs were collected 16-18 hours post hCG administration according to the protocol described
in Chapter 2 (section 2.5). Eggs showing fragmentation at the time of isolation were selected for
the experiments. For human fragments, non-viable, discarded human embryos on days 3-6 of de-

velopment with extensive fragmentation were used.

5.3.2 Preparation of mouse 1/2 blastomeres

Mouse, bovine, and human eggs or embryos were placed in a drop of modified CZB medium (M-
CZB)(Chapter 2, section 2.5). To obtain mouse 1/2 blastomeres, the ZP was removed from 2-cell
embryos according to the procedure described in Chapter 2 (Section 2.6). Zona pellucida-free em-
bryos were incubated in calcium-magnesium-free CZB (CMF-CZB) for 10 minutes. The cells were
separated mechanically by pipetting through a pulled glass pipette, keeping the two blastomeres of
each embryo together and identifiable.

Mouse eggs and embryos containing fragments were pronase-treated as before. Human eggs and
embryos required only a brief exposure to pronase for ZP removal. After removal of the ZP, eggs
and embryos were placed in CMF-CZB (mouse) and pipetted through a finely drawn glass pipette

to dissociate them.
5.3.3 Preparation of mouse half embryos and half embryo-fragment aggregates

Micromanipulation procedures were carried out in M-CZB under mineral oil, at room tempera-
ture. A micromanipulation dish with up to 10 drops of M-CZB was prepared. One empty ZP,
several fragments, and one dissociated 2-cell embryo were placed in each drop of medium. One ZP
was held by the holding pipette while a blastomere was picked up by a micropipette (roughly 50um
outside diameter) and was inserted into the empty ZP alone (control blastomere). The other blasto-
mere was placed in the host ZP along with several fragments (experimental blastomere) (Figure 5.1).

: ‘ Once all the half embryos and half

embryo-fragment aggregates were

constructed, they were washed
and placed in KSOM*A. The de-
velopment of these embryos was
me. monitored during the next three

days in culture.

Figure 5.1 Aggregation of 1/2 blastomeres from 2-cell mouse embryos with cytoplasmic fragments
from mouse eggs. Several fragments were picked up in a pipette and inserted into a partially dis-
sected empty zona pellcida while it was held in place by a holding pipette (A). The zona pellucida slit
was forced to close to prevent loss of inserted fragments (B). Scale bar is approximately 20pm.
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5.4 Results

5.4.1 Development of half embryos in mouse host zonae pellucidae

Chapter 5

These results are summarized in Table 5.1. Representative embryos on days 2 to 5 are shown in Figure

5.2 (next page). Mouse ZP were used for both the experimental and the control blastomeres, limiting

the volume of inserted fragments to less than or roughly equivalent to the missing sister blastomere.

All Blastocysts ~ Abnormal

Half Embryos Total No. Small Expanded
Blastocyst Blastocyst

With Fragments * 79 19 45

Without Fragments 79 23 41

*Volume of fragments in mouse host zonae pellucidae was equivalent to or less than that of the missing blastomere.

Seventy nine embryos were dissociated, generating 158 blastomeres. Among the 79 half embryo-
fragment aggregates, 19 developed into small blastocysts (24%), and 45 (57%) developed to the

Day 2 Day 5

complete arrest before compaction (6/79 or 7.5%).

expanded blastocyst stage, producing an overall blastocyst
formation rate of 81% (64/79). Abnormal cavitation, in-
cluding multiple cavities and delayed cavity formation was

not frequent (9/79 or 11%) neither was degeneration and

The control half embryos developed identically to the ex-
\ perimental half-embryo-fragment aggregates, as 23/79
(29%) made small blastocysts and 41/79 (52%) formed ex-
panded blastocysts for an overall blastocyst formation rate
of 81% (64/79). Abnormal cavitation and degeneration was
observed in 11% and 7.5% of the control half-embryos.

Figure 5.3 Mouse 2-cell embryos dissociated and re-aggre-
gated within human zonae pellucidae with several fragments
from human fragmented embryos. The aggregates are shown
on day-2 and on day-5 of development. Blastomeres are
marked with asterisks. While the aggregates in A and D have
formed abnormal morula/early blastocysts, the aggregates in
B and C have blastulated apparently normally and have ex-
cluded some of the cytoplasmic fragments (arrowheads in B'
and C'). Scale bar is approximately 50pm.
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A few 2-cell embryos were dissociated and both cells were then placed in human ZP along with

fragments from human embryos (Figure 5.3). Half of these developed to full blastocysts.

Day 2 Day 3 Day 4 Day 5

Figure 5.2 The development of experimental and control half embryos from day-2 through day-5
in culture. In panel B (second row from top), on day-2 of development, five large fragments (ar-
rowheads) aggregated with one 1/2 blastomere are visible, while the sister 1/2 blastomere from the
same 2-cell embryo is seen in a host zona pellucida alone. One day later, on day-3 of development
(b3), the five fragments can be seen surrounding three blastomeres (1x1/4 and 2x1/8). The control
half embryo has exactly the same number of cells (1x1/4 and 2x1/8). On day-4 (b4), the fragments
in the experimental half embryo have moved to one side of a compacted mass that has begun to
cavitate. The control half embryo has also compacted and cavitated but appears better organized.
By day-5, both half embryos have formed blastocysts. The fragments (arrows in b5), now degener-
ated, are loosely attached to the experimental half embryo. Scale bar is approximately 50um.
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5.4.2 Development of half embryos in bovine or human host zonae pellucidae

These results are summarized in Table 5.2. The large size of the human and bovine ZP (about 150-
160pm) allowed a greater number of fragments to be inserted without imposing physical restric-
tion on the mouse blastomere. Forty one embryos were used to produce 82 blastomeres. Blastocyst
formation was 41% (17/41) among the half-embryo-fragment aggregates and 46% (19/41) among
the control half embryos; the rate of abnormal cavitation and degeneration or arrest was 41% and
37% in respective groups. Overall blastocyst formation was lower than that in the first series of
experiments, though the control and experimental groups did not differ significantly.

Half Embryos Total Small Expanded All Blastocysts Abnormal Degenerated or
No. Blastocyst Blastocyst (%) Cavitation Arrested

With Fragments * 41 9 8 17 (41) 7 17

Without Fragments 41 11 8 19 (46) 7 15

*Volume of fragments in bovine host zonae pellucidae exceeded that of the missing blastomere.

5.4.3 Additional control embryos

Additional control embryos consisted of 2-cell embryos that were dissociated then reconstituted
into whole embryos, and those in which one of two blastomeres of a 2-cell embryo was enucleated.
Blastocyst formation in these groups was 83% (19/23) and 97% (28/29), respectively.

5.4.4 Cell counts

Cell counts were performed on day-5 of development for those embryos that had a distinct cav-
ity (according to the protocols described in Chapter 2, section 2.9). Average cell number for both
half-embryo-fragment aggregates and control half embryos was 13.5 cells (total of 38 embryos
counted); total count ranged from two to 27 for the experimental group and from four to 29 in
the control group. Reconstituted control embryos had 26.6 cells on average (22 embryos counted).
Control embryos with one enucleated cell had 23.8 cells on average. Fully intact, unmanipulated

embryos had 49.7 cells on average.

5.5 Discussion

The results of these experiments show that exposure of intact blastomeres of the mouse to mouse
and human cell fragments does not measurably reduce their capacity to develop to the blastocyst
stage. The model presented here takes advantage of totipotency of mouse blastomeres at first cleav-
age. Isolated cells from 2-cell mouse embryos are equivalent in their ability to form viable blasto-
cysts (Tarkowski, 1959; Smith and McLaren, 1977). It is therefore possible to measure the impact of
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various phenomena on development potential in strictly controlled experiments where one sister

blastomere serves as an internal control for the other.

It should be noted that the method of fragment insertion described here required a rather large
opening in the ZP. This model was problematic in two ways. First, it was not possible to evalu-
ate any possible differences in the microenvironment within an intact and a partially dissected ZP.
Secondly, and more importantly, some of the fragments were often found to have been expelled

through the slit in the ZP, obviously reducing any potential negative impact on development.

Sibling 1/2 blastomeres used to construct half embryos with or without heterologous cytoplasmic
fragments showed the same capacity to divide, compact, and cavitate. The fragments were not
generated by the embryos being examined, so the experiments measured the impact of fragments
or the micro-environment created by their presence on division of the original 1/2 blastomere and
its descendant cells. Interestingly, the destruction of one of two blastomeres of a 2-cell embryo ap-
pears to impact development since hatching ability is compromised (Alikani et al., 1993). On the
other hand, the present experiments suggest that enucealtion of one blastomere has no impact on

development of the sister blastomere.

Timing of cleavage divisions following dissociation was not altered by the fragments. One day after
micromanipulation, on day-3 of development, both the experimental and control half embryos had
undergone one to two divisions to generate 2-4 cells (representing 1/8 and 1/16 blastomeres). By
day-4, compaction had occurred and many had started to cavitate. On day-5, blastocysts formed.
Judging by the reduced cell number of dissociated-reconstituted whole embryos, treatment with
pronase followed by dissociation seemed to impact the rate of division since these embryos formed
blastocysts with fewer cells than the intact controls. However, the effects of pronase treatment and

dissociation can not be independently evaluated under the present conditions.

The source of the fragments was of no consequence to the half embryos. Potentially “apoptotic”
fragments from unfertilized mouse eggs (Perez et al., 1999) and those from non-viable human
embryos produced the same results. The only potential negative factor was that some fragments

appeared to become internalized, thus they may have ultimately affected the viability of the blasto-
cysts had they been transferred.

Based on the observations here, the presence of fragments per se does not have a significant impact
on development. Fragments could, however, interfere in the spatial organization of the embryo
and communication among cells. In the present experiments, compaction was disrupted in some
of the 2-cell embryos that were dissociated and re-aggregated along with numerous fragments.
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Nonetheless, the general suggestion of the experiments is that fragmentation represents already es-

tablished atypical cellular conditions that affect the overall performance of the embryo. The validity
of the latter should be further investigated.
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Chapter 6

The developmental capacity of blastomeres from abnormally
cleaving human embryos in isolation and following artificial
aggregation

6.1 Summary

This study examined the developmental capacity of isolated mono-nucleated cells from human
embryos with fragmentation and other abnormalities. Two approaches were used. The cells were
either cultured individually or aggregated in a host zona pellucida in a chimaeric form and monitored
over time in culture. Fifteen of the 37 (40.5%) mono-nucleated blastomeres arrested in develop-
ment, but the remaining 22 (59.4%) divided during the course of culture in isolation. Of those
that divided, 13 (59.1%) went on to form a cavity and blastulate albeit with fewer than four cells,
hence atypically. In total, 235 usable cells from 116 non-viable (fresh or frozen-thawed) embryos
were combined into 36 aggregates, ranging from 4-12 cells. Of these, 15 (42%) formed blastocyst-
like structures with distinct inner cell masses. These results clearly demonstrate that some blasto-
meres from non-viable embryos do indeed maintain their developmental potential and regulatory
capacity to the extent of being able continue limited development in isolation and to contribute to

a normally organized blastocyst in aggregation.

6.2 Introduction

Clinical evidence accumulated over more than two decades of human in vitro fertilization and
embryo transfer (IVF/ET; Steptoe and Edwards, 1978) shows that between one quarter and one
half of the total cytoplasmic volume of an early embryo must be represented in normal cells as a
condition for full embryo viability. However, a substantial proportion of embryos produced in the
course of routine IVF show abnormal cleavage and lose cells and cytoplasmic volume through cell
fragmentation, degeneration, mitotic arrest, and multinucleation (Reviewed in Chapter 1). Exten-
sive cytogenetic studies have demonstrated a high frequency of numerical chromosomal anoma-
lies in such embryos (Reviewed by Munné and Cohen, 1998). As a consequence, roughly 60% of
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human IVF embryos do not meet basic viability criteria and in most clinics they are simply

discarded at the end of treatment cycles.

Although non-viable in the sense that they are unlikely to develop into normally organized blasto-
cysts (Chapter 4) or give rise to a clinical pregnancy (Chapter 3), such embryos often do contain one
or more surviving, apparently normal blastomeres. Experimental animal studies have long demon-
strated that single blastomeres from normally developing early cleavage stage embryos of a number
of species are fully capable of development to advanced stages (Tarkowski, 1959; Moore et al., 1968;
Rossant, 1976; Willadsen, 1979; 1981). However, the developmental capacity of the surviving blas-
tomeres of abnormally cleaving embryos is not known; such cells have not been grown in isolation
and most embryos with multiple abnormalities deteriorate significantly after day-4 of development

making evaluation of the status of individual cells impossible.

Experimental chimaerism induced by cell aggregation has been used in other mammalian
species to study the developmental potential and regulatory capacity of whole embryos or isolated
blastomeres (Reviewed by Willadsen, 1989; Tarkowski, 1998). So far, however, this highly flexible

approach seems to have been completely overlooked in the study of human embryos.

The present work is part of a wider investigation of the implications of abnormal cleavage and
degenerative changes in early human embryos. It attempts to discover whether individual cells
isolated from fragmenting non-viable embryos are developmentally competent, by examining their

development in isolation and after artificial aggregation.

6.3 Materials and Methods

6.3.1 Blastomere isolation by biopsy

Micromanipulation equipment, media, and microtools were described in Chapter 2 (section 2.7).
Non-viable embryos were placed (one at a time) in a drop of biopsy medium consisting of HEPES-
buffered calcium-magnesium-free HTF (CMF-HTF) with 0.05M sucrose, under mineral oil. A
micropipette with an outer diameter of 12pm was used to pick up an acidified Tyrode’s (AT) solu-
tion and limited amounts of this were then expelled against the ZP in a localized area until a hole of
approximately 35-45um was made. The AT micropipette was replaced with a larger biopsy needle
which had a 45um outer diameter. Cells were biopsied one at a time and placed in the drop until
all cells had been biopsied. All isolated cells and large fragments were then washed free of biopsy
medium and placed in culture in individual drops. They were checked daily until day-5 (or in some

cases, day-7) of development.
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Seventeen discarded embryos with 1-10 cells and 20-75% fragmentation, mostly of type IV (Chapter
3; large scattered fragments) were used in these experiments. Forty-two 1/4-1/8 nucleated blasto-

meres and fifteen anucleate blastomere-size fragments were isolated and cultured individually.

6.3.2 Preparation of aggregates

Source embryos, obtained according to the protocol described in Chapter 2 (section 2.4) were dis-
aggregated as described in Chapter 2 (section 2.6).

The mixture of cells and fragments, obtained by disaggregation of source embryos, was examined
on the inverted microscope, and cells with a single nucleus and smooth cytoplasm (without vacu-
oles or contraction) were separated and transferred to a fresh medium drop along with several
empty ZP (preparation described in Chapter 2, section 2.8). The dish was then placed on the warm
microscope stage for micromanipulation. A holding pipette, attached to the left micromanipula-
tor, was used to hold the ZP in place, with the opening between the 3 and 5 o’clock positions. The
biopsy needle, attached to the right micromanipulator, was used to pick up the cells. Four to 12
nucleated cells were inserted, one cell at a time, into the ZP through the opening. The ZP-encap-
sulated cell aggregate was then released from the holding pipette, transferred to Global culture me-
dium and cultured at 37°C in an atmosphere of 5% CO, and 95% humidity. Culture was continued
(typically for two days) until a blastocyst developed or the aggregate arrested in development.

In total, 116 discarded embryos were used in the experiments from which 235 usable mono-
nucleated cells were isolated intact (average 2.03 cells per embryo). Roughly 10% of the cells were

damaged during manipulation and could not be used.

6.3.3 Fluorescence in situ hybridization

Blastomeres and blastocysts were fixed according the protocol described in Chapter 2 (section 2.9).
They were analyzed by fluorescence in situ hybridization (FISH) using probes for chromosomes X,
Y, 13, 16, 18, 21, 22, and in some cases, 15 and 17. To denature nuclear DNA, the sample together
with the first probe set, specific for chromosomes 13, 16, 18, 21, and 22 were held at 73°C for five
minutes. They were then hybridized for three hours at 37°C. Slides were then washed and ana-
lyzed before a second hybridization round was performed. In the second round, the slide was co-
denatured with the second probe set, specific for chromosomes X, Y, 15, and 17, at 73°C for five
minutes, then hybridized for 1 hour at 37°C, washed and analyzed.'

Previously described criteria distinguishing mosaics from FISH errors were used without modifica-
tion (Munné et al., 1994; Munné and Cohen, 1998). Cells and embryos were classified as normal,
aneuploid, polyploid, haploid and/or mosaic according to established guidelines (Munné et al,

1995; Munné and Cohen, 1998).

! This work was done by Mireia Sandalinas, a member of the PGD team at IRMS-SBMC. 74
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6.4 Results

6.4.1 Isolated blastomeres in individual culture

The outcome of culture for isolated 1/4-1/8 mono-nucleated (n=37) or multi-nucleated blasto-
meres (n=5), or anucleate blastomere-size fragments (n=15) in individual culture is summarized
in Table 6.1. Representative blastomeres and their division products on days 3, 4, and 5 of devel-
opment are shown in Figure 6.1. Fifteen of the 37 (40.5%) mono-nucleated blastomeres from
fragmenting embryos arrested in development, but the remaining 22 (59.4%) divided during the
course of culture in isolation. Of those that divided, 13 (59.1%) went on to form a cavity and
blastulate albeit with fewer than four cells, hence atypically. Of the five multi-nucleated cells, four

arrested, while one underwent a single division on the fifth day of development.

In 15 blastomere-size fragments, no nucleus was visible on the day of isolation. Ten of the 15
showed complete arrest in subsequent culture, indicating that they were either arrested in mitosis
or were fragments of cells. Of those remaining, two fragmented, and three divided, the latter indi-

cating that they were in mitosis at the time of isolation.

Source Embryo Source Embryo Nuclei in Number of Cells  Final
Cell Number Fragmentation Isolated on Day-4 Status
on Day-3 Degree (%); Pattern Cells

5 50; IV 1

Divided; fragmented
Arrested
Fragmented

8 25,1V Arrested in mitosis
Arrested in mitosis
Arrested in interphase
Arrested

Fragmented

Divided; blastulated
Divided; compacted
Divided; blastulated
Divided; blastulated
Divided; blastulated
Arrested in interphase
Divided; blastulated
Divided; blastulated
Divided

Arrested; Multiple nuclei
Arrested

Divided on day 5

10 40; IV

6 30; IV
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5 25; 11
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9 20; IV 1

(8]

Divided; blastulated
Divided; blastulated
Arrested in interphase

NV -

[\
o= N
=~

Incomplete furrow
Divided; blastulated
Divided; degenerated

6 40; IV

Fragmented; degenerated
Fragmented; degenerated
Divided; blastulated
Arrested

Divided; blastulated
Divided; fragmented
Divided; blastulated
Divided; blastulated
Arrested in mitosis
Arrested

Arrested

Arrested in interphase
Arrested

Arrested

Arrested in mitosis

5 30; IV

5 251V

6 20; III
Arrested in interphase
Arrested in interphase
Arrested in mitosis
Arrested

Divided

Fragmented

7 25 IV

Divided; fragmented
Divided; fragmented
Divided

Divided

Arrested in interphase

7 30; IV
Arrested in interphase
Arrested in mitosis
Arrested in interphase
Arrested; Multiple nuclei

O O = e e e e e e e e e e e e e OO N OO e e = OO O N e e O

uk = unknown
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Day 3 Day 4 Day 5
‘ Figure 6.1 The outcome of culture of
cells isolated from highly fragmented
human embryos. Many of the mono-
nucleated cells divided within 24 hours
and formed a cavity, albeit atypically,
within 48 hours (see a-a", ¢c-¢", and d-
© d") or compacted without forming a
' cavity (see b-b"). Other cells arrested

(see g-g").
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6.4.2 Aggregation chimaeras

The details of the 25 aggregation experiments are shown in Table 6.2. In total, 235 usable cells from
116 non-viable (fresh or frozen-thawed) embryos were combined into 36 aggregates, ranging from
4-12 cells or about one half to about one and a half times the normal cell volume. Of these, nine
arrested completely; twelve others showed some development, but did not blastulate or did so in
a disorganized way. The remaining 15 (42%), ranging in aggregate cell number from 6 to 12 cells,
formed blastocyst-like structures with distinct inner cell masses. In most instances, some aggregate
cells did not participate in compaction and were completely excluded during blastulation; there-
fore the blastocysts were on the whole smaller than ordinary blastocysts (Figure 6.2).

Figure 6.2 Development of a human aggregate. (a-c) Three discarded non-viable embryos on day-
3 of development. (a'-c') Dissociated cells of the respective non-viable day-3 human embryos in
a-c, comprising mononucleated, multinucleated, and anucleate blastomeres/fragments. (d) Eleven
of the mononucleated cells from the three embryos were used on day-3 to construct an aggregate.
(e) Following two days of culture, the aggregate formed a blastocyst.
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Experiment Number of Non-  Usable Cells Aggregate Number of Cells  Final Developmental
Number viable Embryos Number Aggregated Status
1 5 5 1 5 Arrested
2 6 14 1 9 Single Cavity, Blastocyst
2 5 Abnormal Compaction
6 0 n/a n/a
4 5 1 Abnormal Compaction
13 1 No Cavity
2 Abnormal Compaction
4 1 5 Single Cavity, Blastocyst
0 n/a n/a
15 1 9 Single Cavity, Blastocyst
2 6 Single Cavity, Blastocyst
9 2 5 1 5 Abnormal Compaction
10 14 1 9 Arrested
2 5 Arrested
11 1 5 Abnormal Compaction
12 0 0 n/a n/a
13 13 1 9 Single Cavity, Blastocyst
2 Single Cavity, Blastocyst
14 1 Abnormal Compaction
15 1 Arrested
16 4 16 1 10 Single Cavity, Blastocyst
2 6 Abnormal Cavitation
17 13 1 11 Single Cavity, Blastocyst
18 6 1 6 Abnormal Compaction
19 5 11 1 8 Abnormal Compaction
2 3 Arrested
20 8 37 1 9 Single Cavity, Blastocyst
2 9 Abnormal Compaction
3 7 Single Cavity, Blastocyst
+ 12 Single Cavity, Blastocyst
21 9 15 1 11 Single Cavity, Blastocyst
2 + Arrested
22 7 22 1 8 Abnormal Cavitation
2 8 Single Cavity, Blastocyst
3 6 Arrested
23 8 1 8 Arrested
24 2 1 2 Arrested
25 19 1 12 Single Cavity, Blastocyst
2 7 Single Cavity, Blastocyst

n/a = not applicable
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Fluorescence in situ hybridization was carried out on seven blastocysts from four aggregation ex-

periments (Figure 6.3) as well as 20 excluded cells from four regionally compacted aggregates. The

overall genetic diagnosis of the blastocysts is given in Table 6.3. Fifty-two to 90% of the cells in

the blastocysts, containing 31 to 56 cells, were diploid. Chaotic mosaicism was the most common

abnormality found in these embryos. Sex chimaerism was seen in four of the seven blastocysts.

Figure 6.3 Seven blastocysts that developed from chimaeric aggregates and were analyzed by FISH.
Blastocysts are overall smaller and have fewer cells than ordinary blastocysts. In 25a, several cells

have been excluded (arrowheads). Scale bar is approximately 50um.

Experiment  Aggregate Number Of Blastocyst % Diploid Cells  Diagnosis for Abnormal  Sex
Number Cell Number  Excluded Cells At~ Cell Number ° Cells Chimaerism
Blastulation *
8a 2 31 90 Polyploid Yes
8b 6 0 56 89 Polyploid Yes
13a 2 39 54 Polyplod/Chaotic Yes
2la 11 5 31 58 Chaotic No
22b 8 0 38 89 Chaotic No
25a 12 6 27 0 Polyplod/Chaotic No
25b 7 3 41 52 Poly/Chao/Aneuploid Yes

* Excluded cells are those cells not participating in compaction and blastulation.

® All blastocysts were analyzed on day-5 of development, except 13a and 25a which were analyzed on day-6.

€ Poly = polyploid; Chao = chaotic
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Whether the blastocyst was normal or abnormal, when examined, the excluded cells associated with
it were found to be abnormal, showing haploidy, polyploidy, and complex abnormalities that in nine

cases affected all seven of the chromosomes examined. These results are presented in Table 6.4.

Excluded Cells Chromosomes Examined
13 16 18 21 22

1 3 3 3 3 0
2 2 0 2 6 0
3 2 2 2 1 2
4 9 nr 2 4 3
5a 3 2 2 2 3
5b 3 2 2 2 3
6 2 2 3 2 3
7 2 2 3 I 3
1 3 3 5 -4 5
2 1 1 1 1 1
3 4 2 3 4 2
1 0 3 1 1 3
2 0 3 0 1 0
3 0 3 1 1 3
4 3 1 1 2 1
1 2 1 1 0 1
2 2 1 1 0 1
3 1 3 2 1 1
4 1 2 1 1 1
5 1 0 2 1 1

nr = no result

6.5 Discussion

The results of these experiments demonstrate that some surviving 1/4 and 1/8 blastomeres of ex-
tensively fragmented, clinically unusable human embryos are developmentally competent. Isolated
from cell fragments and other abnormal cells and placed in individual culture, many mononucle-
ated cells from such embryos continued to divide, and often proceeded to cavitate at the expected
time, with three or four cells in total. A similar observation has been made when blastomeres were
isolated from normally cleaving embryos and cultured for several days (Geber et al., 1995). This is
generally consistent with the observation that morphogenetic events during mammalian embryo-
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genesis are developmental age rather than cell number related (Johnson et al., 1984; Kidder et al.,
1987; Petzoldt and Muggleton-Harris, 1987).

The aggregation of mono-nucleated blastomeres obtained from several non-viable embryos led, in
about 40% of the aggregates, to the formation of normally organized blastocysts, demonstrating
the capacity of some blastomeres to regulate development given the appropriate conditions. While
the number of chromosomally abnormal cells within the aggregate blastocysts remained high, a

proportion of the blastomeres and their descendent cells was chromosomally normal.

Pluripotency or, in some cases, totipotency of 1/4 to 1/8 blastomeres isolated from normal dip-
loid embryos has been demonstrated in several mammalian species, including the rabbit (Moore
et al., 1968), the sheep and the cow (Willadsen, 1981; Willadsen and Polge, 1981) and the mouse
(Tarkowski et al., 2001).

In the human, reports of birth following transfer of embryos containing one blastomere as a result
of freeze-thaw damage remain anecdotal and pertain only to quarter blastomeres (Veiga et al.,
1987). The lowest number of 1/8 blastomeres that has produced a live birth, on the other hand,
is probably three (M. Alikani, unpublished). However, during clinical human IVF, the concept of
totipotency is rarely used to justify selection for intrauterine transfer of human embryos with nu-
merous cleavage abnormalities but few surviving cells. This is partly because the occurrence of
most morphological abnormalities, particularly when compounded, is associated with a very sig-
nificant loss in development potential. For instance, cytoplasmic fragmentation in excess of 15% of
the total volume of the embryo is associated with lower pregnancy and implantation (Chapter 3;
Racowsky et al., 2003), regardless of chromosomal status of the embryo as a whole. Multi-
nucleation is another abnormality that is associated with not only significantly lowered implanta-

tion rates but also failure to form normal blastocysts in extended culture in vitro (Chapter 4).

The isolation of component blastomeres from several fragmented/multi-nucleated embryos and
their aggregation into a “new” chimaeric embryo therefore provides the means to restore the de-

velopmental ability of normal cells from abnormal embryos. This potential would otherwise have

been lost.

In this study, embryos resulting from normally fertilized eggs were the primary source of cells
for the aggregates. In the mouse, aggregation or injection chimaeras produced from diploid
and parthenogenetic or androgenetic cells (Thomson and Solter, 1989), diploid and tetraploid
embryos (Everett and West, 1996), and diploid blastomeres supported with tetraploid blastomeres
(Tarkowski et al., 2001) are viable. Parthenogenetic/diploid chimaeras have also been found to be
developmentally competent in the cow (Boediono et al., 1999). So it is possible that in the human,

82



Development of isolated and aggregated human blastomeres Chapter 6

the potential of surviving cells from normally fertilized but non-viable embryos can also be realized
if they are aggregated with aneuploid cells (such as those from digynic embryos). Our initial efforts
in obtaining blastocysts from such aggregates were not successful (data not shown) but the subject

needs further evaluation, as was suggested by Edwards and Pool (2002).

The use of aneuploid cells in aggregation chimaeras may prove advantageous if indeed ploidy can
influence the relative position of cells in the chimaeric blastocyst. This has been shown in mouse
diploid-tetraploid chimaeras where within 30 hours of aggregating cleavage stage embryos, tetra-
ploid cells were found to be non-randomly distributed among different tissues of the early blas-
tocyst, having preferentially been allocated to mural trophectoderm (Everett and West, 1996). It
was later discovered that the loss of tetraploid cells was a result of both selection against these cells
throughout the embryo and their preferential allocation to the mural trophectoderm (Everett and
West, 1998).

Although in our experiments, we often used blastomeres at different stages of development (from
different embryos), we did not trace these cells to see whether they were preferentially allocated in
the blastocyst. Nevertheless, developmental age has been shown to play a role in cell allocation in
aggregation chimaeras. Fehilly et al. (1984) showed that lambs produced from chimaeric embryos
made from asynchronous blastomeres (1/8 and 1/4) were predominantly non-chimaeric and of
the type corresponding to the older blastomere. This led to the conclusion that the more advanced
cells within the chimaera were more likely to form the inner cell mass of the blastocyst. More
recently, Tang et al. (2000) also suggested that when aggregated mouse blastomeres differed in size
but not ploidy, the derivatives of the larger cells contributed significantly more to the mural and

polar trophectoderm than the ICM.

Chimaeric human aggregates generated from discarded embryos may be useful as an alternative
source for human embryonic stem (ES) cells. The production of embryonic and trophectodermal
stem cells has so far required the use of viable embryos and their maintenance in culture until the
development of a blastocyst containing an inner cell mass and a trophectoderm. The source of
viable human embryos has been either unwanted frozen embryos donated to research by couples
who have already undergone an IVF treatment cycle (Thomson et al., 1998) or embryos created
specifically for the purpose of stem cell production using gamete donors (Lanzendorf et al., 2001).
But, both these options have generated considerable debate and criticism with major implications
for the future of ES cell research, particularly in the United States. The use of the aggregation
method discussed here may alleviate concerns regarding the destruction of viable embryos during

the course of ES cell production.
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Chapter 7

Epithelial cadherin distribution in abnormal human
preimplantation embryos

7.1 Summary

E-cadherin is a vital cell adhesion protein that plays a critical role in morphogenesis. Previous
studies of E-cadherin distribution in human embryos have yielded equivocal results. In this study,
immunocytochemistry in conjunction with laser scanning confocal microscopy was used to detect
E-cadherin in 97 human cleavage stage embryos and 35 blastocysts from normal and abnormal
fertilization. An antibody against human placental E-cadherin was used to locate the protein. In
blastomeres of cleaving embryos, on the second and third days following insemination, E-cadherin
was located in the cytoplasm—mostly concentrated in the cell margins. On the fourth day of de-
velopment, the protein was relocated in compacting embryos to membranes in areas of cell-cell
contact. In other abnormally compacted or non-compacted embryos with extensive cytoplasmic
fragmentation, cell arrest, or blastomere multi-nucleation, E-cadherin relocalization was either
absent or erratic. In apparently normal blastocysts, E-cadherin in the inner cells was diffuse and
cytoplasmic while properly organized trophectoderm cells were surrounded by a band of mem-
brane E-cadherin. Disorganization of trophectoderm was associated with disruption of the regu-
lar E-cadherin banding pattern. It is concluded that, as in other mammalian species examined,
E-cadherin distribution in human embryos is stage-dependent. Disturbances in the distribution
of E-cadherin occur in embryos with cleavage abnormalities and suggest one path to abortive or
abnormal blastulation and loss of embryonic viability. The implications of similar changes in the

blastocyst are well worth investigating since they could threaten blastocyst integrity.

85



E-cadherin in abnormal human embryos Chapter 7

7.2 Introduction

Cadherins are calcium-dependent transmembrane glycoproteins that play a critical role in regula-
tion of morphogenesis through their involvement in junctional and non-junctional cell adhesion,
cell polarity, and cell signaling (Reviewed by Fleming et al., 2001). The intracellular domain of
each cadherin dimer is linked to the actin cytoskeleton by anchoring proteins (catenins), while the
extracellular domain — which contains calcium binding sites — extends from the surface and can

bind to another cadherin dimer on a neighboring cell.

E(epithelial)-cadherin (also known as uvomorulin) is the first cadherin to be expressed during
mammalian development. In the mouse, detergent-resistant surface expression of uvomorulin has
been detected 6-11 hours post activation (Clayton et al., 1993), but its de-novo synthesis apparently
occurs at the late 2-cell stage (Vestweber et al., 1987), i.e. after the embryonic genome is normally
activated (Flach et al., 1982). During subsequent stages and until compaction, uvomorulin remains
uniformly distributed on free surfaces of blastomeres but it is more concentrated at regions of
cell-cell contact. During compaction, the flattening of the outer embryonic cells coincides with a
marked increase in intercellular adhesion and uvomorulin redistribution to areas of apposing cell
membranes (Johnson et al., 1979; 1986; Vestweber et al., 1987; Becker et al., 1992). At the same
time, free surface protein is reduced and becomes relatively more susceptible to detergent extraction
(Clayton et al., 1993). This distribution pattern is maintained in outer blastomeres of the mouse
morula and in the blastocyst, while the inner cells continue to show diffuse cytoplasmic distribution
of the protein (Vestweber et al., 1987).

The function of E-cadherin is thought to be regulated through protein phosphorylation, a post
translational modification (Sefton et al., 1996), and its “trafficking” to and from the cell surface

(Reviewed by Bryant and Stow, 2004).

In the human, the E-cadherin gene (CDH1) is approximately 100 kb and is located on chromo-
some 16q22 (Berx et al., 1995). E-cadherin has been discovered on plasma membranes of human

spermatozoa and (inseminated but undivided) oocytes ( Rufas et al., 2000).

In human embryos presumed to be normal, E-cadherin mRNA has been found throughout the
preimplantation stages, including in pronuclear eggs, cleavage stages, and blastocysts (Bloor et al.,
2002). However, in apparent contradiction to observations in the mouse (described above), as well
as in the pig (Reima et al,, 1993) and the cow (Barcroft et al., 1998), E-cadherin expression in the
limited number of human embryos examined so far, using antibodies primarily against E-cadherin
from mouse carcinoma cells, has been defined as “cytoplasmic, punctate, extremely weak” (Bloor
et al., 2002) and “evident in isolated regions of cell contact in trophectoderm or [inner cell mass]”

(Ghassemifar et al, 2003).
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In this study, immunocytochemistry in conjunction with laser scanning confocal microscopy
(LSM) was used to examine the distribution of E-cadherin in some detail and in a large number of
human embryos produced by different techniques during assisted reproduction. These embryos
were of different genomic constitutions and showed a wide variety of morphologies. Reactivity
of early embryonic E-cadherin with an antibody raised against human E-cadherin (of placental

origin) was utilized.

All the embryos examined in the study had been judged to be unsuitable for clinical use based on
several criteria, as described in Chapter 2 (section 2.4). However, at the time of fixation, some of
the cleavage stage embryos did contain the number of cells appropriate for the day of development
as well as cells that were mitotically active; some of these and some of the blastocysts appeared

morphologically normal.

7.3 Materials and Methods

7.3.1 Embryos in the study

The abnormal embryos used in these experiments were obtained according to the protocols

described in Chapter 2 (section 2.4).

In total, 92 embryos from normally fertilized eggs (intracytoplasmic sperm injection or ICSI and
standard insemination) were examined. A total of 38 embryos were fixed on day-3 of development,
while the remaining 54 were fixed on or after day-4 (up to day-7) of development. The latter group
included 29 blastocysts. In addition, 40 abnormally fertilized embryos were examined on days 2
through 6 of development; these included tri-pronucleate [VF and ICSI embryos, single pronu-
cleate ICSI embryos, and embryos that developed from inseminated eggs in which pronuclei were

never seen. Six blastocysts were among the 40 abnormally fertilized embryos examined.

7.3.2 Fixation and confocal microscopy

Embryos were fixed and permeabilized for 30-60 minutes at room temperature in 2% formalde-
hyde and 0.5% Triton X-100 in PIPES buffer. Following fixation, they were washed and kept over-
night (or until processed) at 4°C in PBS containing 3% bovine serum albumin (BSA) in order to

minimize non-specific binding.

The primary antibody was a monoclonal mouse antibody (IgG2a isotype; Zymed Laboratories,

Inc., San Francisco, Ca, USA) against E-cadherin from human placenta (diluted 1:500). Embryos
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were incubated with primary antibody for 60 minutes at 37°C; this was followed by two 10-minute
washes in 0.2% Tween 20 (Sigma-Aldrich, Inc., Saint Louis, MO, USA) and a minimum of seven
washes in PBS supplemented with 3% BSA (PBS/BSA).

The secondary antibody was an FITC-conjugated goat anti-mouse IgG, whole molecule (Sigma-
Aldrich, Inc., Saint Louis, MO, USA), diluted 1:200. Following 60 minutes incubation at 37°C with
secondary antibody, the specimen was washed through a minimum of seven drops of PBS/BSA,
with 0.2% sodium azide (PBS/BSA/Az). To counter-stain the nuclei/DNA, 20 minutes of incuba-
tion in 0.06mg/mL propidium iodide followed. Embryos incubated with secondary antibody only

and stained with propidium iodide served as negative controls.

For examination, eggs and embryos were placed in 2pl drops of PBS/BSA/Az covered with mineral
oil on a glass cover-slip set in a steel chamber (Attofluor cell chamber, Molecular Probes, Eugene,
Oregon, USA).

Laser scanning confocal microscopy was carried out either with an Olympus FluoView laser scanning
confocal microscope (Olympus America, Inc., Melville, NY, USA), consisting of an IX70 fluorescence-
Nomarski DIC microscope, equipped with an argon laser (emitting at wavelength 488nm), a krypton
laser (emitting at wavelengths of 568nm and 647nm), and a transmitted light detector, or with a Zeiss
LSM 510 laser scanning confocal microscope (Carl Zeiss, Inc, Thornwood, NY, USA) equipped with
an argon laser, an HeNe laser (emitting at wavelength 543nm). The images are presented either as

single 3-5um thick optical sections, or projections reconstructed from a series of sections.

7.4 Results

7.4.1 Days 2 and 3 of development

Embryos treated with secondary antibody only (negative controls) did not show any fluorescence
(not shown). On days 2 and 3 of development, stage appropriate as well as slow growing embryos,
whether resulting from normal or abnormal fertilization, showed diffuse cytoplasmic staining that
was most pronounced in the cell margins, as was indicated visually and by the fluorescence profile
of single optical sections of embryos (Figure 7.1). In fragmented embryos, blastomeres, anucleate,
and some small nucleated fragments associated with them showed diffuse cytoplasmic staining

(Figure 7.2).
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Figure 7.1 Representative day-3 embryo stained for E-
cadherin (green) and nuclear DNA (red). The image
is a 4um thick single optical slice. Fluorescence inten-
sity is graphed for the distance represented by the red
arrow drawn across the embryo. E-cadherin fluores-
cence (green line in the graph) is concentrated in the
cell margins, as shown by the graph peaks (marked by
arrows). The intensity of DNA fluorescence (red line in
the graph) is negligible in the same distance (i.e., no nu-
clei present). Scale bar is 50um.
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Figure 7.2 A representative day-3 embryo with exten

sive cytoplasmic fragmentation, stained for E-cadherin
(green) and nuclear DNA (red). The image is a projec-
tion of multiple 3-4um thick optical slices. E-cadherin
localization is shown in panel (a), the nuclei in panel
(b), and both in panel (¢). E-cadherin appears diffuse
in the three mono-nucleated cells (arrowheads in ¢) and

in fragments (arrows in ¢). The DIC image in panel (d)

is a single mid-section optical slice. Scale bar is 50um.

7.4.2 Day-4 of development

Representative day-4 embryos are shown in Figure 7.3, Changes in fluorescence pattern were first
seen on this day, albeit neither uniformly nor universally. Some embryos with multiple compacted
cells showed staining in areas of cell-cell contact along with cytoplasmic staining (I'1¢u \-D).
Other embryos appeared compacted, but their component cells either had very limited membrane
staining or lacked it altogether (Figure 7.55). Embryos with extensive cytoplasmic fragmentation
mostly exhibited diffuse cytoplasmic staining as they did during day-3 of development; however,
erratic membrane staining was also present in a small proportion of the remaining nucleated cells

(Figure 7.3F).
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Figure 7.3 Representative day-4 embryos stained for E-cadherin and nuclear DNA. (A) Compacting
8-cell embryo showing relocation of E-cadherin to areas of cell-cell contact, although fluorescence

is weak (arrowheads); this embryo had only 4 cells on day-3 of development. (B) Compacting
5-Cell embryo, showing membrane localization of E-cadherin, again weakly (arrowheads); com-
paction appears atypical; this embryo had 5 cells, 10% fragmentation, and one binucleate cell on
day-3 of development. (C) Compacting 7-cell embryo, showing erratic membrane localization
of E-cadherin (arrowheads). This embryo had five cells on day-3 of development. (D) Com-
pacted embryo, beginning to cavitate late on day-4 of development; it shows extensive membrane-
localized E-cadherin; at least two cells and one large fragment are excluded trom the embryo prop-
er (asterisks); staining is primarily cytoplasmic in these excluded cells. This embryo was an uneven
and disorganized 1 1-cell with one or two large fragments on day-3 ot development. (E) A partially
compacted embryo with several multi-nucleated blastomeres and erratic membrane-located E-
cadherin (arrowheads). (F) An extensively fragmented embryo, partly reconstructed from mul-
tiple optical sections, showing minimal membrane-localized E-cadherin (arrowhead). Insets show
embryos just before fixation. Scale bar is 50pum.
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7.4.3 Days 5-7 of development

The morphology of embryos on days 5-7 of development varied greatly, ranging from few vacuol-
ized cells to fully differentiated and expanded blastocysts. The pattern of staining also varied with
different morphologies.

The overall staining pattern of normal-appearing blastocysts was consistent: inner cell mass (ICM)
cells displayed cytoplasmic but not membrane staining. Properly organized and uniformly sized
trophectoderm (TE) cells in expanded blastocysts with normal or near normal morphology were
surrounded by a strong band of fluorescence (Figure 7.4A-C). Differences in staining were not seen
between mural (cells surrounding the blastocoel) and polar (cells overlaying the ICM) TE. Several
hatching blastocysts were examined in which details of the embryo’s escape from the zona pellucida

could be visualized. Hatching was observed to have started either in the area of the ICM or away

from it (Figure 7.5).

Figure 7.4 Apparently normal day-5-7 blas-
tocysts stained for E-cadherin (green) and
DNA (red). Images in A, B, and C are pro-
jections of multiple 5um optical sections.
[mages in panels (a-d) are single optical
sections and show (a) E-cadherin, (b) DIC,
(c) DNA, and (d) the combination. (A)
Day-7 expanded blastocyst that developed
from an egg in which fertilization was not
confirmed. The cells of the trophectoderm
(both polar and mural) show an intense
“belt” of tluorescence indicating localiza-
tion of E-cadherin in the membranes. Cells
within the ICM (arrows in panels a and b)
show diftuse cytoplasmic E-cadherin, but
no membrane localization of the protein.
Arrowhead points to a multi-nucleate cell
within the polar TE overlying the ICM. (B)
Hatched day-7 blastocyst from a normally
fertilized egg showing the same pattern as
seen in A. The area of the [CM is indicated
by arrows in panels a and b. (C) A day-5
expanded blastocyst that developed from
an egg in which three pronuclei were seen
19 hours following ICSI. The pattern of
staining is similar to that seen in A and B.

[he [CM is marked by arrows in panels a
and b. Scale bar is 50pm.
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Figure 7.5 Apparently normal day-5 hatching
blastocyst stained for E-cadherin (green) and
DNA (red). This blastocyst developed from a
normally fertilized egg that was biopsied on
day-3 of development and was diagnosed as a
trisomy 13 aneuploid embryo. (A) Although
membrane localization of E-cadherin is
visible in some TE cell junctions (arrow-
heads), in other areas it appears to be mostly
cytoplasmic. The ICM (arrow) shows typi-
cal cytoplasmic staining. (B) The embryo is
hatching through an artificial biopsy hole in
the zona pellucida (arrow). (C) Partial re-
construction of the blastocyst shows its over-
all morphology. Scale bar is 50pum.

B

Representative embryos with abnormal blastulation are shown in Figure 7.6. The abnormalities
included an absent ICM, a disorganized TE or one composed of abnormally large cells, and a peri-
vitelline space (PVYS) filled with fragments and excluded cells. Atypically large cells within disorga-
nized TE often did not show any membrane staining (Figure 7.6A,C). Excluded arrested cells and
fragments in the PVS did not show any cytoplasmic or other staining (Figure 7.68). Morulae that
formed on day-5 rather than day-4 of development (no cavity present) still showed cell-cell contact

area staining, albeit not extensively.

Embryos that developed from presumed digynic (ICSI 3PN) fertilization were often found to be
compacted on day-4 of development and they showed various degrees of cell-cell contact area
staining on (or after) that day; some digynic embryos blastulated apparently normally by day-5 of
development (Figure 7.5C). Presumably polyspermic embryos (IVF 3PN) also showed occasional
compaction and erratic membrane staining on day-4, but fewer were found to blastulate on (or

after) day-5 of development.

92



E-cadherin in abnormal human embryos Chapter 7

Figure 7.6 Abnormal blastulation on Day-5 of development; E-cadherin (green) and DNA (red)
staining are shown. Images in A, B, and C are projections of multiple 4-5um optical sections. Im-
ages in panels (a-d) are single optical sections and show (a) E-cadherin, (b) DIC, (¢) DNA, and (d)
the combination. (A) Day-5 embryo with very few TE cells, some showing the typical belt pattern
of E-cadherin localization (arrowheads). The TE is generally disorganized (arrows in panel b) and
there is no visible [CM. (B) An embryo showing abnormal blastulation and “belt” staining of TE
cell membranes (arrowheads); many excluded cells and fragments which do not show any staining
are visible (arrows in panels a and b). (C) A blastocyst with many large TE cells and limited local-
ization of E-cadherin in TE cell junctions (arrowheads). Note the excluded fragments (arrows).
Scale bar is 50pm.
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7.5 Discussion

In the present study, the distribution of the vital cell adhesion protein E-cadherin was assessed in
human embryos by immunocytochemistry and confocal microscopy. The images obtained suggest
that E-cadherin distribution in human embryos is stage-dependent. During the first three days in
culture, in embryos with apparently normal morphology, the protein appears to be cytoplasmic
and mainly concentrated in the non-contact regions of cells. On day 4 of development, it is relo-
cated to areas of cell-cell contact. Following differentiation, E-cadherin appears to be cytoplasmic
in the ICM cells while it appears as a band delineating the borders between individual TE cells, as
is characteristic for epithelial cells in general.

In a study by Bloor et al. (2002), only 2 of 8 “normal” blastocysts showed “localization of E-cad-
herin to TE cell junctions”, while the remaining blastocysts showed “weak and punctate” staining.
Many factors may have contributed to this and other differences between our two studies. The
most conspicuous is the diversity of the embryos examined (and of IVF human embryos in gen-
eral). Weak staining and complete absence of membrane staining was also observed in the present
study in some compacted day-4 embryos and in some blastocysts that were apparently normal. The
choice of primary antibody may be another contributing factor. In the present study, a monoclonal
antibody, produced in the mouse, against E-cadherin from the human placenta was used. Bloor et
al. (2002) utilized an antibody against mouse E-cadherin. The homology between mouse and hu-
man E-cadherin molecules is between 69 and 75%, as suggested by BLAST 2 sequences (Tatusova
and Madden, 1999; http://www.ncbi.nlrﬁ.nih.gov/blast/blZseg/wblastZ.cgi). However, monoclonal
antibodies are generally specific for a 4-5 amino acid sequence and are usually directed against the
amino or carboxy terminal of a given protein (Pieczenik, 2004); the mouse and human E-cadherin
differ at their amino end. It is therefore possible that the antibodies in the study of Bloor et al.

(2002) did not fully recognize E-cadherin in human embryos, thus producing inconsistent results.

The timely expression and distribution of E-cadherin is essential for normal compaction and blas-
tulation. In all species of mammals examined, compaction begins after a certain number of cleav-
age divisions. The actual number depends on the species; in the human, compaction takes place
between the eight and the sixteen cell stages, i.e. between the third and the fourth cleavage divisions
(Nikas et al., 1996). The images of cleavage stage embryos with divisional asynchronies and related
abnormalities as well as those of abnormal blastocysts collected for this study suggest that E-cad-
herin distribution is perturbed in these embryos. Specifically, redistribution of the protein to cell-
cell contact areas was found to be absent or erratic. This apparent failure of abnormal embryos to
properly relocate E-cadherin may be the immediate cause of their frequent failure to compact (and

subsequently blastulate) normally.
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The failure to relocate E-cadherin may be a consequence of developmental asynchrony or loss
of physical contact between blastomeres (for instance through fragmentation or arrest of one or
more cells). In the mouse, reverse translocation of E-cadherin from cell-cell contact areas to the
cytoplasm has been shown to occur in decompacted embryos (Clayton et al., 1993; Pey et al., 1998).
Conversely, in the human, disaggregation of fragmented embryos into their component cells and
fragments and reaggregation of the cells in a “chimaeric” form can, in some cases, overcome the

barriers to normal compaction and lead to blastulation (Chapter 6).

At a more basic level, a possible reason for failure of embryos to fully engage E-cadherin in com-
paction is failure of genomic activation. Experimental evidence indicates that activation of the
embryonic genome is a prerequisite for proper compaction. E-cadherin-null homozygous mutant
mouse embryos which use residual maternal E-cadherin rather than zygotic E-cadherin to initiate
compaction are unable to maintain the compacted state and fail to form blastocysts (Larue et al.,
1994; Riethmacher et al., 1995).

Maintenance of compaction is dependent also on development of junctional complexes between
apposing cells (Reviewed by Fleming et al,, 2001). These complexes include gap junctions, tight
junctions (zonula occludens), adherens junctions, and desmosomes; E-cadherin plays an integral
part in the latter two.

In the human, Dale et al. (1991) and Gualtieri et al. (1992) have shown that TE and ICM cells are in
communication through gap and tight junctions as well as desmosome-like structures. However,
other evidence suggests that in some embryos, particularly those with morphological abnormali-
ties, both the expression and the localization of junctional proteins are altered (Hardy et al., 1996;
Ghassemifar et al., 2003).

The pattern of staining in abnormal blastocysts examined here was of particular interest. Some
blastocysts did not show the expected localization of E-cadherin. On the other hand, TE cells in
some abnormal blastocysts did not exhibit the typical epithelial cell type of E-cadherin banding; in
the same blastocysts, the cells of the ICM, if present, showed the diffuse cytoplasmic staining just as

was seen in blastocysts with normal morphology.

Clearly, the analysis of the images alone can not provide an explanation for these observations.
Nonetheless, the absence of E-cadherin banding in some TE cells is reminiscent of epithelial-to-
mesenchymal cell transformation, during which E-cadherin is internalized, facilitating the disso-
lution of adherens junctions between epithelial cells, thereby giving them mobility (Palacios et
al., 2005). Notwithstanding a role for epithelial-to-mesenchymal transformation in interactions

between uterine cells and the trophoblast during implantation (e.g., Thie et al., 1996), under the
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circumstances of in vitro culture, a similar mechanism could lead to separation of TE cells from
their neighboring cells and localized or general disruption of the trophectoderm. The accidental
formation of trophoblastic vesicles during hatching of human blastocysts through narrow slits left
after partial zona dissection lends support to this suggestion (Cohen et al., 1990). The implications
of abnormal regulation and distribution of E-cadherin in human blastocysts are therefore well
worth investigating, especially in view of the current trend toward universal application of blas-
tocyst culture and transfer for treatment of infertility, and the twinning complications associated
with this technology (Milki et al., 2000).
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Chapter 8

Cytoplasmic fragmentation in activated eggs occurs in the
cytokinetic phase of the cell cycle, in lieu of normal cytokinesis,
and in response to cytoskeletal disorder

8.1 Summary

The timing of cytoplasmic fragmentation in relation to the cell cycle was studied in mature oocytes
and early cleavage stages using mouse eggs and embryos as experimental models. The central ap-
proach was to remove the nuclear apparatus, in whole or in part, from non-activated and activated
eggs and early embryos and follow their response during subsequent culture in vitro. Eggs arrested
in metaphase of the second meiotic division did not fragment following complete removal of the
meiotic apparatus, provided they were not subsequently activated. Exposure of spindle-chromo-
some-complex-depleted eggs to activation conditions immediately after enucleation led to frag-
mentation, although not until control embryos entered first mitosis. Delaying activation until 24
hours post enucleation led to earlier fragmentation. Enucleation of normally fertilized or artificial-
ly activated eggs after emission of the second polar body also led to fragmentation coinciding with
the first mitosis in nucleated control embryos. However, if artificially activated eggs were prevented
from completing second meiosis, by exposure to cytochalasin, and then enucleated, this universal
wave of fragmentation was preceded in some cytoplasts by limited fragmentation after just a few
hours in culture, and coinciding with completion of meiosis Il in nucleated eggs. Fragmentation
also occurred in the second mitotic cell cycle, but it was limited to blastomeres of fertilized eggs
that were enucleated in late interphase, or after the zygotic genome normally is activated. These
results indicate that fragmentation in eggs and early embryos, though seemingly uncoordinated, is
a precisely timed event that occurs only in mitotically active cells, during the cytokinetic phase of

the cell cycle, in lieu of normal cytokinesis, and in response to altered cytoskletal organization.
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8.2 Introduction

Both in vitro and in vivo, cleavage stage embryos of practically all mammalian species examined
so far have been found often to comprise not only nucleated cells, but also non-nucleated cells,
or “fragments’, of varying size and number (e.g., Killeen and Moore, 1971; Enders et al., 1982;
Edwards et al., 1970; Buster et al., 1985). The fragments do not contribute directly to the develop-
ment of the embryo proper, and therefore the most obvious and immediate result of fragmentation
is that the embryo has a smaller than normal cytoplasmic volume and is deprived of whatever en-
dogenous resources are contained in the fragments. This in itself could reduce the developmental
potential of the embryo to a point of non-viability, though fragmented embryos generally have a

lower viability than can be attributed to the loss of cytoplasm alone.

In human embryos, extensive cytoplasmic fragmentation is almost always accompanied by other
cytoplasmic and nuclear anomalies, for instance, blastomere multi-nucleation and chromosomal
mosaicism (Pellestor et al., 1994; Kligman et al., 1996; Laverge et al., 1997; Marquez et al., 2000).
Collectively, these abnormalities can explain the abnormal pre- and post-implantation develop-
ment often seen in fragmented embryos (Chapters 3 and 4; Jackson et al., 1998; Van Royen et al.,
2003; Racowsky et al., 2003; Hardy et al., 2003), though it is important to keep in mind that such
embryos are not necessarily non-viable, and that even if non-viable, they may still contain viable
cells (Chapter 6).

It is as yet unclear what causes fragmentation, and what mechanisms are involved. In the mouse,
following super-ovulation, fragmentation of unfertilized mature eggs has been viewed as a manifesta-
tion of apoptosis, or programmed cell death (Takase et al., 1995, Perez et al., 1999; Morita and Tilly,
1999; Gordo et al., 2002), and it has been suggested that its occurrence in cleaved embryos is under the

control of more than one genetic locus and affected by both parental genotypes (Hawes et al., 2001).

Waksmundzka et al. (1984), Ciemerych (1995), and Ciemerych et al. (1998) noted cortical
deformations in anucleate halves of bisected (or enucleated) activated mouse eggs. They pointed
out that this “autonomous cortical activity” preceded entry of the nucleated cells into first mitosis
but did not identify its cause. Fragmentation of activated eggs with absent or damaged DNA led
Liu et al. (2002) to conclude that this phenomenon represented apoptosis and resulted from activa-

tion of a unique checkpoint at first mitosis.

In fertilized human eggs and cleavage stage embryos, cytoplasmic fragmentation is considered the
final manifestation of a degenerative process, whether apoptotic (Jurisicova et al., 1996b; 1998;
2003; Levy et al., 1998; Yang et al., 1998) or triggered otherwise (Van Blerkom et al., 2001). It is

unclear, however, how fragmentation as a consequence of cell death could lead to, e.g., a wide range
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of morphologies and developmental potentials (indeed, viability) as seen in fragmented human
embryos (Chapter 3; Warner et al., 1998; Antczak and Van Blerkom, 1999).

While it is probable that cytoplasmic fragmentation in mammalian eggs and embryos has a number
of different primary causes, the phenomenon itself, its occurrence and dynamics deserve to be
studied in more detail.

In the context of in vitro fertilization in humans and animals, and nuclear transplantation in ani-
mals, fragmentation seems to take place mainly during the first one or two cell cycles. Major frag-
ments have not been widely observed to occur in freshly ovulated or freshly matured unfertilized
eggs or in 1-cell embryos prior to the first mitotic division; indeed, it is doubtful whether fragmen-

tation occurs at all in non-activated mature eggs.

Fragmentation is reminiscent of cell division, at least in the sense that one original cell is parti-
tioned. Normal cell division involves radical reorganizations of the cytoskeleton, particularly in the
microtubules and their relationship with the cortical microfilaments. It is reasonable to expect,
as suggested by early experiments in the sea urchin (described by Rappaport, 1996), that some-
what similar reorganizations are required for fragmentation to take place. This in turn raises the
question whether fragmentation takes place at any time during the cell cycle or is restricted to
certain phases. The present experiments were undertaken to find an answer to this question, but
also, and more importantly, to uncover the causes and nature of the phenomenon and, eventually,

explain its association with other abnormalities.

Drawing on experience gained in nuclear transplantation, enucleation was chosen as a way of
making experimental eggs and blastomeres “fragmentation prone”. The nuclear apparatus was
removed from eggs and embryos during different phases of the meiotic or mitotic cell cycle, and
the response of the cells to these manipulations was followed under different culture conditions by
light microscopy. The mouse was chosen as the experimental species because, in the mouse, the
timing of the second meiotic division and cleavage is well defined and relatively easy to control.
Also, in the mouse, the nuclear structures relevant to the particular experimental approach chosen
are relatively easy to see in fresh specimens. Laser scanning confocal microscopy was employed to
visualize nuclear DNA and the occurrence and distribution of microtubules. In the course of the
experiments, cytochalasin B, a destabilizer of microfilaments, and/or colcemid, a microtubule de-
polymerizer, were used to 1) minimize damage during cell manipulations, and 2) establish culture
conditions that temporarily prevented cytokinesis and/or mitosis (e.g., Smith and McLaren, 1977;
Surani et al., 1980; Schatten et al., 1985).
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8.3 Materials and Methods

8.3.1 Oocyte collection

Oocytes were collected according to the general protocols described in Chapter 2 (section 2.5).
Ovulated oocytes were collected at 18 hours after hCG injection in all experiments but experiment
I.1 (parts a and b). In that experiment, the eggs were collected at 16 hours post hCG, to minimize
the risk of spontaneous activation (Xu et al., 1997; Abbott et al., 1998).

8.3.2 Ethanol activation of mature oocytes

Within 30 minutes of collection (or enucleation), eggs to be activated were exposed to 7% ethanol in
PBS for 4.5 minutes (Kaufman, 1982), washed thoroughly in M-CZB, and placed in culture. When
intact eggs were ethanol-treated, only activated eggs showing one polar body and one emerging
female pronucleus within 5 hours (generally above 85% of those treated) were selected for the
experiments. Activation of enucleated eggs, on the other hand, could not be immediately
confirmed.

In certain experiments, CCB (10pg/mL) was included in the culture medium to prevent cytoki-
nesis. In certain other experiments, colcemid (0.02pg/mL) was included in the culture medium to
prevent progression of mitosis beyond metaphase. In these two sets of experiments, experimen-
tal material was cultured for 5 to 24 hours, depending on the experiment, in medium containing
either CCB or colcemid.

8.3.3 Enucleation procedures

To minimize damage during micromanipulation, eggs and embryos were incubated at 37°C in
10pg/mL CCB in M-CZB with 3% BSA for 20 minutes before the start of procedures. Microma-
nipulation was performed in the same medium. To keep the position of the meiotic spindle well
defined, CCB was not used during manipulations in experiment I. Following completion of micro-
manipulation, the eggs and embryos were washed through 5-7 drops of culture medium, placed in

culture for 10 minutes and then moved again to a fresh medium drop for further culture.

Micromanipulation equipment and tools are described in Chapter 2 (section 2.7). For enucleation,
a pipette with an inner diameter of 25-30pum was used. When required, the zona pellucida was
opened according to the protocol described in Chapter 2 (section 2.6).

Enucleation of activated eggs is illustrated in Figure 8.1 and for 2-cell embryos, in Figure 8.2.

Ten to 20 eggs or embryos were manipulated at a time and micromanipulation procedures took
less than an hour to complete. Enucleations were timed to coincide with different phases of the
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cell cycle, hence varied in different experiments, as detailed below (cell cycle timing in the mouse
has been described in detail in Hogan et al., 1994). To slow down heat loss and minimize the
risk of microtubule depolymerization while eggs and embryos were out of the incubator, micro-
manipulations and examinations were carried out on a heated microscope stage, set to 37°C;

general handling of eggs and embryos was done on the work surface of the laminar flow hood
which was also set to 37°C.

Figure 8.1 Method of enucleation of activated eggs after 4-5 hours of CCB exposure. The zona pel-
lucida over one pronucleus (PN1) was breached by laser (A) and the pronucleus was aspirated into
the enucleation pipette (B,C). It was then removed from the egg without removing cytoplasm (D).
The egg was partially released from the holding pipette, turned, and a second hole was made over
the second pronucleus (PN2) (E). The pronucleus was aspirated into the pipette (F), as before, and
removed with minimal or no cytoplasm (G,H). The area containing the spindle remnant (asterisk)
is particularly visible in B and C. Scale bar is approximately 20um.
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Figure 8.2 Method of enucle-
ation of 2-cell embryos. (A)
The zona pellucida over one
blastomere was breached by la-
ser (arrow). (B) The polar body
(pb) along with the blastomere
nucleus (n) was aspirated into
the enucleation pipette. (C) The
embryo was then turned and
the zona pellucida over the sec-
ond blastomere was breached
(arrow). (D) Depending on the
experiment, either a small vol-
ume of cytoplasm (cyto) or the
nucleus itself (not shown) was
removed. Scale bar is approxi-
mately 20um.

8.3.4 Enucleation experiments

A schematic outline of the study (experiments I-V) is presented in Figure 8.3.

(a) Culture in KSOM

Non-activated Meiotic spindle
MII egg depleted egg

* (b) Culture in KSOM for * Culture in KSOM
24-30 Hrs. EtOH

Activate

(2)
Culture in KSOM

EtOH
Activate

Culture in KSOM

Fertilized egg Enucleated
egg

Figure 8.3 A schematic presentation of the experiments. EtOH = ethanol; PA = post activation.
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Figure 8.3 continued
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8.3.4.1 Experiment I: Non-activated MII eggs
The purpose of these experiments (and those under II) was to examine the relationship between
fragmentation, MII arrest, and activation. The meiotic spindle-chromosome-complex was re-

moved from these eggs within sixty minutes of collection.
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8.3.4.1.1 Experiment I.1a: Removal of the spindle-chromosome complex
and culture of cytoplasts

These eggs (N=82) were collected at 16 hours post hCG, manipulated to remove the spindle-
chromosome-complex, placed in culture and checked every few hours for up to 30 hours in
culture. Intact MII eggs (N=74) collected at the same time and cultured in KSOM served as
control in this experiment.

8.3.4.1.2 Experiment I.1b: Delayed activation of cytoplasts from I.1a

A proportion of the eggs from I.1a (N=69) were exposed to activation conditions (7% ethanol
for 4.5 minutes) after 24-30 hours in culture. They were then washed, placed in culture, and ob-
served every 1-3 hours for 6 hours and thereupon less frequently, up to 24 hours post activation
(PA). A proportion of the intact control eggs (N=57) were also activated at the same time.

8.3.4.1.3 Experiment 1.2: Immediate activation of spindle-chromosome-depleted eggs
These eggs (N=14) were collected at 18 hours post hCG and were exposed to activation condi-
tions immediately after removal of the spindle-chromosome-complex. They were then washed,

placed in culture, and observed every 1-3 hours for 24 hours and thereupon less frequently for
up to 48 hours PA.

8.3.4.2 Experiment II: Enucleation of normally fertilized pronuclear eggs

Thirty-one zygotes were enucleated 20-22 hours post hCG (an estimated 7-9 hours after fertiliza-
tion), when both pronuclei could be clearly seen. Intact zygotes cultured in KSOM (N=25) served
as control.

8.3.4.3 Experiment II1I: Enucleation of ethanol-activated eggs
The purpose of these experiments was to pinpoint the exact timing of fragmentation in relation to

egg activation and to investigate both the reversibility and preventability of this process.

Enucleation was carried out five hours PA, when the second polar body and the female pronucleus
could be clearly observed. Enucleated eggs were cultured under the following conditions and
checked every 1-3 hours for 24 hours and, thereupon less frequently, up to 48 hours:

I11.1) Culture in KSOM for the duration of the experiment (N=73), II1.2) Culture in KSOM
containing, (a) colcemid (N=72) or (b) CCB (N=30) for the duration of the experiment, II1.3)
Culture in (a) KSOM-colcemid (N=42) or (b) KSOM-CCB (N=30) for 14-22 hours, then transfer
to KSOM.
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Intact activated eggs cultured under the same conditions as above served as controls; respec-
tively, these were nucleated eggs cultured in KSOM (N=55), KSOM-colcemid (N=24) or KSOM-
CCB (N=25) for the duration of the experiment, and nucleated eggs cultured in KSOM-colcemid
(N=15) or KSOM-CCB (N=15) and transferred to KSOM at 14-22 hours PA.

8.3.4.4 Experiment IV: Enucleation of ethanol-activated eggs exposed to CCB to
prevent emission of the second polar body

The purpose of these experiments was to investigate the possibility of fragmentation during cyto-
kinesis of meiosis II. Ethanol-activated eggs (N=51) were cultured in KSOM-CCB for 4-5 hours
until two emerging pronuclei were observed. They were then subjected to enucleation and after-

wards, washed, transferred to, and cultured in KSOM.

Nucleated eggs (N=15), exposed to CCB for 4-5 hours, washed, transferred to, and cultured in
KSOM served as control.

8.3.4.5 Experiment V: Enucleation of fertilized 2-cell embryos in interphase

The purpose of these experiments was to investigate the possibility of fragmentation during cyto-
kinesis of the second mitotic cycle. Enucleation in these experiments was done either (1) as early
as 38 hours and up to 45 hours post hCG (“early-mid interphase” of the second cell cycle) or (2)
from 46 to 50 hours post-hCG (“late interphase” of the second cell cycle), while interphase nuclei
were still visible. Under each condition, either (a) one or (b) both blastomeres were enucleated.
For early-mid-interphase enucleations, the experiments included 28 embryos in which one blas-
tomere was enucleated and 83 embryos in which both blastomeres were enucleated. During late
interphase enucleations, 25 embryos had one blastomere enucleated and 75 embryos had both

blastomeres enucleated.

8.3.5 Fixation, immunostaining, and laser scanning confocal microscopy (LSM)

For LSM, eggs and embryos were fixed and extracted for 30 to 45 minutes at 37°C in 2% form-
aldehyde and 0.5% Triton X-100 in PIPES buffer (modified from Allworth and Albertini, 1993).
Following fixation and extraction, they were washed and stored (at 4°C) in PBS supplemented with
3% BSA and 0.2% sodium azide (PBS/BSA/Az).

For indirect immunofluorescence labeling, monoclonal anti-acetylated-tubulin (de Pennart et
al., 1988)(T6793, Sigma-Aldrich, Inc., Saint Louis, MO, USA), diluted 1:1200 and monoclonal
anti-beta-tubulin (T4026, Sigma-Aldrich, Inc., Saint Louis, MO, USA) diluted 1:400, alone or in
combination were used as primary antibodies. Eggs and embryos were incubated with primary

antibodies for 60 minutes at 37°C; this was followed by two 15-minute washes in 0.2% Tween 20
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(Sigma-Aldrich, Inc., Saint Louis, MO, USA) and a minimum of seven washes in PBS/BSA/azide to
remove the Tween. The secondary antibody was an FITC-conjugated goat anti mouse IgG, whole
molecule (F2012, Sigma-Aldrich, Inc., Saint Louis, MO, USA). Following 60 minutes incubation
at 37°C with secondary antibody, the material was washed through a minimum of seven drops of
PBS/BSA/azide. To counter-stain the nuclei/DNA, eggs/embryos were incubated for 20 minutes
in 0.06mg/mL propidium iodide after which they were briefly washed. For examination, eggs and
embryos were placed in 2mL drops of PBS/BSA/Az covered with mineral oil on a glass cover-slip set
in a steel chamber (Attofluor cell chamber, Molecular Probes, Eugene, Oregon, USA).

Laser scanning confocal microscopy was carried out with a Zeiss LSM 510 laser scanning confocal
microscope (Carl Zeiss, Inc, Thornwood, NY, USA) equipped with version 3.2 of the LSM software,

an argon laser (emitting at wavelength 488nm) and an HeNe laser (emitting at wavelength 543nm).

8.4 Results

The results are summarized in Table 8.1.

Experiment No. No. Time of Fragmentation or Status of Nucleated Controls

Manipulated ~ Fragmented Period of Observation

(%) (Hours PA)
I(1a) 82 0(0) (17-48) " Metaphase II Arrest
1(1b) 69 36 (52) 2 Fragmented
1(2) 14 12 (86) 15 Mitotic
1 31 21 (68) ~20-22° Mitotic or Cleaved
11 (1) 73 50 (68) 15 Mitotic
11 (2a) 72 0(0) 9-48 Mitotic metaphase arrest
111 (2b) 30 0(0) 9-48 Interphase arrest
I1I (3a) 42 17 (40) 16-28 ¢ Cleaved
111 (3b) 30 9 (30) 16-28 ¢ Cleaved
v 51 27 (53) 9 Meiotic

43 (84)" 16 Mitotic
V(1b) 83 6(7) ~40b Mitotic
V(2b) 75 56 (75) ~40b Mitotic
Values in parentheses are percentages.
* Hours post hCG

® Time represents an approximation of hours post fertilization.
¢ Fragmentation occurred approximately 2-6 hours after removal of colcemid or CCB.

¢ This proportion reflects the second wave of fragmentation among the same cohort of 51 manipulated eggs.
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8.4.1 Experiment I: Non-activated MII eggs

I.1a) Of the 82 eggs that were placed in culture following the removal of the spindle-chromosome-
complex, none (0/82) showed plasma membrane ruffling, blebbing, or fragmentation at any time
during a 24-30 hour culture period. Similarly, none of the intact controls (0/74) divided or frag-

mented during culture.

[.1b) When the spindle-chromosome-complex-depleted eggs were exposed to activation condi-
tions after 24-30 hours in culture, many (36/69 or 52%) fragmented within 2 hours. A proportion

of the control eggs (9/57 or 16%) also fragmented within that time.

[.2) When the spindle-chromosome-complex-depleted eggs were exposed to activation condi-
tions, i.e., ethanol-treated, a large proportion (12/14 or 86%) fragmented although not until 15
hours after ethanol exposure, at which time nearly all of the nucleated eggs subjected to ethanol

treatment, were found to be in mitosis (see control group for III.1).

Figure 8.4 shows LSM images representative of non-activated mature eggs, collected 18 hours post
hCG, mature eggs collected at 18 hours post hCG after 30 hours of culture, and non-activated enu-
cleated eggs after 30 hours of culture. These eggs were characterized by the absence of a network of
microtubules. Intact eggs were also characterized by more or less exclusive localization of tubulin
in the meiotic spindle except for the presence of about 4-8 cytoplasmic asters (Figure 8.4A). After

in vitro ageing, the spindle showed extensive arrays of astral microtubules pointing away from the

mtoc

Figure 8.4 Representative LSM images of non-activated mature eggs, collected at 18 hours post
hCG (A), and cultured for 30 hours (B), or enucleated and cultured for 30 hours (C), all in KSOM.
The meiotic spindle (ms) is visible in A (front view) and in B; a few asters or microtubule organiz-
ing centers (mtoc) are visible in the freshly collected egg in A, but their complexity has increased
with ageing (B and C). In C, without the spindle-chromosome-complex, many more aster-like
microtubule bundles are visible after 30 hours of culture. Eggs have been stained for acetylated
and beta tubulin (green) and DNA (red). The egg in C is negative for DNA. Images are projections

reconstructed from several 3pm thick optical sections. Scale bar is 20um. gc = granulosa cell
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spindle poles and toward the cortex; the number of asters did not appear to increase in these eggs
although they became more extensive in structure (Figure 8.4B). In the spindle-chromosome-

complex-depleted eggs, the number of asters increased following 30 hours of culture, as did their
size (Figure 8.4C).

8.4.2 Experiment II: Normally fertilized pronuclear eggs

Enucleated zygotes remained round with smooth membranes until 31 hours post hCG or approxi-
mately 18 hours post fertilization. By 33 hours post hCG (about 20 hours post fertilization), 29%
(9/31) of the enucleated zygotes had fragmented or had ruffled membranes; two hours later, this
proportion had increased to 68% (21/31).

At the same time points, i.e., 33 and 35 hours post hCG (20-22 hours post fertilization), respec-
tively, 28% (7/25) and 44% (11/25) of the nucleated control zygotes had cleaved into two cells.

8.4.3 Experiment I1I: Ethanol-activated eggs

III.1) Activated enucleated eggs cultured in KSOM after enucleation remained round with smooth
membranes for up to 13 hours PA while their nucleated counterparts were in interphase (single
female pronucleus clearly visible). By 14 hours PA (32 hours post hCG), some cytoplasts showed
cortical ruffling, and by 15 hours, 68% (50/73) were fragmenting completely; at this time, 45%
(25/55) of the nucleated controls were in mitosis, that is, they had no visible nuclei.

By 24 hours PA, a small proportion-of the previously fragmenting enucleated eggs had returned to
a smooth spherical single-cell form; the others were still fragmented but the individual fragments
had assumed a spherical or ellipsoidal form. Of the nucleated controls, 82% (45/55) had complet-
ed division and were in interphase. A pictorial summary of these results is presented in Figure 8.5.

The status of the microtubules in intact and enucleated eggs at mitosis can be seen in Figure 8.6.

[11.2a) None (0/72) of the activated enucleated eggs cultured in KSOM-colcemid fragmented. Like-
wise, nucleated control eggs did not divide or fragment in KSOM-colcemid (0/24). None exhibited
pronuclei.

[I1.2b) None (0/30) of the activated enucleated eggs cultured in KSOM-CCB fragmented
during culture. Likewise, nucleated control eggs did not divide or fragment in KSOM-CCB (0/25),
although as expected, a high proportion exhibited two pronuclei.
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I11.3a) Following transfer of activated enucleated eggs to KSOM after 14-22 hours of culture in
KSOM-colcemid, 40% (17/42) fragmented about two to six hours. Among the nucleated control
eggs, 53% (8/15) divided during the same period. Division in these control groups was often ac-

companied by fragmentation.

I11.3b) Transfer to KSOM following 14-22 hours of culture in KSOM-CCB led to fragmentation in
30% (9/30) of the enucleated eggs, again about two to six hours. When the intact controls were ex-
posed to CCB for the same period then transferred to KSOM, 33% (5/15) divided to 2-cells within
the same period. Division in the control group was often accompanied by fragmentation.

Ohrs PA 15hrs PA 24hrs PA

Enucleated

Control

Figure 8.5 Representative DIC images of eggs in experiment [II.1. Activated enucleated (A-C)
and activated intact (D-F) eggs cultured in KSOM are shown at 9, 15, and 24 hours post activation
(PA). Enucleated eggs remained round with smooth membranes at 9 hours PA (A). At 15 hours
PA, many had fragmented (B) and at 24 hours PA, some of the previously fragmented cytoplasts
had become ovoid again but in most, fragments remained in the PVS (C). At9, 15, and 24 hours
PA, respectively, the nucleated controls were in interphase (one female nucleus and one polar body
visible)(D), mitosis (the pronucleus could not be seen) (E) and interphase of the second cell cycle
(each of two cells show a prominent nucleus) (F).
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Figure 8.6 The status of microtubules in intact activated eggs and eggs from which the meiotic
spindle-chromosome-complex was removed. At 5.5 hours post activation, the intact egg shows ex-
trusion of the first polar body (pbl; A), evolution of the female pronucleus (fpn), and the meiotic
midbody (mmb). The spindle-depleted egg, on the other hand, shows several microtubule organiz-
ing centers (arrowheads; B), organized around the center of the egg. At 14 hours post activation, in
the intact egg, microtubules are exclusively invested in the first mitotic spindle, which rests in the
center of the egg (C). Arrowheads in C point to microtubule organizing centers. At the same time-
point, the spindle-chromosome-complex-depleted egg is in the cytokinetic phase of the cell cycle
and has undergone fragmentation (D). Arrowheads in D point to “midbody-like” microtubules.
Eggs have been stained for acetylated and beta tubulin (green) and DNA (red). Images are projec

tions reconstructed from several 3um thick optical sections. Scale bar is 20um.
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8.4.4 Experiment IV: Activated eggs exposed to CCB

When emission of the second polar body was prevented by exposing intact activated eggs to CCB
for 4-5 hours PA, two female pronuclei formed, both located peripherally in the cytoplasm at some

distance from each other (Figure 8.7). A pictorial summary of the outcome of enucleation of these

eggs is presented in Figures 8.8 and 8.9.

Four hours following removal of these two emerging female pronuclei, at 9 hours PA, a fragmen-
tation event, morphologically distinct from that seen in previous experiments was noted in 53%
(27/51) of the eggs: 20% (10/51) showed ruffling and blebbing of the membrane that culminated in
the formation of one or several small fragments at or near the location where the second polar body
would have formed (Figure 8.9A). In the remaining enucleated eggs, (17/51 or 33%), a cleavage
furrow started to form, also in the region where the nuclei had been situated prior to enucleation.

The cleavage furrow in some of these divided the egg into two equal-sized cytoplasts (Figure 8.9C).

pb fpn

Pl fpn

A B

Figure 8.7 Representative LSM images of activated eggs following 5 hours of culture in KSOM (A)
or KSOM-CCB (B), as part of experiment IV. The egg in A has extruded a polar body (pb2), and
a female pronucleus (fpn) has formed. The meiotic midbody, in the center (arrow), is visible be-
tween the egg and the polar body. The inset shows detail of the extensive microtubule network and
few microtubule organizing centers in the same egg. In the egg in B, two pronuclei, both female
(fPN), have formed since the polar body is retained in the presence of CCB. The spindle remnant
(arrow) is also visible between the two pronuclei. Eggs have been stained for acetylated and beta
tubulin (green) and DNA (red). Images are projections reconstructed from several 3um thick opti-
cal sections. Scale bar is 20pum.
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At or about 16 hours PA (continuing up to 25 hours PA), a second and universal fragmentation

wave occurred in 43/51 or 84% of the eggs and led to complete fragmentation of the cytoplasts
(Figure 8.9D).

Among the nucleated control eggs, 13 of the 15 showed cortical ruffling and/or formation of “polar
bodies” within 9 hours of activation (Figure 8.9B). Atabout 16 hours PA, coinciding with complete
fragmentation of the enucleated eggs, the majority of these intact eggs had entered mitosis and
some had already divided; by 25 hours PA, all had cleaved into two-cells.

Ohrs PA 16hrs PA 25hrs PA

Enucleated

Control

Figure 8.8 Activated enucleated (A-C) and activated intact (D-F) eggs that were maintained in
KSOM-CCB for 4-5 hours immediately post activation (PA) then transferred to KSOM. Nine
hours post activation, cytoplasts showed cortical ruffling and either produced one or more polar
cytoplasts or “cleaved” more or less evenly (A). Beginning at sixteen hours PA and up to 25 hours
PA, these enucleated eggs showed more extensive fragmentation affecting the entire egg (B, C). At
the same time-points, respectively, nucleated control eggs showed, blebbing and formation of one
or more “polar bodies” (D) and entry into mitosis or cleavage (E, F). Scale bar is 80um.

113



Timing and mechanism of cytoplasmic fragmentation Chapter 8

Figure 8.9 Representative LSM (A and B) and DIC (C and D) images of eggs in experiment [V in
which activated eggs were maintained in KSOM-CCB for 4-5 hours immediately post activation
(PA), were either enucleated or not, washed, and transferred to KSOM. In some enucleated eggs,
the early fragmentation wave culminated in the formation of a polar body-like fragment or bleb (A,
arrow). The meiotic spindle remnant is visible in this enucleated egg, indicating that removal of the
nuclei did not guarantee removal of the meiotic spindle remnant. In B, the arrow points to a simi-
lar polar body-like structure in the nucleated control egg; the second female pronucleus is present
but not visible in this optical section. In other enucleated eggs, the first wave of fragmentation at
9 hours PA led to a more or less even “cleavage” (C). By 16 hours PA, both anucleate fragments in
the egg in C fragmented completely (D). Eggs in A and B represent a single optical section midway
through the egg; the eggs have been stained for acetylated and beta tubulin (shown in grey-scale).
Scale bar is 20pum.
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8.4.5 Experiment V: Fertilized 2-cell embryos

V.1a) Among the 28 embryos in which only one blastomere was enucleated in early-mid interphase,
none (0/28) showed any fragmentation after overnight culture, while their intact sister blastomeres

cleaved normally during that period (Figure 8.10).

V.1b) A small proportion (6/83 or 7.2%) of the embryos in which both blastomeres were enucle-
ated in early-mid interphase showed some membrane deformation when checked after overnight

culture, but the great majority remained unruffled and ovoid throughout culture.

Figure 8.10 Representative LSM images of 2-cell embryos from experiment V in which one of

the two cells was enucleated early (A-C) or late (D-E) in interphase. During subsequent culture,
the enucleated cells (ec) in A, B, and C are unfragmented and show interphase microtubules. The
nucleated cells in A and B are in metaphase and anaphase, of the second cell cycle, respectively. In
C, the nucleated cell has divided and the resulting blastomeres are in interphase. The enucleated
cell in D shows cortical deformations and that in E has fragmented; three fragments (f) are vis
ible. The nucleated cells in these embryos are in prophase through anaphase of the third cell cycle.
Embryos have been stained for acetylated and beta tubulin (green) and DNA (red). The enucleated
cells are negative for DNA. Images are projections reconstructed from several 3um thick optical

sections. Scale bar is 20pm.
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V.2a) Among the 25 embryos in which one late interphase blastomere was enucleated, 68% (17/25)
were found to have fragmented after overnight culture, while the intact sister blastomeres cleaved

normally during that period.

V.2b) Among the 75 embryos in which both blastomeres were enucleated in late interphase, 74.7%
(56/75) were found to be fragmented after overnight culture (Figure 8.11). Rounding of the frag-
mented enucleated cells occurred within the following 24-48 hours of culture, but some fragments

remained in the PVS in most instances.

Figure 8.11 Representative DIC images of 2-cell
embryos from experiment V. Both blastomeres
were enucleated in early-mid interphase (A) or
later (B) and cultured overnight. Blastomeres in
(A) remained unfragmented after enucleation
while blastomeres in (B) fragmented. Scale bar is
approximately 50pm.

8.5 Discussion

In the present experiments, cytoplasmic fragmentation did not proceed unless the cells were in
division mode, suggesting a general rule that fragmentation does not occur in mitotically inactive
cells and therefore is not a predetermined fate of arrested or quiescent cells. The study further sug-
gests that fragmentation in eggs and embryos occurs during the cytokinetic phase of the cell cycle,
in response to the loss of normal interplay between the spindle complex and cortical microfila-

ments.
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8.5.1 Timing of cytoplasmic fragmentation

Whether enucleation immediately followed or preceded artificial activation, the resulting fragmen-
tation in the cytoplasts was a precisely timed event in the cell cycle, rather than a happenstance, and
always coincided with entry of nucleated control cells into mitosis. In the cytoplasts, this timing
represents the cytokinetic rather than the mitotic phase of the cell cycle, since the removal of the
nuclear structure removes the necessity for coordination of nuclear and cytoplasmic divisions (and

any delay normally imposed by the former on the latter).

When the nucleated control cells had completed cytokinesis and entered interphase, some blebs
and fragments receded in the cytoplasts, suggesting further autonomous cell-cycling activity in the
latter.

8.5.2 Fragmentation and the cytoskeleton

The dynamic relationship between spindle microtubules and cortical microfilaments is pivotal to
normal cytokinesis. Therefore, deliberate depolymerization of microfilaments (by CCB treatment)
or depolymerization of microtubules (by colcemid treatment) prevents cytokinesis altogether; here,
the same treatments also prevented fragmentation. Drug removal, on the other hand, restored both

microtubules and microfilaments, allowing cytokinesis and fragmentation to proceed.

It is noteworthy that both following extended exposure to cytoskeletal disruptive drugs, and delayed
activation, limited to complete fragmentation was seen in control embryos. This behavior, which is
generally uncharacteristic of normal mouse development suggests that once induced, cytoskeletal
disorder may persist and become overtly expressed in the course of a subsequent cytokinesis, even

in the presence of a nuclear apparatus.

8.5.3 Meiotic fragmentation

If our hypothesis that fragmentation is a deviant form of cytokinesis is correct, it should be possible
to demonstrate that the phenomenon can also occur during cytokinesis of the second meiosis. We
think that this was demonstrated in experiment IV, for in that experiment two distinct waves of
fragmentation occurred. The first wave was limited to the region where the nuclei had been situ-
ated prior to enucleation and occurred several hours before mitosis 1 in nucleated controls. The
second wave was universal and coincided with mitosis 1 in nucleated controls, similar to the events
described in experiments [-III. In our opinion, the first of these waves represented cytokinesis of

second meiosis, while the second represented cytokinesis of the first mitotic division.

We have further investigated meiotic fragmentation in more detail, and the results will form the

subject of a separate report (Willadsen and Alikani, in preparation).
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8.5.4 Fragmentation during second mitosis

We also investigated the possibility of inducing fragmentation during cytokinesis of the second cell
cycle. In her experiments, Ciemerych (1995) did not observe cortical deformations or any other
autonomous activity in the anucleate halves of blastomeres from 2- and 4-cell embryos. This lack
of activity was attributed to diminished cytoplasmic autonomy and the low intensity of mitosis

promoting factor (MPF) activation during the second (and subsequent) cell cycle(s) (Kubiak and
Ciemerych, 2001).

In experiment V of the present study, some enucleated blastomeres of fertilized 2-cell embryos did
fragment. However, the timing of enucleation was crucial to this outcome: if enucleation was done
during early-mid interphase, further activity ceased in the anucleate blastomere; no surface de-
formations were seen and the microtubules maintained their interphase configuration. However,
when enucleation was delayed until late interphase, a large proportion of the enucleated cells either

showed cortical deformations or fragmented during subsequent culture.

We propose that the failure of the enucleated early blastomeres to undergo fragmentation is remi-
niscent of the “2-cell block” in the mouse (Goddard and Pratt, 1983) and supports the notion of
fragmentation as atypical cytokinesis. The “2-cell-block” takes effect at the late G2/M phase of the
second cell cycle when maternal transcripts run out and the zygotic genome must be activated for

normal development to continue (Flach et al., 1982).

8.5.5 Relevance to human embryo fragmentation

We have assumed that the process of fragmentation in eggs and embryos is essentially the same
whatever the triggering cause(s), i.e., that fragmentation is the diverse expression of a single phe-
nomenon: the failure of the normal dynamic relationship between microtubules and microfila-
ments during one particular phase of the cell division cycle, i.e., cytokinesis. Our results support
that assumption. However, we cannot yet be certain that the assumption has more general validity,
and for this reason, we can only speculate what the relevance of the results of the present study
might be to fragmentation and related phenomena in human eggs and embryos, not to mention

other cell types.

In addition, the topography and organization of the cytoskeleton differ between species (Simerly et
al., 1995). For instance, the sperm centrosome is thought to play an essential role as the microtu-
bule organizing center in the human (Sathananthan et al., 1991; Palermo et al., 1994; Van Blerkom,
1996) but not in the mouse (Maro et al., 1985; Schatten et al., 1985).
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In the human, the genome becomes activated sometime between the 4- and 8-cell stages (Braude
et al., 1988) but most fragmentation occurs prior to that. Indeed, it appears that around the time
of genomic activation, and particularly after compaction and the establishment of structural junc-
tions (Nikas et al., 1996; Gualtieri et al., 1992), the tendency of human blastomeres to fragment
is simply lost. Whether the impetus for this change is the activation of the genome, increased
adhesion between the cells, reduced cell size or a combination of these factors remains to be deter-
mined. Nevertheless, the basic suggestion of the present experiments is that fragmentation in human
embryos is a manifestation of abnormal cytokinesis rather than cell death. This proposal would
support a causal relationship between cytoplasmic fragmentation and cytoskeletal changes asso-
ciated with post-ovulatory ageing (Pickering et al., 1988) or environmental fluctuations during
in vitro culture (Almeida and Bolton, 1995; Dale et al., 1998). It would also provide a plausible
explanation for the high frequency of fragmentation and its association with nuclear abnormali-

ties, most importantly, post zygotic chromosome mosaicism among human [VF embryos.
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Chapter 9
General discussion, reflections, and conclusions

9.1 General discussion

A recent survey of the EggCyte database shows that about forty percent of some 75000 human em-
bryos whose development was initiated in the Saint Barnabas IVF laboratory had lost one quarter
or more of their cytoplasmic volume to fragmentation. A large proportion of the embryos affected
by such extensive fragmentation showed one or more other abnormalities, including blastomere
multi-nucleation, uneven cell division, developmental arrest, and chaotic chromosome mosaicism.
The work described in the previous chapters was undertaken to uncover causes and consequences

of cytoplasmic fragmentation and explain its association with other frequently observed embryo

abnormalities.

This final chapter attempts a critical evaluation of each experimental and analytical approach that
was chosen to fulfill the aim of the studies.

At the time these studies were initiated, it was already well known that fragmentation was, in
general, associated with loss of embryo viability, but this knowledge was inadequate because little if
any distinction was drawn among fragmented embryos, and the process itself was simply presumed

to be degenerative in nature.

The first steps toward understanding the pathogenesis of fragmentation were the attempts to bet-
ter define it and to delineate its implications for pregnancy and implantation. In Chapter 3, a
fragmentation classification system was introduced. This was developed through non-invasive
morphological evaluation of large numbers of embryos and was based on fragmentation patterns:
the size and distribution of fragments relative to the size and position of nucleated cells. These pat-
terns were shown to be of predictive value for clinical outcome and therefore useful for selection of
embryos for transfer. Moreover, they provided support for the idea that fragmentation was un-

likely to represent the end-point of a degenerative process for the embryo as a whole.

121



General discussion Chapter 9

Notwithstanding its clinical merit, however, this classification system has limitations and, as it has
become clear now, weaknesses. One obvious limitation is the relativity of its predictive prop-
erty, a problem associated with human embryo viability assessment schemes in general. The main
weakness is its disregard for the timing of fragmentation. To provide more insight into the origin
of the different fragment types, a revised version of the classification system must link the timing

of fragmentation to its developmental consequence.

Early cleavage stage classification systems are relevant if embryos were to be cultured for 2-3 days
and replaced in the uterus. However, with the emergence of improved media that allow extension
of the culture period, considerable interest in using blastulation as the single criterion for embryo
selection also emerged, making the study of early cleavage stages more or less obsolete. The main
advantage of embryo selection after extended culture is obvious: it is much easier to decide on day-
5 whether an embryo is a blastocyst than it is to predict on day-3 whether an embryo can, or will,

develop into a blastocyst.

In Chapter 4, the feasibility of maintaing embryos with one or more abnormalities in culture for
extended periods was evaluated. The impact of fragmentation and other frequent cleavage ab-
normalities on blastulation after culture to day-5 of development was investigated by analysis of
morphological data obtained during the course of development of embryos. These analyses
showed that the developmental consequences of abnormal cleavage were already noticeable on the
fourth day of development. Compaction either failed completely or was abnormal in such embryos
leading to, on the following day, the failure of both cavitation and normal blastulation. In those
embryos that did blastulate, abnormalities abounded: absence or disorganization of the inner cell
mass, large and disorganized trophectoderm cells, excluded fragments or cells in the blastocoelic

cavity or the PVS, and low overall cell numbers.

Thus extended culture of abnormally cleaving embryos of marginal viability under the conditions
used in the study led to further loss of developmental potential even to the point of making the
embryo in question non-viable. Clearly this outcome was partly a product of the specific culture
conditions employed in this particular study; however, it is doubtful whether any in vitro culture
conditions available at present can support the development of human embryos with abnormali-

ties in the first three days in culture as well as the uterine environment often does.

In mammals, compaction of the embryo normally takes place after a certain number of cleav-
age divisions which varies between species. In the human, compaction normally takes place after
the embryo has reached the 16 cell stage, while in the mouse it begins at the late 8-cell stage. The
inside-outside hypothesis of Tarkowski (Tarkowski and Wroblewska, 1967) predicts that in the
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course of compaction, at least one cell must become positioned in such a way that it is completely
surrounded by other cells in order for an inner cell mass to form. If the total number of interacting
cells is reduced, the number of inside cells and hence the number of cells in the inner cell mass of
the resulting blastocyst are disproportionately reduced. Simple geometrical considerations sug-
gest that for any cell to be “inside”, the critical total number is about eight interacting cells in the
embryo at the time of blastulation, although experimental evidence suggests that this may be a
slight overestimate.

The observations of Chapter 4 are consistent with the general principles outlined above especial-
ly when it is taken into account that in many of these embryos asynchrony between blastomeres
occurred frequently due to disturbances in early cleavage divisions. The observations were thus of
considerable clinical interest in that they provided the basis for an argument against the indiscrimi-

nate use of blastocyst culture and transfer.

The analyses that formed the basis of Chapters 3 and 4 did not reveal how fragmentation or its
associated anomalies interfere with development over time, either in vivo or in vitro. This question

was taken up in the experiments described in Chapters 5 and 6.

Two approaches were used to address the issue. The first examined the potential effects of the frag-
ments on the viable cells in a mouse model, and the second sought to evaluate the developmental
potential of nucleated cells of fragmented human embryos cultured apart from their associated

fragments.

Chapter 5 describes the experiments in which the first approach was used: Single blastomeres
isolated from 2-cell mouse embryos were placed in host zonae pellucidae along with homologous
(mouse) and heterologous (human) cell fragments and the micromanipulated embryos were cul-
tured in vitro. For the most part, the development of the mouse blastomeres was unaffected by the

presence of fragments, whether homologous or heterologous.

The main conclusion drawn from the study was that development failure in fragmented human
embryos is unlikely to result from any negative influence of the fragments per se. Rather, the sig-
nificance of the presence of fragments is that they indicate other disturbances within the embryo

proper at a systemic level.

One problem that was encountered during these experiments was standardization of experimental
parameters and conditions. Were these experiments to be repeated, the technical approach would
have to be refined. The size of the hole in the zona pellucida and the number and type of inserted

fragments would have to be better controlled. Moreover, the zona pellucida might have to be sealed
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to avoid expulsion of the inserted fragments, which occurred frequently during culture of the

micromanipulated embryos.

The second approach to investigating the possible role of fragments in the disruption of develop-
ment is described in Chapter 6. The developmental capacity of surviving cells of fragmented em-
bryos was evaluated after the cells were separated from the fragments. This was done in two ways.
Disaggregation of fragmented human embryos and individual culture of the component cells led
to mitotic arrest in some cases, but other cells divided and even attempted to blastulate, albeit with
too few cells for a proper blastocyst to form. On the other hand, aggregation of mono-nucleated
cells from several disaggregated fragmenting embryos, in some cases, led to formation of a chimae-
ric embryo that underwent compaction and blastulation. The chimaeric blastocysts were on the
whole smaller than normal human blastocysts. However, this was explained partly by the fact that
the aggregated cells rarely amounted to the full cell complement of a normal embryo, and partly by
the fact that one or more of the cells originally aggregated was often found to have been excluded

from the embryo proper.

Because cell sizes vary widely in most fragmented embryos due both to the uneven loss of cyto-
plasm and asynchrony in cleavage between cells within the same embryo, the precise developmen-
tal stage of the blastomeres used in the aggregation experiments was not ascertained. This problem
could potentially be circumvented by measuring cell and nuclear diameters and comparing these
with normal blastomeres from non-fragmented embryos. It was also not possible to know what
the proportions of cytogenetically abnormal cells in the aggregates were. Examination (by fluores-
cence in situ hybridization) of some of the blastocysts that developed showed that they contained
many normal cells as well as aneuploid cells, but at the same time, only abnormal cells were found
to have been eventually excluded from the compacted aggregates. The role of chromosomal in-
tegrity of the blastomeres in the success of the aggregation therefore remains to be clarified. In the
same context, it remains to be determined whether cells originating in abnormally fertilized eggs

can be used as supportive cells within the aggregates.

What this work did demonstrate was the occurrence of viable cells with apparently normal regu-
latory capacity within non-viable embryos, thus emphasizing the importance of distinguishing
between embryo viability and cell viability. Of course, the work also demonstrated the feasibility of
producing chimaeric human embryos, which although not in itself surprising in view of the experi-
ence with chimaeric embryos in other species, is nonetheless important. Such embryos could play
a useful role in investigations of cell allocation during preimplantation development in human em-

bryos, and might also serve as a source of embryonic stem cells from clinically unusable embryos.
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In the chapters discussed so far, focus was placed on morphological aspects of fragmentation and
the consequences of fragments for development, but the nature and process of fragmentation and
its underlying abnormalities were not addressed. With the study described in Chapter 7, a step was
taken in this direction. The impetus for the study was provided by the observation that compaction

and blastulation are often grossly disturbed in fragmented embryos.

In all other mammalian species studied so far, E-cadherin, a vital cell adhesion protein, is active-
ly relocated in the course of embryogenesis. The first relocation incidence occurs at the time of
compaction and concerns the cells that form the outer layer of the embryo. In these cells, E-cad-
herin is redistributed from free cell surfaces to areas of contact between cells. This relocation is
necessary for the formation of junctional complexes between the trophectodermal cells upon which
the integrity of the blastocyst depends. However, previous studies of E-cadherin distribution in
human embryos had yielded equivocal results. The work described in Chapter 7 was undertaken
in an attempt to resolve this discrepancy and to examine the distribution pattern of E-cadherin in

fragmenting and abnormally cleaving human embryos.

Immuno-cytochemistry combined with confocal microscopy was used to detect the localization
of E-cadherin in cleavage stage embryos and blastocysts. The results indicated that the occurrence
and distribution pattern-of E-cadherin in human embryos is similar to that described in other
mammalian species. The results also suggested that in abnormally cleaving human embryos, the
characteristic distribution pattern of E-cadherin is perturbed and erratic. Considering the associa-
tion of these abnormalities with failed compaction (including compaction of a proportion of the
cells and exclusion of other cells), it was logical to conclude that disturbances in the distribution
of E-cadherin in abnormally cleaving embryos lead to failure of compaction which in turn leads to
failed or abortive blastulation. The presence in the same embryo of non-interacting cells and frag-
ments and interactive cells may contribute to the problem by disrupting cell signaling processes. At
a more fundamental level, as experimental evidence in the mouse suggests, these disturbances may

be caused by failed genomic activation.

When one considers the prevalence of fragmentation in human embryos produced in vitro, and
the negative impact of fragmentation and its associated abnormalities on the outcome of IVF/ART,
it is surprising that so relatively little research effort has been directed towards discovering the
nature and the causes of the phenomenon. There can be little doubt that the main reasons are the
practical difficulties and obstacles facing the use of human eggs and embryos for experimentation,
as well as the relative unimportance of fragmentation in experimental mouse embryology. As a
result, fragmentation has been much talked about, but mostly misunderstood, and rarely seriously

investigated. Even the terminology has served to obscure the heart of the matter. Which is it: a frag-
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mented or a fragmenting embryo? This simple question proved to be a good one, when at a certain
point it was decided to change the emphasis of the work from description of effects to aggressive

investigation of causes and mechanism.
When does fragmentation occur?

It had been noticed in the course of cell fusion experiments that enucleated activated mouse eggs
would fragment if left in culture overnight, whereas this was rarely the case with non-activated
enucleated eggs. Because of the regularity with which this occurred and the relative ease of produc-
ing enucleated eggs and activating them, mouse eggs were chosen as the primary material for the
fragmentation experiments that followed. Later, early cleavage stage embryos were also included.
These experiments are described in Chapter 8. The meiotic spindle or the interphase nuclear ap-
paratus was partially or completely removed from mature oocytes and early cleavage stage blasto-
meres. The micromanipulated cells were cultured in vitro and their response to the manipulations

was examined.

The most important insight into the nature and dynamics of fragmentation was gained when its
timing in relation to the cell cycle was investigated. The precise timing of meiosis and early mitotic
events in the mouse and the ease with which the major stages are identified and manipulated are

great advantages of this experimental system.

In meiotic cells, the timing of fragmentation coincided with second polar body extrusion, and in
mitotic cells, it coincided with mitosis and cell division. Therefore, far from being random, frag-
mentation occurred only during the M phase of the cell cycle. By taking into consideration the
observation that the non-activated mature eggs neither divide nor fragment and that such eggs are
arrested in metaphase, it was also possible to point to cytokinesis as the phase during which frag-
mentation occurs. Indeed, it seemed reasonable to hypothesize that fragmentation in its various
manifestations represents different forms of uncoordinated cytokinesis. This would account for the
numerous chromosomal and nuclear abnormalities that accompany fragmentation. The hypoth-
esis was supported by the study of the cyclical reorganizations of the microtubular components of
the cytoskeleton that occur in synchrony with the cell cycle in nucleated and enucleated eggs and

blastomeres.

At present, it is still unknown to which extent the results of experiments with mouse eggs and
blastomeres apply to their human counterparts. Human eggs and blastomereres are larger and
differently configured with respect to microtubules and other cytoskeletal components. Therefore

experiments with human eggs and blastomeres will be necessary to detect and reconcile possible
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differences. But it must be kept in mind that while the starting material used in the mouse experi-
ments could be assumed to have been normal, such an assumption can not be made with equal
confidence when human material is used.

It seems reasonable to predict (as preliminary work suggests) that such differences will turn out to
be in detail rather than principle. Regardless of the validity of this prediction, by firmly establish-
ing a link between fragmentation and cell division, both nuclear and cytoplasmic, and by the choice
of a relatively well definable yet versatile model, the work has definitively opened an important area
for future research. The most obvious objective for this research is to determine factors that define
and maintain cytoskeletal integrity in human eggs. The case for such research is compelling, since
in its absence human beings rather than human cells will be the experimental subjects — as they

have been hitherto in assisted human reproduction.

9.2 Conclusions

A systematic approach to understanding cytoplasmic fragmentation, a frequently observed
feature of human early cleavage stages in vitro, has shown that its simple dismissal as a degenera-
tive process is vastly unjustified. Basic experimental embryology in the mouse has revealed the key
to the nature of fragmentation: it is a dynamic process reminiscent of cytokinesis in relation to
its requirement for activation, timing in the cell cycle, and its mediation by reorganization of the
cytoskeleton. Thus, fragmentation per se is not an abnormality, but its occurrence does indicate
an underlying problem; its consequence for the cell could be death and for the embryo, depending
on the extent, reduced or lost viability. Strategies for prevention of fragmentation and early loss of

embryos in culture can now be developed based on this discovery.
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Appendix A

Consent for In Vitro Fertilization/Assisted Reproduction
The Institute for Reproductive Medicine and Science of Saint Barnabas Medical Center

[/ we, and , desire to participate in the As-
sisted Reproduction Program at The Institute for Reproductive Medicine and Science of Saint
Barnabas. We understand that there are a number of steps to this procedure and that starting
this process does not guarantee that we will complete the process, achieve pregnancy or delivery
of a healthy child. One of our physicians has discussed with you the etiology of your condition,
and alternative therapies, if any, that are available. We understand that the female partner will re-
ceive medication to induce the maturation of several eggs and during this period she will undergo
a surgical procedure to retrieve her eggs. The steps may be performed by any of the following
physicians: David Sable, Margaret Garrisi, Serena Chen, Patricia Hughes, Natalie Cekleniak, Larry
Grunfeld and Benjamin Sandler. The egg retrieval procedure will be done by needle aspiration,
usually under ultrasound guidance or perhaps by laparoscopy. We understand that the eggs will be
prepared and inseminated in marked dishes with a sample of the male partner’s sperm after prepa-
ration, which removes the sperm from the seminal fluid. The embryos, which may result from fer-
tilization, will be placed into the female partner’s uterus by means of a small catheter, which passes
through her cervix under ultrasound guidance. Following this transfer, blood hormone levels will
be monitored in the female partner to make sure that there are adequate hormonal levels to sup-
port a developing pregnancy and then to determine if a pregnancy has resulted. We understand
that each of these steps may fail and carries known risks as well as theoretical concerns as detailed

in the following paragraphs.
A - Ovulation induction

We understand that a variety of medications are available for the induction of ovulation including
clomiphene citrate (Clomid, Serophene), human menopausal gonadotropins (Pergonal, Humegon)
pure follicle stimulating hormone (urofollitropin, Fertinex, FSH), human chorionic gonadotropin
(hCG), recombinant FSH (Gonal-F or Follistim) and GnRH-agonists (leuprolide acetate, Lupron).

We understand that some of these medications must be given by intra-muscular injection, which
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may cause bruising or discomfort at the injection site. These medications may cause the ova-
ries to become over stimulated, leading to a condition called ovarian hyper stimulation syndrome
(OHSS). We understand that in its most severe form this condition might require hospitalization
for intravenous fluids and monitoring until the syndrome resolves. Worldwide there have been rare
reports of death following severe OHSS. We therefore understand the importance of maintaining
close contact with the IVF team during the time that these medications are being used and for two
weeks afterwards. Some studies have linked injectable gonadotropins and clomiphene citrate to an
increased risk of ovarian cancer, while other studies have not. At this time, the long term effects of
these drugs are not known. The increased risk may be due to infertility and not to the drugs used
to treat infertility. As a results of the use of gonadotropins, the stimulated ovary can twist on itself,

cutting off its blood supply. Surgery may be required to untwist or remove the ovary.

We understand that before the start of a cycle, the male partner will be asked to supply a semen
sample for analysis by the andrology laboratory. He may be asked to take a specific antibiotic dur-
ing the first part of the stimulation cycle to treat bacteria that may be present in order to increase
chances for a successful fertilization. In certain cases, semen may also be frozen in advance to be

certain of its availability at the time of egg retrieval
B - Monitoring protocol

We understand that while receiving the medications listed above, the female partner will be closely
monitored by the [VF team. We understand that this monitoring will include daily blood drawing,
which can cause mild discomfort and bruising at the puncture site. We understand that ultrasound
examination of the ovarian follicles and the uterus will be performed frequently. These examina-
tions may at times be uncomfortable, but have no known risks of any kind. The female partner
may also be asked to collect urine samples for further hormone analysis. We understand that if
monitoring suggests a low probability for successful egg retrieval, that the stimulation cycle will be
stopped and no egg retrieval will occur. We also understand that we may be given the option of

starting the ovarian stimulation procedure again in a subsequent cycle.
C - Eggretrieval

We understand that, at a time determined by the IVF team, the female partner would be admitted
to the egg retrieval procedure room and IVF laboratories at Saint Barnabas Medical Center. We un-
derstand that in the vast majority of cases, ultrasound directed needle puncture of the follicles will
be done. Rarely, the retrieval may be done by laparoscopy under general anesthesia. We understand
that the procedure involves the small risk of general anesthesia as well as injury to bowel, bladder,

or blood vessels, which might require a large incision (laparotomy) to repair. We understand that
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a separate informed consent will be obtained for a laparoscopic retrieval if it becomes necessary.
With either type of egg retrieval, we understand that in rare cases there could be bleeding from the
site where the ovaries were punctured. This may require laparotomy (an incision in the abdomen)
if the bleeding cannot be controlled through the laparoscope. The risks of the procedure are simi-

lar to the risks of laparoscopy, including general anesthesia.

We understand that we cannot be guaranteed that the number of eggs predicted prior to retrieval
will indeed be recovered or that any of the eggs will be normal or ripe. Some follicles may not yield
eggs and rarely none of the follicles will yield eggs. The egg retrieval involves equipment such as in-
cubators, suction apparatuses and ultrasound machines that may fail because of technical malfunc-
tion. We also understand that once the eggs are isolated in the laboratory, that blood and abnormal
nursing cells are removed from around the egg using dissection needles and that although unlikely,
some or all of the eggs may be damaged in the process. Eggs may also be damaged because of shock

due to differences in conditions.

Initial egg yield numbers are counted once and rapidly in order to place the eggs inside the incubators
and stabilize conditions as soon as possible. Eggs themselves are not visualized during egg retrieval,
but only the nursing cells surrounding the eggs. The normality of the eggs cannot be assessed at egg

retrieval. The exact number of eggs is only determined later on at insemination or ICSI.
C - Insemination, fertilization and embryo growth

Once retrieved, the eggs will be incubated in a special solution (culture medium) and evaluated for
timing of insemination by the embryology team of the IVF program. We understand that a sample
of semen from the male partner, obtained by masturbation in a private collection room near the
laboratory, will be evaluated, prepared, and used for insemination. Semen collection in this way
can be unsuccessful and if there are any doubts, a sample can be prepared and frozen in advance
for thawing at this time. However, in case of unexpected failure it is possible to obtain spermatozoa
from a testicle using a minor operative procedure (testicular sperm retrieval). Separate consent is

needed for this procedure.

The seminal fluid that surrounds the spermatozoa must be removed prior to insemination. Sperm
processing involves high centrifugal force, washing with an artificial colloidal suspension called
PurespermTM or by swim-up. We understand that the consistency of highly viscous semen will be
reduced by an enzyme. The prepared semen may be exposed to substances intended to promote
sperm movement or materials intended to remove toxic substances. The zygotes or fertilized eggs
are changed over into a culture solution. This solution may be changed every 48 hours or more

frequently. Solutions may be specially tailored to embryonic stage. The embryos are checked at least
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once daily and their development is determined. Embryos will remain in the solution(s) for 48-120

hours and then transferred.

Should a pregnancy occur, we understand that no risk to the fetus is presently known to medical
science arising from the materials and methods used in the preparation and handling of eggs, se-
men and embryos. We understand that not all eggs recovered can be fertilized, and that it is pos-
sible that none of the eggs may fertilize. We also understand that not all eggs may be ripe and that
ripe eggs may be fertilized multiple times by sperm or even self-fertilize without the sperm partici-

pating. Zygotes and later stage embryos may develop abnormally at any time.
D - Blastocyst culture, alternative culture and embryo transfer

We understand that between three to four days after egg retrieval our embryos will be placed into
the uterine cavity of the female partner. Alternatively you may be asked to consider having embryos
transferred at the blastocyst stage five or six days after egg retrieval, using commercial culture so-
lutions that support growth for a longer period. This protocol may be especially advantageous to
couples who are at risk of multiple pregnancy, since the extended culture increases the opportu-
nity for embryologists to select the highest quality embryos. A potential disadvantage is that some
embryos may be more sensitive to prolonged presence in the laboratory with the result that cryo-

preservation and /or embryo transfer may not occur.

We know that some patients have embryos that develop slowly, or show different forms of mi-
crocopic anomalies such as fragmentation and multi-nucleation and may not become pregnant.
This may be due to a sensitivity of the embryos to the standard culture conditions in the labora-
tory. If this is a repeat attempt at assisted reproduction, we may be asked to have our eggs and zy-
gotes cultured in a different culture medium in order to determine whether this sensitivity can be
overcome. We realize that alternative culture is only effective in a proportion of the patients. The
alternative culture may not have any benefit in our case, and we understand that pregnancy and

success is not guaranteed.

For any embryo transfer, a thin catheter will be passed through the cervix and into the uterus so
the embryo may be deposited there. We understand that this may involve some cramping and
discomfort, and possibly a small amount of bleeding. Infection could be introduced at the time
of the catheter insertion into the uterus, requiring antibiotic therapy. We understand there is not

guarantee that any of the embryos thus transferred will result in a pregnancy.

We understand that the success of IVF can often relate directly with the number of embryos trans-

ferred to the uterus. We also understand that IVF significantly increases the risk for multiple ges-
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tation (more than one baby), and that this risk also correlates directly with either the number of
embryos transferred, their development, the age of the female partner (or egg donor), the number
of prior attempts and other unknown factors. We also understand that in rare cases, embryos may
split in two or three, resulting in multiple fetuses; on occasion this can mean that there are more
fetuses than embryos transferred. There are distinct obstetric risks to multiple gestations, the most
serious of which are pre-term labor and the delivery of premature infants who require intensive
care. It is the policy of this program to replace anywhere from one to six embryos in a given cycle
all depending on availability and factors such as your age, cycle attempt and embryonic parameters.
Any additional viable embryos may be cryopreserved (frozen) for possible replacement in a subse-
quent cycle. We understand that a separate consent for the cryopreservation must be completed if

the embryos are to be cryopreserved.
E - Post-transfer management

We understand that, in conjunction with the transfer of embryos, the female partner may be given
natural progesterone by intramuscular injection, vaginal suppository, or oral capsule in an attempt
to increase the chances for successful implantation. Sometimes an additional hCG injection may
be given instead of the progesterone. Should a pregnancy result, we understand that no harmful
effects to the mother of the fetus are presently known to medical science from the use of this natu-
ral progesterone or hCG supplementation. During this period, we understand that various blood

hormone levels may be evaluated.
F - Disposition of unwanted or unsuitable cells, fluids, spermatozoa, eggs and embryos

Bloods, blood products and cells as well as follicular and seminal fluids and cells contained therein
obtained during follicular monitoring, egg or sperm retrieval, may be used for scientific observa-
tions. In the event that we have unused or unripe spermatozoa, these may be subjected to scientific
observations or discarded without any further observations. Under no circumstances will these
spermatozoa be used for fertilization purposes or donation to other individuals, couples, corpora-
tions or institutions. In the event that we have unripe, unfertilized or abnormally fertilized eggs,
these may be subjected to scientific observations or discarded without further studies. We under-
stand that these eggs will never be used for fertilization purposes or donation to other individuals,
couples, corporations or institutions and that further growth of them will be ceased immediately
after the observation. We also understand that these eggs are unwanted and considered abnormal.
Embryos that arrest after 1-6 days after egg retrieval, that are partially degenerate or for any other
reasons considered unsuitable for embryo transfer or cryopreservation may be observed to deter-

mine cellular inclusions, genes, gene mutations, proteins and chromosomes. The studies use pro-
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tocols that will cease the immediate growth of individual cells. We understand that these embryos
or their cells will never be used for purposes other than those described and will never be offered
to other individuals, couples, corporations or institutions. We also understand that these embryos

or their cells are unwanted and considered abnormal.

A separate research consent form is being offered to you, by which you can grant permission for the
use of your unwanted and unsuitable spermatozoa, eggs, embryos and their cells in research stud-
ies for the development of new reproductive technologies. This separate research protocol is being
supervised by the Internal Review Board (IRB) of Saint Barnabas Medical Center, and you are not
in any way required to give your permission. Your further and ongoing treatment at The Institute
for Reproductive Medicine and Science and Saint Barnabas Medical Center will not be affected if

you do not wish to participate in that or any other IRB-reviewed protocol.

G - Use of blood products

We understand that maternal blood serum, derived from blood collected from the female partner
shortly before egg collection will be prepared for culture with your eggs and embryos in order
to promote growth. Sometimes we will not be able to use your serum. It has been shown in rare
instances that maternal serum may inhibit embryos developing in-vitro. Human serum albumin,
a commercially prepared blood product for clinical laboratory use, is added to the egg collection
fluid, micromanipulation, and semen preparation fluids. Careful screening is done by the manu-
facturers to reduce the likelihood of transmission of infectious diseases such as HIV, Hepatitis B
and C. To date there have been no documented cases of disease transmission linked to human
serum albumin usage in our Center. We understand and accept the risk that use of these blood
products could result in the transmission of HIV, Hepatitis and/or other viral or possibly as yet

unknown non-viral diseases.
H - Use of chemical substances, disposable items and mechanical devices during the procedures

A large number of chemical substances (sugars, salts, enzymes, proteins), mechanical devices (in-
cubator chambers, microscopes, air handling systems, filters, standard laboratory equipment) and
disposable items (pipettes, petri dishes, flasks, microtools) are used during the laboratory proce-
dures. There may be unknown risks associated with the use of any of these items that cause your
procedure to fail, even though checks and quality control measures are performed on a regular
basis. Thus far we do not know of any association between the use of these materials and anoma-

lies of pregnancy and fetal development, but underlying unidentified problems may nevertheless
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exist. An enzyme made from cow testis called hyaluronidase is routinely used to remove nursing
cells from around the eggs, and there is a chance that this enzyme may inadvertently remove the
zona pellucida (the layer surrounding eggs) and cause your procedure to fail. Another enzyme
called chymotrypsin made from cow pancreas is used to reduce the viscosity of seminal fluid. This
enzyme may also in very rare instances inadvertently remove the zona pellucida and also may cause

your procedure to fail.
I - Risks associated with procedures

Based on current medical knowledge, we understand there does not appear to be a higher incidence
of birth defects associated with IVF procedures. However, there is not at present sufficient statisti-
cal data available to definitively conclude that this is so. Therefore, we understand that IVF may
impose risks to the fetus during development. We also understand that because more than one
embryo or egg may be transferred, there may be a higher incidence of multiple births. An embryo
may split when inside the uterus, forming monozygotic twins and there may be other associated
anomalies . In certain cases, fetal reduction may be considered if more embryos implant that can
be medically (or personally) deemed advisable to carry through a pregnancy. We also understand
that ectopic or tubal pregnancies may occur in the procedure. These associated procedures can also

produce increased financial and emotional burdens.

We understand and accept that the use of ovarian fertility drugs may be associated with an in-
creased risk of ovarian diseases in later life, including cancer. We recognize that the exact risk, if

any, has yet to be established and may not be known for many years.
J - Success rate and outcome

We understand that failure to obtain a pregnancy may result from many reasons, including the fol-

lowing:

Maturation of the egg(s) may not occur, or the time of the egg maturation may be misjudged, may

not be predictable or may not take place in the monitored cycle.

Pelvic adhesions may prevent access to the ovary with the follicles, thus causing the procedure to

obtain the egg from the ovary to fail.
The egg(s) obtained from the wife may be abnormal.

Normal spermatozoa may not be available.
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Normal fertilization of the egg(s) by the sperm may not occur.

Cleavage or growth of the embryo(s) may not occur at any day of development or the embryo(s)
may not develop normally.

The embryo(s) may become infected in the laboratory or an unforeseen laboratory accident may

result in loss or damage to the eggs, sperm, or embryo(s).
The embryo(s) may become contaminated by infection in the semen or bacteria from the vagina.

Some embryos may not develop well in approved commercial culture medium despite standard

testing.

Implantation of the embryo(s) in the uterus after embryo transfer may not occur or an early preg-

nancy may be lost after an initial positive result

Even if a pregnancy is established, we understand that delivery of a child may not occur due to
miscarriage, ectopic pregnancy (outside the uterus), stillbirth, or other complications associated

with pregnancy and delivery.

There may be unknown side-effects from any of the procedures used resulting in abnormal preg-

nancy or abnormal fetal development

We understand that the members of the IVF team cannot guarantee that a pregnancy will result
from this procedure. Even in normally fertile couples, the chance of pregnancy is approximately
25% in a given natural cycle. If no pregnancy occurs, we may be offered participation in future
cycles when assessment by the IVF team reveals no contra-indications. We understand that the IVF

team cannot guarantee the normality of any infant that results from this procedure.

We understand that we may at any time decide to withdraw from participation in this program
without prejudice. Any information obtained during this procedure and identified with us will re-
main confidential and will be disclosed only with our permission. Any publication resulting from
this procedure will not identify us individually. Representatives of The Food and Drug Administra-
tion (FDA), The Center for Disease Control (CDC) and The Department of Health of New Jersey
may inspect the records.
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We have been encouraged to ask questions and any that we have asked have been answered to our

satisfaction. A member of the IVF team will answer future questions.

Signed: Name female partner

Signed: Name male partner

Witnessed: Name

MD: Name

Date:

In Vitro Fertilization Consent Form Page PAGE 5 of 7

Signature

Signature

Signature

Signature

(version 8/10/00)
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Appendix B

The Institute for Reproductive Medicine and Science of Saint Barnabas Medical Center
Research utilization of discarded and abnormal gametes and embryos

A —You are invited to participate in research studies that make use of any extra spermatozoa, non-
viable unfertilized eggs and non-viable embryos that may result from your attempt at in-vitro
fertilization. Participation would in no way affect the normal progress of your procedure, nor
your chances of pregnancy, nor later replacement of thawed embryos, as the study of sperm, eggs
and embryos would not commence until completion of each of the steps necessary to realize your
procedure, and intends to use only those spermatozoa which were not used and would otherwise
be discarded, eggs that were not fertilized after insemination (and intra-cytoplasmic sperm injec-
tion or ICSI when applicable) and those embryos which could not be used for freezing or embryo

replacement, all of which would otherwise be discarded.

B — Researchers at The Gamete and Embryo Research Laboratory of the Institute for Reproductive
Medicine and Science of Saint Barnabas Medical Center hope to develop new methods for gam-
ete and embryo freezing, pre-conception and pre-implantation genetic diagnosis, new ways for
gametes and embryos to develop and grow in-vitro, and new ways to isolate and grow cells from
abnormal eggs and embryos in order to study the potential of embryos to produce so-called stem-
cells. Stem-cells are cells that are not yet differentiated or changed into specialized cells such as
muscle and blood cells. Embryos, even abnormal ones, may contain such cells. Their isolation and
experimental growth is considered to be of fundamental importance for the progress of medicine,
not least reproductive medicine, in the decades ahead. Stem cell based research offers the prospect
of cures to many devastating diseases such as Juvenile Diabetes and Muscular Dystropohy. Further
studies are urgently needed to improve the efficiency of assisted reproductive technology and other

fields in medicine, and this is why we ask you to participate in these research studies.

C -~ None of the experiments will give rise to normal embryos at any stage, as only extra sperma-
tozoa and unwanted (“non-viable”), eggs and embryos will be used. Indeed, were this possible,

they would not have been “unwanted” in the first place, and would have formed part of your in
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vitro fertilization procedure, either being immediately transferred or frozen. The research concerns
only non-viable gametes and embryos, which are unusable and normally discarded. The research
studies might include new processes of cell manipulation, surgery and culture that may extend the
time in culture of gamete and embryonic cells for five days or more from the time of retrieval. This
period is in fact unlikely to exceed seven days, when interaction with the uterus would normally
be required for further development. None of the material in whole or part will ever be used to
impregnate another woman or assist any other individual or couple than yourselves in any way to
become pregnant. None of the isolated cells will ever be used for production of clinically normal
stem-cells or be donated for use in other centers, corporations or for use in other individuals for

the purpose of becoming pregnant or for curing genetic or other diseases.

D - Physicians and scientists at Saint Barnabas Medical Center expect that the research studies will
result in development of beneficial new procedures for predicting IVF outcome, improving success
rates and efficiency of assisted reproduction as well as the potential of cells, even abnormal ones,
to develop into stem-cells. The discarded material will be used for one or more of the following

studies:

The test of better cell surgery or micromanipulation techniques such as cell drills, lasers or tweezers
or substances used to enhance the effect of cell surgery. These new tools are needed to either opti-

mize or change current standard techniques such as assisted hatching, ICSI and biopsy.

The development of new methods needed to optimize the determination of genes and chromo-

somes in gametes and embryos
The development of better methods for sperm, unfertilized egg and embryo freezing

The development of new methods for combining male and female reproductive cells for couples
that are otherwise unable to produce their own functional gametesThe development of new meth-
ods that allow for higher survival of gametes and embryos in-vitro and promote attachment to the

uterus.
The development of new methods for the study of stem-cells.

E — Participation in these studies by donation of unwanted material will cause no additional physi-
cal discomfort whatsoever during the conduct of your procedure, nor will your chances of becom-
ing pregnant be affected in any way. It is also unlikely that you will receive any personal benefits
from participation at this time; however, it is likely that future patients wiil benefit from the infor-

mation we will obtain from these studies.
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F — This consent form is being offered to all couples treated with IVF at Saint Barnabas Medical
Center. Any information obtained during this study and identified with you will remain confiden-
tial. The Food and Drug Administration (FDA) and The Center for Disease Control (CDC) in as-
sociation with the Society for Assisted Reproduction (SART) may inspect the records. There are no
added costs related to your participation in this study. Your decision whether or not to participate
will not prejudice your future relations with Saint Barnabas Medical Center and the treatment you
now undergo in this institute. If you decide to participate, you are free to discontinue participa-
tion at any time. Your participation is voluntary and your refusal to participate will involve no
penalty or loss of benefits to which you are otherwise entitled. If you have any questions regarding
your rights as a research subject, please call the office of the IRB chairman, Dr. Goodman at (973)
322-5637. The principle investigator of this protocol is Dr. Jacques Cohen, who can be reached at
973-3226310. You may request a copy of this form.

G — I/We hereby attest that we have read the entire consent form, or that it has been read to us, so
that we understand it completely. [/we further attest that any and all questions of mine/us regard-

ing this form or this study have been answered to my/our complete satisfaction.
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Signed: name female partner Signature
Signed: name male partner Signature
Witnessed: name Signature
Date:

PAGE 1

PAGE 1

IRB Consent Form
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