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|n vitro maturation of oocytes: basic requirements

Pascal Mermillod

INRA, Unit de Physiologie de la Reproduction et des Comportements
UMRINRA — CNRS

Université de Tours

Nouzlly

France

L ear ning obj ectives

- Be ableto list the major features of oocyte maturation

- Understand several parameters regulating oocyte intrinsic quality

- Know the environmenta requirements of in vitro maturing oocytes

- Be ableto list the different ways of future improvements of this technique

Introduction

In domestic mammals, the oocyte isthe corner stone of awide range of biotechnol ogies. Among these technologies,
in vitro embryo production (1VP) through in vitro maturation (1IVM) and fertilisation (IVF) of immature oocytes and
in vitro development (1VVD) of the resulting embryos to the blastocyst stage is commonly used in different species.
IVPisuseful for the amplification of high genetic merit females, for the safe commercial exchange of genetic gain
and for the preservation of genetic diversity (endangered domestic breeds or wild species). High quality oocytes are
also required for the set up and use of new technol ogies such as nuclear transfer cloning or transgenesis. In addition,
the oocyte represents a unique model for basic studieson cell cycle regulation and post transcriptional control of gene
expression. Therefore, high research potential isdevoted to the study of oocyte quality in domestic and model species.
Among the domestic species, the bovine receives probably the strongest research efforts and most of our present
knowledge of domestic mammal s oocyte differentiation and maturation has been drawn from bovine studies and will
be presented here. In human, assi sted reproductivetechniques usually rely on the gonadotropin stimulation of follicular
dynamic, leading to the production of several mature oocytes at each IVF cycle. However, the use of IVM may
present several advantages over hormonal stimulation of ovarian activity (avoid the use of heavy hormonal treatment
of the patient, eliminate the risk of ovarian hyperstimulation and other side effects, improve the results with patients
presenting low response to stimulation).

During fertilisation, each gamete brings half of the DNA content of the future embryo. In addition, the oocyte brings
most of the zygotic cytoplasm. This cytoplasmic complement appearsvery important for the success of the development
of the embryo sinceits protein and mRNA content will support all embryo requirements during the genome silencing
occurring during the first embryonic cleavages. The quality of the oocyte may be defined as the ability of its cyto-
plasm to support thiscritica period of early development. Thisquality isthe cumulated result of thelong differentiation
process occurring during follicul ogenesis and of the profound changesin cytoplasmic structure and content occurring
during oocyte maturation, just before ovulation.

Physiological background

Oocyte differentiation

In the ovary, all oocytes are blocked at the prophase stage of the meiotic cycle. The block of meiotic progression
during follicular growth is controlled by unknown factors produced by the surrounding somatic cells. At this stage,
the round shaped nucleus, called the germinal vesicle (GV), contains diffuse chromatin and is transcriptionnally
active. During early folliculogenesis, the oocyte grows, undergo strong morphological modifications and stores
molecules (proteins, RNAS) that will be determinant for the success of fertilisation and early embryo development.
The zona pellucida, a glycoprotein envelope surrounding the oocyte membrane, is synthesised by the oocyte during
this period of growth. The zona pellucida has important function in regulating fertilisation and protection of the
embryo until hatching. In physiological conditions, the oocytes resume meiosis and progress to the metaphase |1
stage only if they encounter a gonadotropin surge in the preovulatory follicle. They stop their progression at this Ml
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stage until fertilisation in the oviduct, after ovulation. Most of the follicles never reach this stage and are lost during
follicular atresia.

Perivitellin
space
Cumulus cel

Zona

' llucid:
Corona radia pellucid

Figure 1 :The cumulus oocyte ammplex (COC). The germina vesicle sage oocyte is surrounded by cumulus @lls. The céls closer
from the zona pellucida form the coronaradiata. These @lls maintain contad with the oocyte plasma membrane by foot processs
crosdgng the zona pellucida and forming gap junctions. The ooplasmis opagque due to high lipid droplets load. The perivitelline spece
isvirtual in immature cocytes and becomesvisible in the mature one, after emisson of the first polar body

Oocyte maturation

Immature oocytes that are collected from growing follicles for IVP are blocked at the prophase stage of meiosis
These oocytes are surrounded by several layers of cumulus cells (cumulus oocyte complex or COC, Figure 1). These
cells communicate together and with the oocyte through a complex network of gap junctions and participate to
oocytedifferentiation. As soon as oocytes are removed from the follicular inhibitory environment, meiotic resumption
occurs spontaneously and progress to metaphase |1. This spontaneous meiotic resumption of the oocyte outside of the
follicle isthe basis of in vitro maturation. In addition to meiotic maturation, the oocyte also undergoes cytoplasmic
maturation.

Cytoplasmic maturation covers all morphologic and molecular events accompanying nuclear maturation after LH
surge in preovulatory follicles and preparing oocyte cytoplasm to successful fertilisation and embryo development.
Cytoplasmic maturation includeswell known morphological modifications, such asthe migration of cortical granules
in the cortica region of the ooplasm. These granules are stored during oocyte growth and release their enzymatic
content in the perivitelline space after fertilisation. These enzymes modify the structure of the zonapellucida, preventing
the penetration of additional spermatozoa. Meiotic competence is acquired during early folliculogenesis, soon after
the apparition of the antral cavity in the follicle. However, after this acquisition, the oocyte requires a further
differentiation period during late follicular growth to reach the full competence for cytoplasmic maturation. Thislate
differentiation occursunder theinhibiting signa sent by somatic follicular cellsthat maintai n the meiotically competent
oocyte at the prophase stage.

During IVP, more than 90% of the oocytes collected from follicles larger than 3 mm in cattle are able to complete
nuclear maturation. However, few of them are competent for cytoplasmic maturation. Consequently, only 30 to 40%
of the oocytes reach the blastocyst stage after IVF and 1VD (Figure 2). When oocytes harvested from larger follicles
or in vivo matured oocytes are processed under the same IVF — VD techniques, the success rate isincreased. This
contrast highlights the functional importance of oocyte cytoplasmic quality. In contrast, oocytes from homogeneous
origin alotted to different maturation treatments may also provide different development results, showing the
importance of the maturation step in addition to immature oocyte quality in determining final oocyte competence.
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The effect of follicle size on oocyte quality evaluated by VP success rate has been evidenced in numerous species,
including human [1-3]. When follicles are dissected and classified according to their size (size classes are different
between species), the oocytes harvested from larger follicles provide better development results than those from
smaller follicles. Conseguently, large follicles contain a higher proportion of developmentally competent oocytes.
Since we talk about C blastocyst rate E at the end of 1VP and that some blastocysts are observed even when oocytes
are harvested from smaller follicles, it is more likely that oocyte capacitation is occurring with different kinetics
between follicles. If we consider the smaller follicles, only a few oocytes appear competent (the faster oocytes)
whereasin larger follicles, even dower devel oping oocytes have had time to complete capacitation.

Several factors may influence this kinetic of oocyte differentiation. For example, a functional digunction between
follicular growth and acquisition of meiotic and developmental ability by the cocyte was found in ewes bearing the
booroola fecundity mutation. It has been shown that in heterozygous ewes (Fec® Fec*), the rate of development of
oocytes from a given follicular size class was superior to the rate observed for oocytes obtained from the same size
classin females of wild (Fec* Fec") genotype[4]. Asa consequence, asingle gene may be ableto regulate the kinetics
of differentiation of the oocyte inside of the growing follicle. The booroolamutation has been identified as an inactivating
single nucleotide mutation of the BMP receptor 1B gene. The bone morphogenetic proteins, members of the
transforming growth factor b family (BMP15, GDF-9, BMP receptors) have been recently evidenced ascentral players
of the oocyte — somatic cells communication responsible for the coordinated differentiation of somatic and germinal
compartments of the ovarian follicle [5]. Other factors are known to influence the kinetic of oocyte differentiation
during follicular growth (genetic background of thefemale, localisation of thefollicle, puberty of thefemale, follicular
atresia).

The morphological and biochemical basis of oocyte competence remain to be determined, however, it probably
involves the transcription of some genes important for survival or for the regulation of gene expression in early
embryos. Recent devel opment of molecular tools alowed to increase our knowledge of oocyte gene expression [3, 6]
and leaded to the identification of several maternal effect genes (mater, zar-1, npm2, Dnmt-10, E). These genes are
more or less specificaly expressed in oocytes and their expression is essential for the success of early development,
as evidenced by the impaired development beyond the 2-Cell stage observed in knock out female mice. An oocyte
specific homolog of mater gene has been found recently in human [7], opening the way for a better understanding of
molecular basis of oocyte competence in this specie.

In vitro matur ation treatment

In vitro maturation is probably the most critical part of the whole process of in vitro embryo production. Ruminant
oocytes are usually matured at 39;C under a5% CO, in ahumidified atmosphere. The optimal maturation time (more
than 90% of the oocytes at the metaphase |1 stage) is 22-24h. Dueto the high lipid content of oocytes cytoplasm, itis
not possibleto follow the progression of their nuclear status during culture. Additionally, the presence of the cumulus
cells is required during IVM for efficient cytoplasmic maturation and these cells mask the oocyte (Figure 3).
Consequently, the only visible sign of oocyte maturation during VM is the expansion of the cumulus cells. These
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cells produce hyaluronic acid which is secreted and polymerised in the extracel lular matrix, leading to the increase of
intercellular space (Figure 3).

A

Figure 3 :Bovine cumulus oocyte complexes at the time of collection, the cumulusinvestment makes difficult to see
the oocytes, the corona radiata and zona pellucida are visible in some of the COC (g=120x). (B) Orcein stained
immature oocyte, the cumulus cells have been removed to allow to see the germinal vesicle with alarge nucleolus
(g=600x). (C) Bovine COC &fter in vitro maturation, note the expansion of the cumulus cells (g=120x).

(D) Orcein stained bovine oocyte after in vitro maturation, note the metaphase |1 plate and the extruded polar body
(g=1000x).

Several culture media have been proposed for IVM (MEM, Waymouth, Ham-F12). However, the most efficient one
seemsto be the TCM 199 medium, bicarbonate buffered and contai ning minerals, carbon and energy sources (glucose,
glutamine) aswell asvitamins and amino acids. The medium is generally supplemented with high molecular weight
molecules that exert asurfactant effect (BSA) and provide hormones and growth factors (foeta calf serum, serum of
femalein oestrous, follicular fluid). These complex additivesfrom animal sources may raise sanitary questionsdueto
possible presence of pathogen agents, and decrease the reproducibility of experiments. They may be successfully
replaced by high molecular weight polymers for the surfactant effect (such as polyvinyl alcohol) and by cocktails of
purified or recombinant hormones and growth factors.

Hormonesare usually added to the maturation medium (FSH, LH, estradiol), in addition to biological fluids, although
their exact function isnot clearly established. Growth hormone (GH) stimulates some aspects of cytoplasmic maturation
(cortical granules migration) aswell as nuclear maturation, resulting in ahigher blastocyst yield. GH action seemsto
be mediated by cumulus cells. Epidermal growth factor (EGF) has been shown to stimulate nuclear and cytoplasmic
maturation in a wide variety of species including human, pig, cattle and sheep. High blastocysts yields could be
obtained after maturation of cattle oocytesin TCM 199 only supplemented by EGF. EGF action is exerted through
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cumulus cells as well as directly on the oocyte. Insulin like growth factor-1 (IGF-1) has also a positive effect on
cytoplasmic maturation of cattle oocytes. In ruminant species, maturation lasts 24 h whereas 44 h are required for
complete maturation of porcine and human oocytes.

Recent data using specific inhibitors of the M-phase Promoting Factor (MPF, key regulator of oocyte meiotic
resumption) suggest that oocytes may bereversibly maintained in vitro at the germinal vesicle stage[8]. Such treatments
may alow in anear future the establishment of two-steps culture systems including a pre maturation culture under
meiotic inhibition to increase the proportion of competent oocytes before maturation.

One of the most characteristic feature of oocyte maturation in culture isthe parallel differentiation of cumulus cells.
Thisdifferentiation trand atesinto cumul us expansion dueto production of amucified extracel lular matrix. In addition,
cumulus cells also display changes in their gene expression patterns, including the activation of the expression of
some genes, some of them being regulated by oocyte originated factors (cyclooxygenase-2 for example). Some of
these maturation related cumulus expressed genes may represent predictive markers of the competence of a given
oocyte.

Conclusions

Both immature oocyteintrinsic quality and conditions used for in vitro maturation determine thefinal developmental
competence of the oocyte entering the fertilisation process. A better knowledge of oocyte differentiation processwill
help the identification of molecular markers of immature oocyte quality (in oocytes themselves or in surrounding
somatic cells) which in turn will facilitate the selection of oocytes and the design of hormonal treatmentsto improve
the quality obtained from one given female. Theincreasing knowledge of the regulation of oocyte cell cycleregulation
will allow designing of culture systemsthat will permit to immature oocytesto reach full competence before maturation.
Finally, the better knowledge of growth factors effects and requirement during oocyte maturation will lead to the
definition of optimised in vitro environment for a better success of in vitro maturation.
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I n vitro maturation of oocytes. Clinical experience.

Anne LisMikkelsen, MD, Dr.Med Sci,
The Fertility Clinic

Herlev University Hospital

Herlev

Denmark

Introduction (fig 1).

The basis of IVM is the maturing in vitro of oocytes from Germinal Vesicle (GV) stage of development to the
metaphase || stage. Oocytes are retrieved for IVM from antral follicles 2-10 mm diameter and matured in vitro for 24
to 52 hours. In fully grown oocytes resumption of meiosisin vivo istriggered by lutheinizing hormone (LH) surge.
Removal of the oocyte from the fallilcle is the corresponding in vitro signal.

Maturation and developmental competence of the oocyte (fig 2 — 3).

Oocyte maturation includes nuclear and cytoplasmic events. The end point whether in vivo or invitro is amethaphase
I1 (M) oocyte which can be fertilized and which can support normal embryonic development. Nuclear maturationis
characterized by breakdown of the nuclear membrane, separation of homologous chromosomes and extrusion of the
first polar body into the perivitelline space. Beyond these nuclear aspects of oocyte maturation cytoplasmic events
occur and they seem to be important for fertilization and developmental ability of the oocyte. These aspects have been
termed cytoplasmic maturation.

Nuclear and cytoplasmatic maturation is normally highly co-ordinated during normal reproductive cycles, but this
co-ordination can be uncoupled by in vitro maturation technologies. Most deficiencies in oocytes during in vitro
maturation are associated with cytopl asmic reprogramming rather than meiotic progression, for reasons, which remain
unknown. T he effects of cytoplasmic aberrations are seldom expressed at an early stage of development but instead
more frequently associated with cleavage and peri-implantation stages. Therefore, fertilization and pronuclear
development may occur in a wide spectrum of eggs, which lack the capacity to develop normally to term and the
guide to the full developmental capacity is delivery of headthy infants.

IVM technique (fig 4).

Aspiration

Ultrasound guided transvagina aspiration of immature oocytes was first described by Trounson and co-workers,
1994. They introduced two major modifications compared to conventional 1VF ultrasound guided oocyte pick-up.
Firstly, a new more rigid aspiration needle with a shorter bevel a the tip (Cook, Australia Ltd.) and secondly, a
reduced vacuum of 80 - 100 mm Hg. The reduced vacuum seemed to be far the most significant change. The adapted
Cook needle and standard double lumen needle may be used with no difference in recovery rate. Most reports have
described the use of a single lumen needle under ultrasound guidance and follicles of 2-10 mm may be aspirated
without flushing. L.

In previous studies transvaginal oocyte aspiration has been performed under general anaesthesia or spinal anaesthe-
sia. Russell et al. described the use of paracervical block.

Culture medium

Very few reports based on human data are avail able on the composition of culture mediafor human oocyte maturation.
Furtherrmore, often too few GV oocytes have been available for stating significant comparisons. |mprovementsin
human oocyte maturation and embryo cleaving in the presence of FSH and LH have been reported. However, thereis
gtill aneed for considering the variations in relative concentrations for optimizing developmental capacity.

Culture medium for human VM is usually supplemented with serum. The most commonly used protein sourcesin
human IVM are fetal cord serum and fetal bovine serum. Due to potential sources of infectious agents it has been
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advised not to supplement with serum sources from other patients or from animals, and therefore the patient’s serum
has been used. Some clinics have used HSA or synthetic serum substitute as protein supplementationin IVM. HSA is
arelative purefraction, athough its content can also be variable. The serum concentrations have varied between 7.5%
and 20% and the concentration of HSA and synthetic serum protein has varied between 0.1% to 0.4% and 10%,
respectively. Significantly increased rates of maturation, pregnancy and implantation have been obtained from oocytes
matured in culture medium with serum supplementation compared to oocytes matured in medium supplemented with
HSA. Thereasonsfor the higher performance of serum supplemented mediain the IVM system remain to be eluci-
dated.

Timeinterval of maturation.

Previous studies have shown, that 80% of immature human oocytes show nuclear maturation (extrusion of a polar
body) and will be at MI1 by 48-54 hours of culture. A considerabl e asynchrony of the maturation has been observed
and anumber of MII oocytes can be obtained already after 24 hours of maturation. If these oocytes areinseminated
after 48 hours they have been at MII arrest for 20-30 hours, which places them well past the optimal fertilization
time and may compromise their developmenta competence.

No significant difference in rates of maturation,fertilization or pregnancy, was observed, when oocytes were matured
for 28 hours compared to 36 hours. The optimal time of insemination has not yet been established. The 28-hour IVM
period had a significant benefit in that it allowed the insemination to be performed during working hours; it had to be
performed at night when the 36-hour VM schedule was used.

Fertilization, embryo culture and priming of the endometrium.

When comparing to conventional insemination technique, |CSI resultsin higher fertilization in human oocytes matured
in vitro. A fertililzation rate of 45% was reported, when oocytes were inseminated conventionally compared to 70-
75% when | CSI was performed Furthermore, by removal of granulosa cellsit was possible to identify the extrusion of
the first polar body, i.e. aMIl ova.

Puncturing follicles before they have reached maturity may result in an endometrium that isinadequately primed for
implantation dueto lack of adequate endogenous oestradiol and progesterone produced by granul osa cells. Exogenous
priming with oestradiol and progesterone is needed and one must synchronize the window of implantation with the
embryo development. It is well known from hormone replacement in recipients of donor oocytes that 2-day-old
embryos are best transferred into the endometrial cavity on day 3 or 4 of progesterone exposure.I mitating the normal
priming as closely as possible with initiating oestradiol on the day of aspiration and supplemented with progesterone
2 days later has been suggested.

Selection of patientsfor IVM (fig5 - 7).

1.Immature oocytes from natural cycles.

Optimizing of VM could begin with appropriate selection criteria to determine which patients could benefit from
thistool. In terms of the predictors of successfor IVM in regularly cycling women with normal ovaries one criterion
appeared to be alow basal level on day 3 of oestradiol (< 200 pmol/l). The concentration of FSH and the number of
follicles on day 3 predicted the number of oocytesretrieved, whereas these parametersdid not predict the subsequent
development of oocytes.

Few prospective studies have examined the effect of priming with FSH before aspiration of immature oocytes in
regularly menstruating women. The series are small, avariety of stimulation regimens have been used. Similar rates
of maturation, fertilization, cleavage and pregnancy were observed, if oocyteswere obtained after afollicle of 10 mm
was observed by ultrasound. FSH priming had to be followed by deprivation for 2-3 days. This observation is
consistent with observations in bovine studies where competent oocytes should originate from early atretic follicles.
In unprimed natural cycles the oocytes have been retrieved at different momentsin the menstrual cycle and probably
fromfollicles of different sizes. The recruitment and growth of numerousfollicles characterize each menstrual cycle.
Oneor two selected follicles continue to grow until the day of ovulation, whilethe remaining folliclesuntergo atresia.
We aimed at oocyte collection to coincide with selection of the dominant follicle. Oocytes were aspirated after a
leading follicle of 10 mm and an endometrial thickness of at least 5 mm were observed at ultrasound and in 87 cycles
a pregnancy rate of 12.6% per aspiration was obtained. Serum levels of oestradiol and inhibin A were evaluated
retrospectively. Significantly more oocytes were obtained in cycleswith a detected increase in the level of oestradiol
from day 3 to the day of aspiration (19% per aspiration) compared to cycles without such an increase. A higher
pregnancy rate was observed after anincrease in the level of inhibin A concentration (24% versus 0%) per aspiration.
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Oocytes originating from the ipsilateral ovary did not show to have an impaired competence to mature and cleave
compared to oocytes originating from the contralateral ovary.

Immature oocytes from PCOS patients.

Although pregnancy rates of 27% have been reported, the implantation rate has been low (6.9%) for embryos obtained
after IVM on immature oocytes from unstimulated PCO patients. Rates of maturation, fertilization and cleavage
between untreated regular ovulation and irregularly or anovulatory polycystic women have been examined and in
almost all the parameters analysed oocytes from regularly cycling patients performed better. The reason for thiswas
not determined. To compensate for this, endogenoushCG has been shown to improve the maturation rate of immature
oocytes in PCOS patients. Furthermore priming with rec-FSH followed by coasting for 2-3 days before aspiration of
immature oocytes may improve the maturational potential of the oocytes. In a prospective randomized study an
implantation rate of 21,6% was obtained in the FSH primed group compared to 0% in the non-primed group.

Safety of the IVM procedure and effects on offspring (fig 8).

In our center 42 children have been born. The median weight was 3770 gram (range 1745 gram to 4690 gram). One
girl had a soft cleft palate, the remaining had no malformations and they are all healthy, the oldest child being 5 years
old. Thefirst 18 babies have been followed-up by examination when they are 6 months, 1 year and 2 years old.

Future per spectives (fig 9).

The data taken together suggest that in future immature oocyte retrieval combined with IVM could possibly replace
standard stimulated I VF in selected patients.| VM iseasy, cheap and therisk of ovarian hyperstimulation iseliminated.
Through further research it may be possible to refine and optimize the conditions for IVM.

Inthefutureinvitrofollicle culturein combination with IVM may have advantagesin assisted reproductive technologies
and may help to restore fertility in the treatment of cancer in children and young women. Research is continuing in
optimizing the methods for the freezing of isolated immature oocytes and of acomplete human ovary, and progressis
being made. not yet been reported. While cryopreservation of reproductive cells and tissue is already becoming
established, in vivo preservation will be a key goa in the future when the implications of inhibiting apoptosis or
oocyte quality are better understood. Research is continuing in optimizing the methods for the freezing of isolated
immature oocytes and of a complete human ovary. This may have advantages in assisted reproductive technologies
and may help to restore fertility in the treatment of cancer in children and young women.
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Maturation of oocytes.

Immatur oocyteprogressto Mil

1. Invivo: LH peak
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Fig 1

14 ESHRE 2004 - Berlin

Pre-congress cour se program of 27 June



Pre-congress Course4 - SI G Embryology

Nuclear maturation

Cytoplasmic maturation

Processethat preparethe oocytefor fertilization
andsubsequenémbryodevelopment

No markers- measuredndirectly by

pregnancy rate - full term live born baby.
Fi

IVM - technique

Maturation : 28 - 36hours
Fertilization: ICSI

Endometrial priming: oestradiolper os and
intravaginal progesterone

Fig 4

ESHRE 2004 - Berlin 1

Pre-congress cour se program of 27 June



16

Pre-congress Course 4 - SIG Embryology

IVM

regularlycyclingwomen

Predictive factorson day 3:
— thelevelof oestradiolinhibin A

In vivo FSH priming :

— noimpact

Timing of aspiration in unstimulatedcycles
— Aspirationthe dayafterafollicle of 10 mm

Fig 5

IVM - Timing aspiration
ﬁyﬂr]rstimulated cycles

Aspiration after

selectionof the dominan
follicle - 10 mm

subroirtﬁ{aitréollicles

Fig 6

Day 7-9 UL

Day 10 aspiration

(DY kil e Day 14 transfer

Endometrial priming

~Fig7

10mm ‘

ESHRE 2004 - Berlin

Pre-congress cour se program of 27 June



Pre-congress Course 4 - SIG Embryology

IVM total cohort

* 24 boys and 18 girls
o 2 preterm deliveries

» Severepreeclampsia gestational age 32 weeks

» Twins: gestational age: 34 weeks

e 38 deliveries at term

* gestational age 40 weeks (37 - 42 weeks)
» median weight 3770 gram (range 3000 - 5260 gram)

IVM

Unstimulated cycle

IVF

Downregulation for 2 we
FSH stimulation for 2 m

Fi

ESHRE 2004 - Berlin

Pre-congress cour se program of 27 June

17



Pre-congress Course4 - SI G Embryology

|n vitro maturation of male germ cells. which end points
arerequired ?

Philippe Durand

UMR Inserm 418/Inra 1245/
Universit Claude-Bernard Lyon 1
Hopital Debrousse

Lyon

France

L ear ning obj ectives

Many attempts have been performed over the last decadeto create thein vitro conditions propitiousto male germ cell
proliferation and differentiation. In the human speciesthe ethical possible experimental protocols may be limited. By
contrast, animal models allow to define appropriate methodol ogies and criteria of evaluation in order to get proofs of
thein vitro development of male gametes and to assess their normality.

Introduction

During spermatogenesis, diploid spermatogoniadivide mitotically several timesto provide a population of spermato-
cytesthat proceed through meiosisto give birth to haploid spermatids; these latter undergo, during spermiogenesis, a
morphological differentiation leading to spermatozoa. Spermatogenesis takes place in the seminiferous epithelium
wherethe germ cellsarein close association with the Sertoli cells. Multiplication, differentiation and survival/apoptosis
of germ cells, are finely regulated by hormones, mainly by FSH, acting on Sertoli cells, and LH, through the produc-
tion of testosterone by Leydig cells, and a multitude of cell-cell interactions involving membrane bound or secreted
factors such as growth factors, cytokines and neurotrophins. It is becoming clearer and clearer, that hormones and
intratesticular regulatory factors may compensate, at least in part, the absence of some of them including FSH and
androgen or LH receptors. Thus, it is likely that synergism and/or redundancy between regulatory molecules is a
characteristic of the spermatogenic process on which depends species survival.

Many teams have studied which regulating factors are produced within the testis. However, for many of thesefactors,
their specific action on germ cell differentiation is unknown. This search has been hampered by the lack of long-term
culture systems creating the in vitro conditions necessary for male germ cell development. Indeed, such culture
systems should be helpful in establishing the role of paracrine factors, either by adding them to the culture medium,
or by preventing their expression or blocking their actionin vitro with use of oligonucleotides or specific antibodies.
Such studies should be important to identify some of the causes of male infertility. Moreover, in vitro maturation of
male germ cells would allow to preserve the potential of reproduction of children treated with chemotherapy or
radiotherapy, and could allow to cure some infertility, due to defectsin somatic cells of the testis, by culturing germ
cellsin asuitable environment for their maturation. Moreover, germ cells (spermatogonia) might be used as cellular
vectorsfor transgenesis in domestic animals. Hence several groups, during the last years, have tried to settle culture
systems allowing some steps of multiplication/differentiation of mammalian germ cells to occur in vitro in several
Species. rat, mouse, pig, bull, and also in the Human. However, several parameters should be evaluated in order to
ascertain the functionality of these culture systems and the normality of thein vitro differentiated gametes. For better
clarity, and because of space limitation, this short presentation will focus on the more recent studies. References of
earlier works may be found in the referenced recent papers.

In vitro multiplication and differentiation of spermatogonia

The mitotic phase of spermatogenesisisacomplex series of eventsinvolving likely differentially regulated specific
factors. The spermatogonial stem cells undergo self-renewal and simultaneously produce more differentiated stages
of spermatogonia. In non-primate mammals, the As (single) spermatogonia are considered to be the stem cells of
spermatogenesis. Upon division, they produce daughter cells, which either become new single stem cells or remain
connected through an intercellular bridge giving A-paired (Apr) spermatogonia. These latters develop further into
chains of A-aligned (Aa) spermatogonia The Aal spermatogonia differentiate into A1 spermatogonia and, after
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several mitotic divisionsinto A2, A3, A4, A intermediate spermatogonia, give birth to B spermatogonia. The B sper-
matogoniawill give rise to preleptotene spermatocytes at the ultimate meiotic division. Hence, the undifferentiated
spermatogonia include As, Apr and Aal spermatogonia, whereas the differentiating spermatogonia include the A1,
A2, A3, A4, intermediate and B spermatogonia.

Many attempts to settle culture systems allowing proliferation of spermatogonia stem cells and differentiation into
mei oti ¢ spermatocytes have been reported during the last decade. The earlier studieswere based on light microscopy,
identification of germ cells, and labelling S phases with *H-thymidine or Bromo-2'-deoxyuridine (BrdU). Since mor-
phological differences between undifferentiated spermatogonia and A1-A2 spermatogonia are quite small intherat,
it is very difficult to distinguish the undifferentiated spermatogonia from the A1 and A2 types of differentiating
spermatogonia, especialy in cultures. Hence, in the second generation of experiments, specific markersfor the differ-
ent types of spermatogonia and for somatic cells were used in immunocytochemical experiments, and often associ-
ated to electron microscopy. Moreover, the eval uation of stem cell activity of cultured spermatogoniahas been evalu-
ated by transplantation of germ cellsin the testes of infertile or nude mice, in the case of heterospecific transplanta-
tions. These latter experiments have allowed to identify specific markers of spermatogonial stem cells.

Development of the meiotic step in vitro

Meiosisisaunique event, whichisrestricted to germ cells. It includesthe pairing and recombination of chromosomes
during prophase of meiosis |, and the segregation of homologous chromosomes during anaphase of meiosis|.

After the last mitotic division, diploid spermatogonia develop into preleptotene spermatocytes which become 4C
cells after premeiotic DNA replication. The first meiotic division then generates haploid secondary spermatocytes,
which possess two copies of each gene (2C cells). After the second meiotic division, the secondary spermatocytes
generate hapl oid spermatids, which will differentiate into spermatozoa. Recently a part, then the whole meiotic stage
of spermatogenesiswas reproduced in vitro in different species. The meiotic process was monitored by four criteria:
i) morphological identifications of newly formed spermatids from seeded spermatocytes, by both light and electron
microscopy ; ii) determination of the change in ploidy of the cell population seeded withtimein culture; iii) assess-
ment of the ability of germinal cells to transcribe genes expressed during the post meiotic phase ; iv) monitoring the
fate of BrdU-labeled preleptotene spermatocytes over the culture period until the identification of BrdU-labeled
round spermatids. A recent study aimed to compare some features of the meiotic process, which developsin the testis
of pubertal rats, in vivo and in vitro, paying special attention to the time-course of the phenomenon. The differentia-
tion of spermatocyteswas assessed in testes of 20- to 46-day-old rats and in tubul e segments of 20- or 28-day-old rats
cultured over a4-week period. Very similar resultswere obtained in vivo and in vitro, during the first week of culture,
when considering the changes in the cell populations of different ploidy, the gene expression of germ cells, the
kinetics of differentiation of BrdU-labeled spermatocytes and the level s of apoptosisin the different cell popul ations.
However, during the second week of culture, the decrease in the proportion of the 4C cell population was not associ-
ated with an increase in the 1C cell population as large as in vivo. This result could be explained partly by a high
proportion of apoptotic 1C cells beyond one week of culture. Concomitantly, the rate of in vitro differentiation of
BrdU-labeled spermatocytes slowed down when reaching the stage of middle pachytene spermatocytes and BrdU-
labeled round spermatids were observed 6-11 days later than when BrdU-labeled spermatocytes differentiated in
vivo.

These results therefore identified a bottleneck for the development of the rat meiotic cellsin vivo at the transition
from middleto late pachytene spermatocytes. These experiments also allowed to make a rough comparison between
the efficiency of the meiosis event, which occursin vivo, and in cultured seminiferous tubules from 20-day-old rats.
Indeed, by comparing the number of round spermatids obtained to the number of leptotene spermatocytes seeded, it
could be estimated that one leptotene spermatocyte gave birth to about 0.2 round spermatid which is 4-6 fold lower
thaninvivoat 35 days. It hasto be noted that in most instances, however, many abnormalitiesof invitroformed round
spermatids were observed. Thisincludesincomplete or delayed nuclear condensation, cytoplasmic elongation, acrosome
formation or devel opment of several flagella. Nevertheless, it has been reported very recently that round spermatids
developed in vitro from spermatocytes can produce norma mouse when injected into mature oocytes, but with a
rather low yield (see below).

I'n vitro sper miogenesis

Actually, thereisvery few recent data on in vitro spermiogenesisin anima models. In vitro formed round spermatids
can generate one to several flagella, all emerging from the same cellular pole. Moreover, in some instances, actively
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propagating bending waves have been reported. However, it isimportant to emphasi ze that the presence of flagellated
cellsin germ cell Sertoli cell coculture systems does not ascertain that these cells are spermatids, since any cell with
a centriole-derived basal body is able to generate an axoneme. The composition of the intratubular fluid in which are
released mature spermatozoaisvery different from that of the extracellular medium. Hence, it islikely that perform-
ing the whole spermiogenic process in vitro will need a specific culture medium different from those used for germ
cell multiplication and meiosis.

Evaluation of thein vitro differentiated gamete quality

There isincreasing evidence that in vitro culture of preimplantation embryos can be associated with aberrant growth
and phenotypic abnormalities during fetal and postnatal development. Among the several hypotheses proposed to
explain these results, is that in vitro culture leads to aberrant epigenetic modifications in the genome.

Genome imprinting results in non-equivalent expression of the paternal and maternal alleles of certain genes. The
nature of the imprint that marks the parental allelesis not fully understood. However, it must be capable of being
erased and then reset sometimes during gametogenesis, so that oocytes carry the maternal imprint and spermatozoa
carry the paterna imprint. It has been shown that the expression of imprinted genes in mouse embryos obtained by
round spermatid injection into oocytes do not differ from controls. This strongly suggests that paternal genes are
correctly imprinted by the round spermatid stage. However, as mentioned above, the ability of in vitro formed round
spermatids to give birth to live pups is rather low. Thus it appears important now to compare the profile of gene
expression and the imprinting status of in vitro and in vivo differentiated gametes.

Conclusions

Considerable advances for achieving spermatogenesisin vitro have been made during the last decade. Anintriguing
feature is that it appears that the culture conditions may vary greatly between species and even between different
genetic backgrounds in the same species. Hence it appears necessary to identify specific factors which govern the
balance between germ cell survival, progression and attrition in the different species to achieve more efficient and
normal spermatogenesisin vitro.
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w

1. Germ cdl recognition and staging

Traditionally, individual stages of human male germ cells are recognized in histological preparations of testicular
biopsy samples. However, the application of assisted reproduction treatment (ART) techniques using immature germ
cellsfor fertilization requires recognition and staging of living and unstained germ cellsreleased from the seminiferous
tubules after testicular biopsy. Basic features of individual stages of germ cellsin this context have been described (1,
2). These descriptionsare based on the size, shape, and chromatin pattern of nuclei, the presence of meiotic metaphase
figures (chromosomes), acrosomic vesicles or cap, and tails (flagella), and/or the presence of mitochondria in the
middle piece of the tail of germ cells. Briefly, the characteristics allowing the identification of different germ cell
stages were the following. Spermatogonia: nuclear size, very distinct nuclear envelope, and chromatin pattern.
Preleptotene primary spermatocytes: the smallest nuclei of primary spermatocytes, the finest chromatinclumps, and
the least defined nuclear envelope. Zygotene primary spermatocytes: dightly longer nuclei and an enlargement of the
chromatin clumps. Pachytene primary spermatocytes. the largest of al germ cells in the testis, one or more large
spherical nucleoli. Secondary spermatocytes: fine chromatin and an indistinct nuclear envelope, nuclear size
intermedi ate between primary spermatocytes and round spermatids. Sa spermatids: sometimesaspherica or flattened
acrosomic vesicle, fine chromatin, and two or more nuclear clumps. Sb, spermatid: anapparent acrosomal cap and a
nucleus that had begun to loseits spherical shape. Sb, spermatids: elongatingnuclei, an annuluslocated in proximal
position of the developing tail (near the head). Sc spermatids. an annulus around the developing tail located in the
proximal position (near its head) or distal position (at the bottom of the middle piece of thetail). Sd, spermatids
(elongating): shortened nuclear head length and amigrated annulus of its devel opingtail. Sd, spermatids (el ongated):
mitochondria around the middle piece of the tail, a developing cytoplasmicdroplet located in the proximal position
(next to the head) of thetail.
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2. Clinical indicationsfor the use of in vitro matured germ cellsin assisted reproduction
a) Postmeiotic maturation arrest

Spermatogenesis can be arrested by a pathological processinthetestisat any stage, but premeiotic and meiotic blocks
represent the most frequent situations (3). However, postmeiotic arrest of spermatogenesis does occur in some patients,
and thiswas the original indication for the use of spermatidsin assisted reproduction, leading to the first pregnancies
and births after fertilization with round (4) and elongated (5) spermatids.

b) Meiotic maturation arrest

Recent work with testicular biopsy samplesfrom men with obstructive azoospermia(relatively intact spermatogenesis)
has shown that, under appropriate conditions and in the presence of high concentrations of FSH (>25 1U/l) and
testosterone (I mM), a subpopulation of germ cells undergo a very rapid (1-2 days) meiotic and postmeiotic
differentiation during in-vitro culture (6). When the sasme methodology was applied to 5 men with maturation arrest
at the primary spermatocyte stage, thein-vivo arrested spermatogenesiswas resumed in 2 of them and afew postmeiotic
germ cdlls, including morphol ogically atypical elongated spermatidsin one case, were detected after 2 daysof culture
(7). In both cases, oocytes microinjected with the in-vitro devel oped spermatids were fertilized and underwent early
cleavage divisions, and atwin pregnancy, resulting in the birth of normal babies, was established in one of them (7).
Another live birthwithin vitro matured germ cellsfrom aman with spermatogeni c arrest at the primary spermatocyte
stage has been reported recently (8).

C) Sperm DNA damage

In vitro maturation of male germ cells has been proposed for assisted reproduction treatment also in casesin which
spermatogenesis is not completely arrested but a high proportion of postmeiotic germ cells shows signs of sperm
DNA damage (9, 10). After an initial case report (9) a subsequent pilot study reported live births in a series of cases
with previous repeated failures of assisted reproduction (10).

3. Improvement of germ cell quality by in-vitro maturation

Clinica studies using in vitro matured germ cells for assisted reproduction made use of a culture system in which
germ cells were incubated in segments of explanted seminiferous tubules maintaining the original association with
Sertoli cells (6).

In addition to making it possible to overcome the in-vivo meiotic block and to obtain a few spermatids for assisted
reproduction in some patients with maturation arrest at the primary spermatocyte stage (7), in-vitro culture can bring
about further benefits. First of al, in vitro matured germ cells undergo additional nuclear and cytoplasmic matura-
tional changes which may be beneficial for their reproductive capacity (11). Moreover, the frequency of apoptotic
germ cdlsis significantly lower in cultured aiquots of testicular biopsy samples as compared to freshly recovered
aliquots originating from the same samples (12, 13).

Recently, the possibility of overcoming maturation arrest at the primary spermatocyte stage has been confirmed with
the use of a different in vitro culture system using co-culture of isolated germ cells on Vero cell monolayers (14).
Reproductive capacity of spermatids formed with this culture system remains to be assessed.

4. Concerns about the use of in vitro matured germ cellsfor assisted reproduction
a) Indication

Some years ago, the clinical interest in the use of spermatids for assisted reproduction was a debated issue since
several workers claimed the inexistence of postmeiotic maturation arrest. However, recent work by several indepen-
dent groups shows clearly that spermatogenesis can indeed be arrested both at the round spermatid stage and in the
course of spermatid elongation process even though these types of maturation arrest are less frequent as compared to
maturation arrest at meiotic stages, namely at the primary spermatocyte stage (reviewed in 15). Moreover, the use of
in-vitro differentiated spermatidsisthe desired endpoint of culture techniques aimed at overcoming thein-vivo matu-
ration arrest at earlier stages of spermatogenesis, and at obtaining healthy gametes in men with massive sperm DNA
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damage (see above). A lack of therapeutic indicationsisthus certainly not an argument against further devel opment of
germ cell in vitro maturation techniques.

b) Successrate

The ongoing pregnancy rate of assisted reproduction with in vitro matured germ cells still remains low, especially
when only round spermatids are available after culture. In cases of postmeiotic (spermatid) arrest the current success
rates are 5-30%, depending on the blocking stage (round, elongating or elongated spermatid) and the female age. For
meiotic arrest (primary spermatocyte) ongoing pregnancies have been achieved only exceptionally (3 babies born
reported intheliterature). In these casesthe patient’s decision to have recourse to these techniqueswill be conditioned
by the value that the coupl e attaches to the possibility of having progeny of their own genetic constitution aswell as
by geographical, cultural, legal and administrative factors which affect the availability of alternative solutions, such
as the use of donor sperm or adoption.

On the other hand, much higher successrates have been reported when in vitro maturation is used to promote sel ection
of healthy gametesin cases of complete spermatogenesis with massive sperm DNA damage (10).

c) Safety

Most concerns about the use of in vitro matured germ cells for assisted reproduction were related to the risk of
chromosomal abnormalitiesof the resulting embryos, apoptotic DNA damagein developmentally blocked germ cells,
incompl eteness of genomic imprinting and the risk of transmititng abnormal mitochondrial genomes.

The risk of chromosomal abnormalities is mainly associated with the use of in-vitro cultured germ cells that have
undergonethefina phase of their meiotic divisionsin culture. Theuse of intra-oocyte injection of primary spermatocytes
into metaphase |1 oocytesin order to achieve haploidization wasindeed burdened by a high frequency of chromosomal
errors, namely premature sister chromatid segregation (16). In contrast, preliminary obervations on human spermatids
resulting fromin-vitro transmeiotic differentiation did not reveal any dramatic increase in the frequency of aneuploidy,
and the two babiesborn after the clinical application of thistechnique had normal karyotypes (7). Therisk of choosing
aspermatid with apoptotic DNA damage for assisted reproduction is decreased by the use of in-vitro culture, leading
to selection of non-apoptotic cells (12).

7. Conclusions

Male germ cell development may be arrested by different kinds of testiculopathy at any stage of spermatogenesis
including spermiogenesis. The use of spermatids at different stages of postmeiotic differentiation for assisted
reproduction in cases of spermiogenesis arrest has been reported by different centres. In addition, in-vitro developed
spermatids have been used in cases of meiotic maturation arrest at the primary spermatocyte stage. Success rates of
assisted reproduction with spermatids are higher when elongating or elongated spermatids (developing in vivo or
resulting from in-vitro culture) are available. In contrast, success rates are low when round spermatids are used,
mainly because of a high risk of inadvertent use of spermatids carrying apoptosis-related DNA damage. Some im-
provement has been achieved by the use of in-vitro cultured spermatids for assisted reproduction instead of freshly
recovered ones. In vitro maturation culture system has recently been used with successin cases of maleinfertility due
to sperm DNA damage.
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L ear ning obj ectives:

1) To define capacitation.

2) To describe several key elements of capacitation.

3) Tooutline difficultiesin precisely defining capacitation.

4) To identify components of in vitro culture media that promotes or hinders capacitation.

Introduction

Capacitation can be characterized as structural and functional changesin the spermatozoon that: 1) becomeinitiated
after the removal of stabilizing proteins resident in seminal plasma; 2) crescendo throughout sperm transit in the
female reproductive tract; and 3) are considered to be concluded coincident with sperm responsiveness to acrosome
reaction stimulation by zona pellucida ligands (partially modified from original descriptions: Austin, 1951, 1952;
Chang, 1951)

Capacitation can be accomplished in vitro provided mediacomposition facilitates and supports membrane composition
aterations and signal transduction pathway(s) activation that are critical in mimicking that which would occur in
vivo. It isimportant to mention that with the exception of scant dataonin vivo changesin sperm motion (not specifically
addressed herein), description of other structural and functional changes occurring in vivo and that can be considered
as part of or play arole in capacitation remain elusive, at least as they relate to human spermatozoa.

A further complicating i ssue regarding the detection of changesthat are suspected to be a party to capacitation isthat
spermatozoa can be viewed as tripartite, meaning three compartments. Most experiments investigating capacitation
or other pre-fertilization processes assess the cell asawhole, rather than asits separate compartments. Therefore, no
distinctions are made between tail, midpiece and head events. For example, if CAMP levels are measured as being
elevated during capacitation isthis in the head, midpiece and/or tail? Do changesin sperm motion obligate that the
CcAMP changes are only associated with the motility apparatus?

The purpose of this brief review isto highlight components of culture media whose inclusion has been identified as
essential or critical in facilitating the structural and functional changes associated with human sperm capacitation.

Plasma membr ane events

The sperm plasma membrane, like that of other cell types, isresponsible for the selective trafficking of information
between intra- and extracellular spaces (see e.g., Flesch FM, GadellaBM. 2000). Capacitation appearsto involve the
mobilization and/or removal of certain surface proteins and/or glycoproteins from the sperm plasma membrane,
apparently resulting in an increase of membrane fluidity and permeability. These events are followed by or are
simultaneous with changesin the lipid composition of the sperm plasmamembrane, resulting in: 1) adecrease in net
negative surface charge; 2) formation of specialized areas devoid of intramembranous proteins and sterols; and 3)
increased concentrations of anionic phospholipids.
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Lipid-protein interactions can cause changes in membrane permeability. More specifically, membrane lipids appear
to modify the properties of channels that, under normal conditions, maintain an electrochemical balance.

Cholesterol

Changesin lipid composition and distribution within the plasma membrane are early eventsin capacitation (see e.g.,
Cross NL 1998). Cholesterol isamajor sterol in the sperm plasmamembrane and its |oss begins soon after sperm are
removed from seminal plasma. Cholesterol removal is obligatory for capacitation of human sperm — in vitro. The
elucidation for this requirement cameinitially as aresult of investigations by Brian Davis and team using rat sperm.

It is thought that cholesterol removal from the sperm plasma membrane alters the cholesterol to phospholipid ratio
culminating in an increase in plasma membrane fluidity, which is thought to be necessary for the localization and
expression of membrane receptors that will initiate the signaling sequence(s) that culminate in membrane fusion
(acrosome reaction).

If cholesteral isnot reduced in the plasma membrane then capacitation isinhibited. Evidence for the inhibitory effect
of cholesterol comes from experiments where dose-dependent addition of cholesterol to culture medium resultedin a
progressive decrease in acrosome reaction inducibility. At amaximal added dose cholesterol prevents the acrosome
reaction and fertilization.

Invitro, sperm cholesterol lossisfacilitated by the presence of a sterol acceptor moleculein the culture medium, such
as serum albumin and fetal cord serum. It has been reported that the type of albumin used for protein supplementation
influences the ability of the medium to support capacitation. The reason for the variation is attributed to the presence
of alipidtransfer protein (LTP-1) inthe abumin. Albuminswith high levelsof LTP-1 effectively support capacitation
whereas removal of LTP-1 diminishes the ability of the albumin to positively affect capacitation.

Cyclodextrin, acholesterol-depleting complex saccharide molecule, hasahigh affinity for cholesterol, and that attribute
has been useful for investigating and reinforcing the process of membrane cholesterol depletion via sterol receptor
mol ecules. Cyclodextrin can completely substitutefor al bumin and facilitate the same changesthat sperm passthrough
during culturein albumin-containing mediain vitro, reinforcing the view that cholesterol lossisan important determinant
of the rate at which sperm become acrosomally responsive.

lons

The resting potential of the sperm plasma membrane is determined by its permeability to ions. Epididymal fluid
composition actsto stabilize membrane polarity by high K*, and low Na* and HCO,-. Seminal plasmaishyperosmotic
(~320-340 mOsm) relative to serum (~280 mOsm) and this attribute may further contribute to plasma membrane
stabilization.

Sperm encounter a shift in membrane stabilizing ions as they migrate out of seminal plasma and into the female
reproductive tract secretions whereby K* fallsand Na* and HCO,- both rise. Interestingly, the aforementioned serves
to cause hyperpolarization of the plasmamembrane, which may serve asapriming mechanism for subsequent acrosome
reaction responsivity. It istheionic composition of the femaletract, and specifically the oviduct, that has served asthe
primary template in the development of culture media

Ca2+

Whileresident in the epididymis, sperm intracellular concentration of Ca?* islow but that changes when capacitation
isinitiated, asevidenced by increasingintracel lular Ca2* concentrations. Whileit isagreed that achangein permeability
to Ca* is a part of capacitation it is not known specifically how (mechanism) that change occurs. As it relates to
capacitation there is noteworthy ambiguity concerning the specific role and requirement for extracellular Ca*. It is
known that sperm requirements for extracellular Ca?* are dependent upon the process in question, e.g., capacitation,
acrosome reaction, hyperactivation. It can also be stated that extracellular calcium is obligatory for intracellular Ce?*
concentration changes.

Ca* -deficient media has been found to inhibit or delay sperm capacitation and, as a consequence, a diminished

acrosome reaction. Short-term (< 6 hrs) incubation of sperm in a Ca?*-depl eted mediadoes not appear to inhibit sperm
motility. However, sperm motility issignificantly and negatively affected after long-termincubation (>12 hrs). Further,
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and importantly, an extracel lular [ower threshold Ca?* concentration isrequired for the devel opment of hyperactivation
and maximal acrosome reaction in response to intact and solubilized zona.

Recently it was reported that strontium (Sr2*) is as effective as Ca2* in influencing human sperm capacitation-related
events, such as protein tyrosine phosphorylation (see below) and hyperactivation, but not for supporting the acrosome
reaction.

There is a correlation between protein tyrosine phosphorylation and capacitation in most species evaluated. For
example, tyrosine kinase inhibitors, such as genistein, prevent capacitation. It has been thought that protein tyrosine
phosphorylation is Ca?* dependent. However, it was recently shown for human and mouse sperm that extracellular
C&* hasasignificant negative effect on tyrosine phosphorylation, and by virtue of an associated decreasein intracellular
ATPavailability.

Bicarbonate (HCO,")

Sperm acquire bicarbonate ion (HCO,-) from seminal plasma and once shed from seminal plasma they encounter
high concentrations of HCO,-inthe female reproductivetract. HCO,-when added to in vitro culture mediaas NaHCO,
has been shown to be essential for capacitation. The transmembrane movement of bicarbonate has been associated
with an increase in intracellular pH that occurs during capacitation and with the regulation of CAMP, the latter of
which also increases during capacitation.

Sperm contain a sol ubl e testicular HCO,—-dependent adenylate cyclase that is responsible for CAMP synthesisand is
stimulated by physiologically relevant HCO,- concentrations. HCO,-and cCAMP stimulate a capacitation-associated
increase in protein tyrosine phosphorylation and changes in motility.

Intracellular events

Adenosine 3':5’ - cyclic monophosphate (CAMP)

cAMPisan important intracellular second messenger. In sperm it plays an integra role in motility, hyperactivation,
protein tyrosine phosphorylation and the acrosomereaction. Intracel lular level sof cAMP have been shown to increase
with the time-course of in vitro capacitation.

The addition of the cAMP-permeable analogue, dibutyryl cAMP (dbcAMP), to culture media stimulates a time-
dependent increasein protein tyrosine phosphorylation. Further, addition of phosphodiesteraseinhibitors, compounds
that inhibit the breakdown of CAMP thereby maintining high intracellular cAMP concentration, e.g., 3-isobutyl-1-
methylxanthine, pentoxyfylline, caffeines, to culture media stimulates a time-dependent increase in protein tyrosine
phosphorylation similar to cAMP analgues. Notably, some of the af orementioned compounds have been used inART
as sperm-activators and most typically for ICSI cases where sperm motility islow or absent.

It has been proposed that following production of cAMP, tyrosine phosphorylation occursthrough a protein kinase A
(PKA)-dependent mechanism, however the mechanism by which PKA signalsinitiation of tyrosine phosphorylation
iscurrently elusive.

Conclusions

Since the first papers by Austin and Change there have been many subsequent investigations into the processes
regulating capacitation. In spite of thistremendous groundswell in information there still remains only one definitive
‘marker’ for the compl etion of capacitation, and that isthe acrosome reaction. Other ‘markers* of capacitation can be
considered as correlative in nature but not defining. One possible explanation for this is that there has been wide
variation in the culture conditions under which experiments investigating capacitation have been conducted. For
example, acapacitation interval of 3hrsvs24 hrs may yield vastly different results concerning intracellular events or
membrane structural and permeability changes. As a consequence it becomes difficult to clearly and unequivocally
define one or another process as being integral to capacitation.

Asthisbrief outline reflects, culture mediathat can facilitate sperm capacitation arerelatively smplein composition.
With that said, this outline also clearly highlights that several components must be present (regardless of media
complexity) in order for capacitation to be initiated and optimized so that all subsequent pre-fertilization processes
are optimized.

ESHRE 2004 - Berlin 27

Pre-congress cour se program of 27 June



Pre-congress Course4 - SI G Embryology

In conclusion, hopefully some of the still enigmatic aspects of capacitation will soon be clarified, coupled with
exigting literature data so that definitive checkpointsin the capacitation process can be resolved.
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L ear ning Objectives

At the end of this presentation the del egate should understand what sperm capacitation involves, what assays can be
used to assess capacitation and what media conditions are required for capacitation to take place.

Introduction

When studying capacitationit is clearly important to have adefined endpoint at which a spermatozoon can be consid-
ered “ capacitated”. A seriesof modified definitions have been devel oped over time but the only real definition isthat
capacitated spermatozoa are abl e to fertilise an oocyte (Chang, 1951; Austin, 1952). Consequently, fertilisation would
be the ideal physiological endpoint. However, observing fertilization in a research environment raises many ethical
issues and asonly avery limited number of human oocytes are availablefor research, fertilisation of a human oocyte
isnot apractical endpoint for capacitation. Consegquently almost all of the studies on human sperm capacitation have
used surrogate markers/definitions for capacitation. This meansthat only aspects of the fertilising ability of a sperm
are being measured e.g. ability to undergo the acrosome reaction or hyperactivate. When studying and subsequently
devel oping new mediafor supporting capacitation it is clearly necessary to assay for fertilisation aswell as surrogate
markers.

Assaysfor capacitation

The most commonly used endpoint of capacitation is acrosome reaction. Acrosome reaction can be induced in sper-
matozoa by pharmacological agents, such as the calcium ionophore A23187 (Aitken et al., 1993) and
lysophosphatidylcholine (de Lamirande and Gagnon, 1993), and more physiologica stimuli such as progesterone
(Meizel and Turner, 1991) and the zona pellucida (ZP) (Hoshi et al., 1993). An increase in acrosome reaction ratesis
observed in response to A23187 following incubation in capacitating media but it remains unclear whether pharma-
cological stimuli force a cell to respond in a non-physiological manner (see Liu and Baker, 1996) and thus these
systems may be more suitable for determining damage to a spermatozoon. Thisiscertainly the case for cells exposed
to excessROS wherethereisareduced ability to undergo ionophoreinduced AR because the membranesare severely
damaged. Spermatozoaencounter progesterone and ZP during passage through the femal e reproductive tract and are
agonists that could potentially induce acrosome reaction during in vivo fertilization and should be considered a
favourable endpoint when studying changes that occur during capacitation. Although there is considerable contro-
versy over the nature of the membrane ‘receptors for progesterone and ZP, both require membrane receptors to
transduce signals to the cell and thus are more ‘physiological’.

The zona-free hamster oocyte sperm penetration assay (SPA) has previously been used to assess sperm capacitation
(Barros et al., 1978, 1979). The zona pellucida is required for species specific fertilization; in its absence human
spermatozoa can fuse with an oocyte from another species and subsequent nuclear decondensation can be identified
(Barroset al., 1978). In order to reduce the variability in the assay, agonists of the AR are often used e.g. progesterone
(seeAitkenet al., 1993). The assay thus measuresAR, fusiogenic ability and decondensation. Controversy existsover
the value of the SPA for fertility prediction but performed carefully it does represent a useful assay (see Muller 2000;
Oehninger et al., 2000). The main problem is obtaining a source of eggs and clear definition of methods.
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The zona-binding assay identifies cells with the ability to adhere to human ZP. It is thought that during capacitation
zona-binding proteins become exposed on the surface of the spermatozoa enabling adherence to the ZP and subsequent
acrosome reaction (see Overstreet et al., 1980). Thisassay reproduces physiological interactionsbut itssuccessgreatly
depends on the quality of the zona pellucida used. ZP are usually obtained from failed IVF cycles so the ZP have
previoudy come into contact with spermatozoa during patient treatment. The ZP are subsequently stored in a salt
solution or frozen which may also have detrimental effects on the structure of the ZP (Matson et al., 1997). Having
such potential variability in an assay combined with limited numbers of potential ZP's makesthe value of this assay
limited. Unfortunately, attempts to produce recombinant human zona proteins have met with limited success and to
date no recombinant protein is widely available for diagnostic testing.

Theantibiotic chlortetracycline (CTC) hasbeen shown to bind to the surface of spermatozoa. The CTC assay displays
four different patterns of fluorescence, one of which appearsto be correlated with capacitated spermatozoa (Leeet al.,
1987; DasGuptacet al., 1993). In mouse spermatozoa, definite results can beidentified and so precise conclusions can
be made but in the human system CTC binding appears more variable and so the assay isless conclusive. Itispossible
that with the perceived increase in calcium in capacitated cells more robust systems e.g. fluorimetry can be used to
standardise the assay.

Hyperactivation (HA) is often assessed and in some cases used as an indication that a cell is becoming capacitated.
Hyperactivation levels certainly increase during incubation in capacitating media(Moraleset al ., 1988) but it remains
uncertain whether hyperactivationisaprerequisite for capacitation or aconcomitant process. At least in animals, HA
and capacitation can be activated using different pathways (M arquez and Suarez, 2004) and certainly chemical means
of inducing HA are not likely to represent capacitated cells. Spermatozoa from different men display variable levels
of HA following incubation and often display intermittent periods of HA and so it is difficult to make confident
conclusions when only small changes in hyperactivation levels are observed. Physiological induction of HA (using
progesterone) may allow maximal stimulation and thus assist in the standardization of the assay. HA isimportant for
fertilization. For example, datafrom KO studies show that if hyperactivationis prevented sperm are unableto penetrate
the ZPand can no longer fertilize (Quill et a., 2003). Datain humans show that failureto undergo HA isindicative of
reduced fertilisation success at 1VF (Sukcharoen et al., 1995). HA would thus appear to be an assay which, when
more standardisation isapplied (including better means of assessment e.g. longer tracking) islikely to be auseful tool
in studying capacitation.

Which assay should | use?

A clinical assay for human capacitation must assess capacitation in a physiological manner using factors that would
be encountered during in vivo or in vitro fertilization. The major difficulty in producing an assay for capacitation isto
minimise variability within the system which preventsthe use of biological material such asnative ZP (Graczykowski
et a., 1998). Acrosome reaction in response to a physiologica agonist isrelatively simple to perform and acrosome-
reacted spermatozoa can be clearly identified using immunocytochemistry techniques. Currently, the precise agonist
of acrosome reaction in vivo still remains elusive. Progesterone, which is released from the cumulus oophorus (Bar-
Ami, 1994), induces acrosome reaction in capacitated spermatozoa but it is unknown whether thelevels of progesterone
required for this assay are representative of those encountered in the female reproductive tract or during IVF. Ideally
artificial ZP could be used to stimulate acrosome reaction but currently full length proteins of correct confirmation
have not been synthetically produced. The neoglycoprotein, N-acetyl-a-D-glucosamine (glucNAc) may interact with
the putative receptor for ZP3 in human spermatozoainducing acrosome reaction in capacitated cells (Brandelli, 1997,
Brandelli et al., 1994, 1995, 1996). GlucNAc induced acrosome reaction mimics the acrosome reaction induced by
ZP glycoproteins (Blackmore and Eisoldt, 1999). This potentially is the best solution minimising variability of the
assay system but still inducing acrosome reaction in a physiological manner and so providing a define endpoint for
capacitation.

What new assays are on the horizon?

During capacitation an efflux of plasma membrane cholesterol is observed. Merocyanine, a marker for membrane
fluidity, has been used successfully to isolate a homogeneous population of boar spermatozoa displaying increased
membrane disorder (Flesch et al., 2001). However, in human spermatozoa merocyanine only intercaates into the
plasmamembrane of dead cells. Thisisthought to be dueto thedifferencein plasmamembrane cholesterol/phospholipid
ratio between the species (Cross, 1998) and thus limits the use of this probe for investigating human capacitation.
Further research using more sophisticated probes is needed to assess changes in the membrane associated with
capacitation.
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Aswelearn more about the biochemical changes concomitant with capacitation (see De Jonge this symposium) more
effort needs to be directed into refining these methods for clinical use. For example, considerable progress has been
made in the identification of proteinsinvolved in capacitation (see Ficarro, et a., 2003). Whilst such identificationis
gtill initsinfancy it is likely to provide a very useful source of defined markers. With the development of rapid
methodsto i dentify, for example, phosphorylated proteins, such assays may beafuturetool intheandrology laboratory.

What needsto bein the media for human sperm to capacitate?

All the information to date suggests three essential ingredients: bicarbonate, calcium and a proteins source. Whilst
there are a number of commercial media that support capacitation and thus there is limited value in developing
numerous others, there isaclear need to improve the ‘physiological’ support for sub-optimal cells. For example, sub-
optima spermatozoa have higher levels of ROS damage and thus are likely to benefit from antioxidant protection.
Such protection must not be excessive as ROS are necessary for sperm function and thus a delicate balance is be
required. As specific defects in the capacitation process have yet to be detailed, primarily because knowledge of the
process and its detection remain crude, it islikely that defects do occur and thus specific defined media will need to
be devel oped.
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L ear ning Objectives

Y To understand why the requirements for early embryos are likely to be relatively simple compared
with those for somatic cells.

Y To be ableto describe factors which determine the requirement of early embryos for oxygen and
carbon dioxide

Y To know the distinction between endogenous and exogenous nutrients
Y To beableto discuss critically the statement: ‘Medium X satisfies the needs of the embryo’

Y To beableto discuss critically the two main approaches to devising embryo culture media: ‘Empirical
optimisation’ and ‘Back to nature

Lecture summary

The requirements of the early mammalian embryo in vitro are relatively ssimple: a solution of mineral salts, basic
nutrients, oxygen/carbon dioxide and a macromolecul e such as albumin.

Why?

Early embryos are large, relatively autonomous cells which have barely begun to differentiate and do not have the
specialised requirements of somatic (adult) cells.

It is certainly the case that early embryosin vivo —in the Fallopian tube and the uterus —will be exposed to com-
plex environments, but we do not know enough to mimic their many congtituents adequately and safely in vitro. It
is also the case that early embryos grow fairly well in vitro - for example, over 1 million babies have been born
from IVF; atechnique which is considered to be basically safe.

The focus of this contribution is on metabolic requirements with afocus on the human embryo. It should be said at
the outset, that the present paper should be considered a footnote to the masterly account by Summers and Biggers
(2003): Chemically defined media and the culture of mammalian preimplantation embryos:. historical perspective
and current issues, which everyone interested in this subject is urged to read.

Oxygen

The general view, backed up by numerous studies, is that early embryos grow better under 5% rather then 20%
oxygen, ie. apO, of around 40 mm Hg rather than 150 mmHg. Thisis not surprising since the pO, in the oviduct of
the rhesus monkey, the species closest to the human for which there is good data, is around 40-50 mmHg, depend-
ing on cycle stage, decreasing to 10-20 mmHg in the uterus (Fischer and Bavister, 1993). Vaues for oviduct pO, in
hamster and rabbit are broadly similar.

It is also generally agreed that having alower oxygen tension will minimise damage from Reactive Oxygen
Species (ROS).

Having said this, it isinteresting to speculate on the relationship between oxygen availability, consumption and
egg/embryo size.
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Using a mathematical approach, Byatt-Smith et al (Hum Reprod 6, 52,1991) showed that while mouse embryos
(radius ~ 40) can comfortably satisfy their oxygen reguirements when incubated in 5% oxygen, human embryos
(radius >60 and therefore about 4x greater volume) are ‘on the edge’ under 5% oxygen and in danger of becoming
marginally hypoxic. Thisis consistent with the notion that the maximum radius an average mammalian cell can reach
is about 60 before oxygen access to the centre of the cell becomes limiting.

These and other considerations lead to discussions about the desirability of mixing/stirring embryos slowly —which
undoubtedly occursin the oviduct and uterus viacilia/muscular activity —to minimise the build-up of unstirred layers
around the surface of the cells. For a summary of the latest technology on overcoming the static nature of embryo
culture, see the recent view by Wheeler et a (2004).

It also remains the case that many laboratories continue to grow human embryos under 20% oxygen.
Carbon dioxide

Most labs grow embryosin 25 mM HCO, under 5% CO,, which providesapH of 7.4. To what extent thisisdesirable
ismuch discussed. One reason for this uncertainty isthat the pH in the oviduct lumenisin the alkalinerange 7.6-8.2,
and measuring HCO, concentration is difficult.

Nutrients:
General considerations:

Early embryos can derive nutrients from two sources. exogenously from the culture medium or endogenously. The
most likely endogenous source is intracellular fat, especially in the embryos of the large domestic species and the
human. There is evidence for the use of triglyceride as an energy source in early cow and pig embryos, but it isa
mystery why embryosin some species contain so much fat. One possibility isthat fat isrequired to provide energy for
the enormous expansion which occurs after blastocyst formation in the embryos of the domestic species; eg. cows,
pigs and sheep.

M acronutrients

The most immediate and quantitatively significant use of macronutrients is to generate ATP; the second, major
guantitatively significant need is to provide amino acids for protein synthesis. Amino acids are now added to most
embryo culture media and have numerous functions other than as protein constituents, though their guantitative
significance of these functions tends not to be considered.

Of the macronutrients, supplementation of culture mediawith fatty acidshaslargely beenignored. For example, early
embryos in vitro, unlike people, do not appear to need a supply of essential fatty acids in their diet. In vivo, such
nutrients may be provided by uptake of albumin, the major macromolecule in oviduct fluid, by pinocytosis or
endocytosis.

Defining requirements for macronutrients:

It is common to see statements like: ‘Medium X satisfies the needs of the embryo’. While such statements may be
justified in qualitative terms(i.e., what an embryo needs), they are not justifiablein quantitativeterms(i.e., how much
of agiven nutrient an embryo needs). There are three reasons for this:

1.Information on the quantitites of nutrients consumed in vitro — which might indicate how much of a nutrient is
reguired - depend on what is provided to the embryo since the presence of one nutrient(s) can affect the consumption
of another.

2. Although, in afew cases, one can definethe uptake and metabolic fate of a nutrient quite precisely in kinetic terms
(e.g. glucose), it is not possible to trandate such data into a value for the concentration of glucose which should be
provided in culture media (Leese, 2003).

3. We have little idea what an embryo’s ‘physiological needs’ are, i.e., in vivo.
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However, it is obviously important to try and define the concentrations of nutrients to which embryos should be
exposed. Summers and Biggers (2003) described the two approaches mainly adopted as: (i) ‘L et the embryos choose’
and (ii) ‘Back to nature’ . While the ‘back to nature’ approach isaptly named since it aimsto mimic the physiol ogical
environment of the embryo, | think the expression ‘let the embryos choose' ismideading. It ismeant to represent the
experimental approach whereby the concentration of one or more culture medium congtituents is varied while the
concentrations of the other components are kept constant. | would not call this ‘let the embryos choose' sinceembryos
are always going to choose what to consume whatever medium they are given, be it a ‘back to nature’ medium or one
devised in some other way, since they have the capacity to adapt to their environment. | would describe the ‘let the
embryos choose’ principle of Summers and Biggers as ‘empirical optimisation’ i.e., literally: ‘resting on trial or
experiment’” and ‘to make as efficient as possible’. One way this principle has been applied is to use data on the
consumption of nutrients to make educated guesses on what an embryo requires. Thus, it has long been known that
embryos consume oxidative substrates such as pyruvate during early preimplantation devel opment but increase their
consumption of glucose asthe blastocyst stage is reached and that, at least in vitro, much, if not most of this glucose,
depending on the species, is converted to lactate. This strongly suggests a ‘need’ of embryos for glucose during
blastocyst formation but does not indicate how much is required.

However, this principle comes unstuck for amino acids, where Houghton et al (2002 Hum Reprod 17, 999-1005
[Corrigendum 18, 1756-1757])) showed that only alimited number: leucine, serine, arginine, methionine and valine
were taken up from afull mixture, by spare cleavage stage human embryos which developed to blastocysts and that
only one amino acid; leucine, was consumed at all stages. If the approach: ‘give the embryo what it needs', were
adopted, the only amino acids added to the culture medium woul d be leucine, serine, arginine, methionine and valine,
but thiswould be to misinterpret the data on amino acid consumption. Firstly, the term ‘consumption’ isthe net flux
of amino acids from the medium and comprises amino acid entry across the plasma membrane, possible exit and re-
entry, and metabolic interconversion to other amino acids. Secondly, the pattern is only derived by providing the
embryos with a complete mixture of 20 amino acids; if presented singly or as a small group, embryos would most
likely consume whatever amino acid (s) was provided.

In its most sophisticated form, ‘empirical optimisation’ becomes the Simplex Optimisation used successfully by
Biggers and his colleagues in the mouse to devise medium SOM and its derivative KSOM (Lawitts and Biggers,
1993). If sufficient embryoswere available, it would be possibleto apply the technique of Simplex optimisation to the
human, however, thisisunlikely to be achievable because of the severely limited supply of surplus human embryos.
The routes open to formulate human embryo culture media are therefore (i) empirica optimisation using whatever
surplus human embryos are available combined with data from anima models and (ii) ‘back to nature’. The most
widely used animal model of preimplantation development is provided by the mouse. While having great advantages
in terms of availability, homogeneity, genetics, successful culturein vitro and ease of embryo transfer, it is arguable
that closer models to the human, in terms of embryo size, metabolism, time-course of development to the blastocyst
stage and onset of zygotic genome activation, are provided by cattle, pig and sheep embryos. What is unfortunate is
the practice of trying to optimise the composition of human embryo culture mediaduring routine IVF by using asthe
‘outcome’, the pregnancy rates following embryo transfer. Such an approach ideal ly needsto be preceded by work on
surplus human embryos to help ensure the safety and efficacy of any modifications made .

The “back to nature’ approach attemptsto mimic the environment in the Fall opian tube and uterus. The problem then
becomes one of obtaining and analysing human tubal fluid and uterine fluid; not an easy task, though accomplished
by Borland et a for ions (J Asst Reprod Gen 15, 466, 1998), Gardner et al for pyruvate, glucose and lactate (Fertil
Seril, 65, 349, 1996) and indirectly, on Fallopian tubal fluid formed during vascular perfusion, for pyruvate, glucose,
lactate and amino acids by Tay et al (Hum Reprod 12, 2451) The best animal models are provided by the cow, pig and
sheep, where direct sampling or cannulation in situ is possible (eg Kenny et al, Biol, Reprod 66, 1797, 2002).

Growth factors

In the female tract, early embryos will be exposed to a great many (hundreds and possibly, thousands) of growth and
related factors, mainly from serum. Embryologists have rightly been reluctant to add such factors singly to human
embryo culture media, for fear of precocious or uncontrolled effects. For example, adding a growth factor which is
mitogenic may increase development rate and cell number at a time when the embryo should really be increasing
apoptosis to overcome cdlular stress. There are two ways to approach this problem in arational way; the first isto
analyse human and animal reproductive tract fluids for growth and other factors; and secondly, to supplement culture
mediawith alow concentration of patient’s serum, aswaswidely practiced in the early days of IVF, with asfar asis
known, no deleterious consequences. The advantage of the second option is that growth factors are likely to be
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present in roughly the proportionsto which the embryos would be exposed in vivo. However, with the moveto fully-
defined media, option 2 is most unlikely to find favour.

Conclusion

v We are still some way from producing a medium optimised in terms of metabolic requirements for the
culture of early human embryos

v The ‘back to nature’ principle offers an approach which is likely to be safe and have acceptable efficiency.
v Itiscertainly possible toimprove upon nature; this, after all, is what medicine does all the time!
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Introduction

The goal of in-vitro fertilization (IVF) and embryo culture is to provide high quality embryos capable of continued
development and implantation, which will result in the birth of healthy babies. Considerabl e progress has been made
in culturing preimplantation embryos since theinitia studieswere undertaken. Along with other teams, (Tervit et al.
1972), we began to design and define new, more complex culture mediain the early seventies, which were based on
the composition of genital tract secretions (M n zo 1976). During the initial stages of zygote formation and early
cleavage divisions, thereisaminimal level of transcription only (Ao et al, 1994), so that at the time of ovulation, the
mature oocyte must contain a storage pool of proteins and/or MRNA transcriptsin order to maintain its viability and
provide the metabolic requirements for fertilization and the first two cleavage divisions of the embryo This stored
pool must be capable of coding for all of the enzymes required for metabolic pathways, at the correct equilibrium to
support the early stages of embryo development prior to activation of the zygote genome. The cycle during which the
zygote genomeisactivated (Zygotic GeneActivation, ZGA) isthelongest cell cycleof preimplantation development:
any delay at thistimewill result in adecreaseinthelevel of mMRNA below critical thresholds. Culture conditionshave
adirect impact on transcription and trandation (Ho et al. 1994, Jung 1989, Wrenzycki et al. 1999); the metabolism of
the embryo is depressed in vitro (Leese 1995) and protein turnover is accelerated (Jung 1989). A decrease in human
embryo viability ( Bolton et al. 1989), and cell number (Vlad et al. 1996) has also been observed, al as aresult of
suboptimal culture conditions. Therefore, for many yearsembryoswereroutinely transferred at the so-called “ cleavage
stages’, asinsufficient knowledge was available to allow prolonged successful culture beyond these stages.

Correct timing of blastocyst formationisaninitial indication of embryo quality, the ultimate control being live birth
rates after transfer. Two solutions have been proposed to satisfy the in vitro requirements that the embryo needs to
reach the blastocyst stage: sequential changes in the composition of the culture media, and/or providing a dynamic
environment with the help of acocultured feeder layer of cells.  Our first “blastocyst babies’ are now 16 yearsof age,
and we present here an overview of human blastocyst culture based upon our experience

Timing of early human preimplantation embryo development

Itisnow common knowledge that fertilisation occursvery rapidly after insemination. A few hours of oocyte-sperm
contact is sufficient to yield the same time course of events that were observed after overnight insemination (M n zo
and Barak, 2000). The 4-cell stage is achieved after 40-50 hrs. The cycle of genomic activation begins at this stage
and thiscell cyclerequiresafull 24 hours. The* best” embryos usually reach the compacting morula stage (around 32
cells) at 96 hrspi. Onthe morning of Day 5, differentiation to blastocyst stage has occurred: the cell number may vary
considerably, from 50 cells to 100-120 for early expanding blastocysts. These blastocysts may hatch as early asthe
morning of D6, but this processis usually observed on D7. One must bear in mind the fact that in vivo hatching isa
“dua” process, involving lysis not only by the trophectoderm but also by uterine secretionsin the presence of proteolytic
enzymes such as chymotrypsin.
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Techniques for the culture of human blastocystsin vitro
1/ Coculture

The first coculture systems, based upon a postulated autocrine effect were successfully performed with bovine and
ovine embryos cocultured with bovine trophoblastic tissue (Camous et al. 1984). Live calves were obtained after
transferring embryos that were co-cultured for at least 5 days. Subsequently, we demonstrated that cells of genital
origin were not essential for culture of human preimplantation embryos (M n zo et a. 1990), but that success seems
to rely on transport epithelia. Coculture with autol ogous granul osa cell's (Freeman et al. 1995), or endometrial epithe-
lial cells(Simon et al. 1999), has been also successful. Coculture on feeder cellsmay even provide a* better” balance
of conditionsthan arefound in thein vivo environment, thusallowing for aselection of embryoswith better implantation
potential. A study comparing blastocyst transferswith Zygote Intra Fallopian Transfer (ZIFT) allowed usto compare
the efficiency of the selection process. Although tubal transfer (ZIFT) supposedly mimicsthe* best “invivo conditions,
the results did not compare favorably with blastocyst transfer.

ZIFT utB P
No Transfers 137 217
No of embryostransferre 356(2) 443 (BI)
Per transfer 2.6 2.06 0.001
Ongoing Pregnancies 39 61
Percent per transfer 28.5 27.7 NS
Clinica Gest.Sacs 48 86
Livebirth
(% of embryo transferred) 13.5(2) 19.2 (BI) 0,038

Table 1: Comparison between ZIFT and blastocyst transfers (From M n zo and Janny 1995)
UtB Uterine transfer of blastocysts,
Z : Zygote, Bl : Blastocyst

The co-culture technique differs completely from classical embryo culture technologies. The choice of medium for
embryo co-culture studies is critical: it has to satisfy the needs of both the embryo and of the feeder cells. False
positive and false negative effects may beimmediately linked to the coculture medium. Co-cultured embryos usually
have higher cell numbersthan do those cultured in simple culture media(Vlad et a. 1996). Randomized experiments
(Vlad et al. 1996, Van Blerkom 1993) demonstrated the importance of technical aspects for coculture of human
embryos: similar experimental protocols can lead to opposite observations in some circumstances

Interaction with embryo metabolic pathwaysis an important aspect of feeder cell action. Possible adverse situations
include deficits in enzyme and messenger mRNA, inhibition of pathways (see phosphofructokinase: Barbehenn et
al.1974), and enzyme dis-equilibration (see Glucose phosphate isomerase: M n zo and Khatchadourian 1990). This
resultsin aninability to metabolise some compounds, awaste of energy and an accumulation of superfluous products.
M etabolism of feeder cells probably supplies small moleculeswhich allow the cell machinery to function with maximum
efficiency. Feeder cells contribute amino acids, leading to a better equilibrium which allows efficient uptake by the
embryo Co-culturea so provides afavorable Red-Ox potentia (equilibrium between reducing and oxidative substances
in favor of reducing activity), which is rarely taken into account.

Amino acids may be toxic through their catabolism and the formation of ammonium ions (Gardner and Lane 1993).
In open in vitro culture conditions, ammonia forms ammonium carbonate and/or bicarbonate, both highly unstable,
especially at alkaline pH. Ammonia is eliminated or recycled enzymatically in vivo (M n zo et al. 1993, Lane and
Gardner 1995), or in co-culture systems, through formation of aanine, glutamine and asparagine.

Macromolecules: No specific embryotrophic factors secreted by feeder layers have as yet been identified.
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2/Sequential media

Progress brought about by coculture and the feasibility of blastocyst transfers (M nzo et a.1992a) and freezing
(M nzoetal., 1992b) provided the background for investigating the use of cell-free culture conditions (Bertheussen
et a. 1996, Gardner et a. 1997, Chouteau et a. 1998) and for the feasibility of blastocyststransfers on alarge scale.
A first-phase medium must be used from fertilization until theinitiation of genomic activation (4-cell stage on day 2),
followed by a second-phase medium until D5-6. We recommend rinsing the oocytes 4-5 hrs post insemination, and
then moving them to the first phase culture medium. For ICSl, the oocytes should be placed in the first culture
medium immediately after injection. Mediafor culture are usually more “protective” than fertilisation media

All amino acidsare necessary very early after fertilization (M n zo 1976, Gardner and L ane 1996), and even for short-
term embryo handling. The use of 5% O2 may increase blastocyst formation. High external concentrations of glucose
in an excessively simple culture medium istoxic, rather than the glucose per se. The present trend towards removing
glucose and phosphate from mammalian embryo culture mediais not physiological, and replaces one artefact with
another. However,high levels of glucose may have a del eterious effect through an increase in free radical formation.
Thisaspect is particularly obviousin diabetic mammals (Pampfer et al. 2000) and probably in humans. An excess of
glucose doesinduce shiftsin sex ratio, towardsfemalein bovine (Jimenez et al. 2003): the female embryo hasamore
effective antiapoptotic mechanism. Pyruvate, on the other hand, is an interesting compound, inthat it actsnot only as
an energy source, but can also detoxify ammoniain the embryo, through transamination and export of aanine formed
asaresult. Glycine, which isthe most abundant aminoacid in the female genital tract acts synergistically with taurine
to improve culture conditions. Glutamine is also needed before genomic activation. Gardner et al. (1997) reported
that essential amino acids can betoxic in thefirst phase of culture. However, we still do not know which amino acids
are “essential” for the early embryo: there is no obvious evidence that methionine (supposedly “essential” in animal
nutrition), isindeed toxic in thefirst phase of culture (Table 2). Methionineisakey aminoacid: it incorporated by the
human embryo, as well as by mouse embryos (M n zo et a. 1989), and is used for the synthesis of S-adenosyl
methionine (SAM), the universal methylation cofactor involved in methylation of proteins, DNA, lipids, etc. Methionyl
tRNA initiates all protein syntheses during mRNA translation. DNA de novo methylation is essential for early
mammalian development (Okano et a. 2000) and is involved in the critical process of gene imprinting. Altered
methylation patterns can lead to silencing or induction of specific genes and thus could affect the produced embryos
in such away asto result in the large calf syndrome. Recent publications emphasi zed aberrant methylation patterns
at the two-cell stage in mice when “ordinary” in vitro culture was performed (Shi and Haaf, 2002). In humans, an
intriguing excess of imprinting anomalies in children conceived by 1VF and/or ICSI have been reported (Cox et al.,
2002; DeBaun et al., 2003; Maher et al., 2003, Gicque et al. 2003, Orstavik et al., 2003; Powell, 2003). Methionine
shares acommon pathway (trans-sulfuration) with cysteine, involved in the synthesis of glutathione, auniversal free
radical scavenger (and so antigpoptotic) and potent stimulator of early embryogenesis (Lee et al. 2000). De novo
synthesisinside the embryo isimportant, as glutathione is not transported into the embryo. Restriction of sulfur free
aminoacids doesinduce apoptosis (Lu et al., 2003, Kang et al., 2002). Moreover, al the sulfur aminoacids are present
in the environment of the embryo during preimplantation development in vivo.Ammonia is eliminated through
transamination with pyruvate and release of Alanine.

Blastocyst devel opment does not require serum in the medium, but so far albumin isfound to be necessary.. Albumin
isa complex carrier of al kinds of molecules, and especialy lipids and albumin can enter the embryo. Blastocyst
formation can be obtai ned with serum a bumin and serum fractions (inappropriately 1abelled synthetic serum substitute,
SSS, Desai et d. 1997). Serum is not necessary for IVF culture (M nzo et a. 1984). According to Niemenn and
Wreznycki (2000), serum addition in the bovine system seems to affect mMRNA content and to be involved in the
“large calf syndrome”.

Insulinisusually added for the second phase of culture: whether or not it has the same effect as IGF1 is questionable
(Lighten et al. 1998). Growth factors may act through a balance between stimulatory and inhibitory effects. It is
important to note that Growth Hormone receptor is present in mouse, bovine and human embryos. However it is not
obvious that growth factors can work through an internal loop for a type of “ auto-stimulation ” process. Mouse
embryo development is significantly better when embryos are cultured in groups rather than alone. These results
suggest an autocrine/paracrine effect but this effect has been denied in human systems. Blastocysts grown in sequential
media seem to be less resistant to cryopreservation, or at least, their cryosensitivity seemsto be related to the media
in which they have been cultured.
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Limiting factors

A 45-50 % blastocyst formation rate can be expected in an overall population which includes patients with advanced
maternal age, male factor infertility, and repeated failures of implantation. It is now clear that reported rates which
exceed this baseline suggest a selected patient population. Several parameters must be taken into account.

Mater nal factors. advanced mater nal agemay impair very early blastocyst formation. Thereisan initial decline
around the age of 30, and a further decline after the age of 40. Blastocyst formation, and then expansion, isimpaired
with advanced maternal age (Janny and M n zo 1996). However, a good quality blastocyst obtained within the
correct time course, hasthe sameimplantation potential (around 25-30%) infor al agegroupsIn our practice, advanced
maternal age is a favorite indication for blastocyst transfer.

Paternal effects: During the early years of IVF, it was commonly believed that all embryos that developed to Day 2
had an equal chance of achieving a pregnancy. Blastocyst technology has destroyed this assumption, and we now
know that compromised sperm considerably reduces blastocyst formation (Janny and M n zo 1994). This has been
confirmed by following the results of blastocyst formation after ICSI (Shoukir et al. 1998, M n zo and Barak 2000).

Epigenetic factors: Anomalies of the centrosome (Navarra et d. 1997), defects in “oocyte activating factor”, and in
DNA condensation and fragmentation (Sakkas et a. 1997, Evenson et al 1999) have considerable del eterious
effects. Sperm DNA fragmentation does not impair blastocyst formation but does severely reduce live births post
blastocysts transfer.

Cytogenetic problems : in vitro manipulation of gametes increases the risk of cytogenetic anomalies that are
responsible for the arrest of least one half of the embryos (Benkhalifaet al. 1996). These anomalies can obviousy
arise due to both maternal and paternal problems (i.e chromosome abnormalities in gametes, Aran et al. 1999).

Monozygotic Twinning

Monozygotic twinning has been described by Behr et al (2000) as a penalty of blastocyst transfer in 5% of ongoing
pregnancies. Zona hardening has been implicated as a mechanism causing embryos to split at the time of hatching.
However, another aspect rel ated to culture media can be considered: cellswithin the Inner Cell Mass appear to beless
resistant to disruption than trophoblastic cells. It is possible that in certain hypersensitive embryos, an excessive
glucose level in the media may lead to an over-stimulation of apoptosis. the pro-apoptotic effector Bax was found to
be increased in mouse blastocysts exposed to hyperglycemia, through free radical formation (see Pampfer 2000). If a
linear polarisation of apoptotic cells occurs, the ICM could split before hatching, thus leading to a monozygotic
twinning (Menezo and Sakkas 2000). In our hands, out of more than 800 pregnancies obtai ned with coculture (1988-
1998), not one resulted in monozygotic twins. Indeed, culture conditions rather than prolonged culture time may be
responsible for an increase in MZT (Cassuto et a. 2003).

Conclusion

Until we began to understand some of the interactionsthat take placein the metabolism of early embryos, the empirical
approach to comparisons of different culture media formulations was ineffective. Prior to and during culture, it is
important to be aware of and to control the interactions of different compounds with each other and with the gas
phase. Sequential media are currently effective in human embryo culture, with blastocyst yields smilar to those
observed for coculture systems. |n order to eval uate new techniques and /or new culture media, in vitro grown embryos
must be transferred to avoid mis eading observations based upon morphology alone. In view of early developmental
arrests, embryo transfer at early stagesisobvioudly aprocess which istoo blind. The question isno longer whether or
not to carry out transfer of embryos at the blastocyst stage but the challenge now focuses instead upon ensuring that
the blastocysts are viable and healthy..

The goal of IVF practice should be to transfer embryos at the blastocyst stage, not as an exception, but asarule.
Ultimately this should lead to an improvement in the success of assisted reproductive technologies, with a lesser
likelihood of multiple pregnancies. Further research, together with long-term follow-up studies of the babiesis still
needed in order to ensure that in vitro culture has no adverse effects on the health of the children born.
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Powell K. 2003 Fertility trestments; Seeds of doubt. Nature. 17,422:656-658.

Sakkas D, Bianchi PG, Manicardi G et al 1997 Chromatin packaging anomalies and DNA damage in human sperm:
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Table 2: Effect of culture in sequentia media containing a complete complement of aminoacids in the first and the
second phase medium (ISM1/2). Regular IVF after Short insemination time in patients with repeated failures

Patients 186

Transfers 180 (96%)

Embryos on D2 1499

Blastocysts on D5/6 678 (45.2%)

Blastocysts transferred 330 (1.83 per patient)
Pregnancies 86 (47.8% per patient)
Implantation 100 (30.3% per Bl. transferred)

Mean age of the patients. 33.7 Yrs
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MATERNAL and PATERNAL EFFECTS on EARLY EMBRYONIC

DEVELOPMENT
% OF EMBRYOS BLOCKED

B \\/omen > 35 years
- Women < 35 years
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Ammonium elimination by mammalian preimplantation
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Glucoselev

Blastocyst Glucose % apoptotic
cells

Murine 10.7%

25 %*

Bovine 8.2%

20.7 %*

*, p<0.05, From Jimenezet al. 2003

Met Uptake and conversion to SAM/SAH in mouse and human
embryo
(fmoles /fembryo /hr)

Met Uptake  Conversion

2-Cell 250 9 (3.6%)

Early Morula 350 12 (3.4%)
Compact. Morula 650 33 (5.1%)
Blastocyst 2335 41 (1.8%)

770 26.2 (3.4)

Hyperglycemia, Apoptosis and sex ratio
Role of X-linked Apoptosis inhibitor (XIAP)

(Bovine-blastocystiransfers)

Glucose added Blastocysts /- Apoptosis
(mM) cleaved eggs (% total cells)

(0] 27% 52.5% 7.4

10 15.7%* 39% 20.1*
20 9.3%** 35.7%* B2
30 8.2%** 29%* 42.1%*

From Jimenez et al. 2003
Culture in SOF medium supplemented with Glucose
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SAAD* and cell death

(*Sulfur aminoacid deprivation)

*SAAD increases oxidative stress through a decrease in
Glutathion (GSH synthesis )

*|t alters Ca++and free Fe cellularpool

* |t induces cell death, independently of caspase activation, via C-
Jun-terminal kinase pathway

Most of the first phase Culture media (fertilisation

media) have no Sulfur amino acids!!! (... or with a high
degree of oxidation : taurine)

Kim HJ and Kim SG Biochem Pharmacol 2002; Kang KW et al. Free Radic Biol Med
2002

Methionine

Cysteine == Gluthation

Oxydative
Stress : ROS

S

p

APOPTOSE

40 ESHRE 2004 - Berlin

Pre-congress cour se program of 27 June



Pre-congress Course4 - SI G Embryology

Day 5 embryo transfer does not enhance reproductive
outcome compared to day 3transfer using the current
culture systems.

Kolibianakis StratisMD PhD

Centre for Reproductive Medicine
Dutch-Speaking Brussels Free University
Brussels

Belgium

L ear ning obj ectives
- To understand the rationale for performing blastocyst transfer
- To be aware of evidence suggesting limitationsin the currently used culture media

- To be ableto summarize the current literature comparing pregnancy rates between day 3 and day 5 transfer based on
evidence from retrospective studies and from randomized controlled trials

- To be aware of the pitfalls present in studies comparing day 3 vs day 5 transfer.
- To be able to advise patients during consultation about the mode of transfer to be performed
Rationalefor blastocyst transfer

Culture until the blastocyst stage allows the replacement of embryos which have an activated embryonic genome
(Braude et al 1988) and are at amore advanced stage of development compared with cleavage stage embryos. There-
fore, it could be expected to increase the probability of implantation. Moreover, it could be associated with a decrease
in multiple pregnancy rates by allowing a reduction in the number of replaced embryos without compromising the
chance of pregnancy.

However, thisrequiresthat the elimination of embryosin extended culture from day 3 to day 5-6 should be dependent
solely on their inherited survival potential and not be a consequence of an adverse effect exerted by the sequential
media used for culture.

Wherethisisthe casg, it islikey that even though blastocyst transfer may select embryoswith agreater implantation
potential, thiswill be at the cost of losing embryos that could have implanted if transferred prior to the blastocyst
stage. As a consequence by extending embryo culture to day 5 anumber of patients who might have become pregnant
if embryos had been replaced on day 3 will fail to become pregnant.

Do the currently used culture media compromise the quality of developing blastocystsin vitro?

In patients with poor prognosis (those with no eight-cell embryos on day 3) blastocyst culture and transfer has been
reported to result in 0% pregnancy ratein contrast with day 3 transfer which hasled to 33.3% ongoing pregnancy rate
(Racowsky et al., 2000). This suggests that the uterine environment may rescue some of the embryos that will not
survive blastocyst culture (Racowsky et al., 2000).

A reduction in viability of embryos with cleavage abnormalities has also been shown by Alikani et al (2000), who

suggested that until culture media are further refined, extended culture should be limited to those embryos with
optima development for the first 3 daysin culture.
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Does blastocyst transfer enhance pregnancy rate compared with day 3 transfer?
Evidence from retrospective studies

Milki et al. (2000) compared day 5 vs day 3 transfers and showed a significantly higher viable pregnancy rate (68%
Vs 46%, respectively) and implantation rate (47% vs 20%, respectively) in asmall number of patients who had more
than three 8-cell embryos on day 3 of culture. More embryos were transferred on day 3 than on day 5 (4.6 vs 2.4,
respectively). Multiple pregnancy rates did not differ significantly between the two methods, although the rate was
higher in the day 3 group than in the day 5 group (65% vs 44%, respectively).

From a limited number of patients with multiple in-vitro fertilization (IVF) failures and with at least 3 embryos
available in the previous cycle, Cruz et al. (1999) concluded that blastocyst transfer leads to a higher clinica preg-
nancy rate (40%) than does day 3 transfer (9.1%). Moreover, theimplantation rate was higher too in the day 5 group
thanin day 3 group (11.3% vs. 3.4%, respectively), while more embryoswere transferred on day 3than onday 5 (5.4
vs. 3.1, respectively). No multiple pregnancies were observed in the blastocyst group, although the difference with
day 3 transfer was not significant.

Racowsky et al. (2000) reported that for patientswith at least 8 zygotes after fertilization similar pregnancy rateswere
observed between day 5 (43.2%) and day 3 (43.9%) transfers. The implantation rate was higher when embryos were
replaced on day 5 (31.2% vs 19.5%). Again, more embryos were transferred on day 3 than day 5. No difference in
multiple pregnancy rates was observed between the two groups.

Analyzing day 5 vsday 3 transfer in patientswith at least five oocytesfertilized Abdelmassih et al (2001) observed a
higher ongoing pregnancy rate (41.0% vs 29.4%, respectively) and implantation rate (18.5% vs11.5%, respectively)
in the day 5 group. More embryoswere transferred in the day 3 group thanin the day 5 group (4.6 vs 3, respectively).
A higher multiple pregnancy rate was present in the day 3 vsday 5 group (47.1% vs 28.5%, respectively)

Balaban et al. (2001) observed that blastocyst transfer results in a higher implantation rate than does day 3 transfer
(15% vs 5.9%, respectively) in patients with only grade 3 and 4 embryos available for transfer on day 3. More
embryos were replaced on day 3 than on day 5 (5.2 vs 2.4, respectively). No difference was observed in pregnancy
rates (27.2% vs 33.5%, respectively) or multiple pregnancy rates between the two groups (13.6% vs 9.4%, respec-
tively).

Performing blastocyst transfer for all their patients, Marek et al. (1999) demonstrated a higher ongoing pregnancy
rate and implantation rate than for patientsin whom day 3 transfer was performed prior to extended culture introduc-
tion (pregnancy rates: 46.9 % vs 36.9%, respectively; implantation rates: 32.4% vs 23.3%, respectively). Again more
embryosweretransferred on day 3 (3vs2.5). Themultiple pregnancy rateswere similar inthe day 3 and day 5 groups
(49% and 42%, respectively).

Wilson et al. (2002) showed a higher ongoing pregnancy rate (52% vs 42%) and implantation rate (43% vs 27%)
when comparing day 5 (n=570) with day 3 (n=419) transfers. More embryoswere replaced on day 3 (2.7) than on day
5(2.0). Moreover, no difference was observed in multiple pregnancy rates between the two groups compared (day 3:
36% vs day 5: 34%).

In oocyte recipients, Schoolcraft et al. (2000) reported that blastocyst transfer compared with day 3 transfer resultsin
a higher clinical pregnancy rate (87.6% vs 75.0%, respectively) and implantation rate (65.0% vs 41.6%, respec-
tively). More embryos were replaced on day 3 than on day 5 (3.2 vs 2.1, respectively). Moreover, no difference was
observed in multiple pregnancy rates when embryos were transferred on either day 3 (40.5%) or day 5 (44.2%).

To sum up, it appears that retrospective studies consistently support the view that blastocyst transfer results in a
higher implantation rate than does day 3 transfer. Results are not always so clear regarding pregnancy rates, whichin
some studies did not differ between the two methods (Racowsky et al. 2000; Balaban et al., 2001). Interestingly,
multiple pregnancy rates were similar in both day 3 and day 5 transfers.

Pitfalls of retrospective studies comparing day3 vs day 5 transfer

Consistently more embryos were transferred on day 3 than on day 5 in all of the above retrospective studies. How-
ever, as the number of embryos replaced increases, a“dilution effect” takes place.
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Evidence from randomized controlled trials(RCTS)

Table 1. Randomized trials comparing day 3 vsday 5 transfer
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If we compare the implantation rates achieved in two exactly similar groups of patients, in whom, however, unequal
numbers of embryos are transferred on the same day of culture (e.g day 3), the only case that there will no be no
differencein implantation ratesisif all the embryos are of similar quality. If however embryo quality is not the same
within embryos, asin human I VF, then the chanceto transfer embryos of inferior quality increasesin parallel withthe
number of embryostransferred (assuming that wefirst transfer the best embryos). As a consequence the implantation
rate will decrease in the group of patientsinwhich more embryosare transferred. Thiskind of biasis presentin all of
the retrospective studies mentioned.

Arguing, therefore, on the basis of retrospective studies, that the higher implantation rate observed with extended
cultureisaproof that blastocyst transfer is superior to day 3 cultureis not justified.
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Selection Culture transferred rate
no of patients criteria media
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Gardner et al. 1998 Patiertswith
a Sequenti 505
>10 follicles of a 3.7 22 | 66% | 71% | 30.1 % - -
. ) >12mmon day | media %
day 3: 47, day 5: 45 8 of the cycle
Coskun et al. 2000° All patients :
ti
who had 4or | Seauen 213 | 238 | .. .
day 3: 101, day 5: more fettili zed m:dia 2.3 2.2 3% | 3% % % 33% | 38%
100 oocytes
i . b | Patiertswith at .
Karaki et al. 2002 sl Sequenti 061
ambryoswere a 35 20 | 26% | 29% | 12.7 % 48% | 39%
. . - orr
day 3: 82, day 5: 80 available media %
Levron et al 2002 n'?gr“eetrr‘];"we Sequenti | .. | ,5 |455 | 186 [387 | 202
a ’ ) % % % % 40% | 50%
zygoteson day media . .
Day 3: 44, day 5: 46 1
Utsunomiyaet al
2002 ¢ All paients .
with cogyte | S | 59 | 30 [ 208 | 28 I T g | -
Day 3: 184, day 5: retrieval
180
<38 yeas,
Rienzi et al 2002* with at least 8
two- :
pronucleated zaqu:]g; 2.0 20 | 56% | 58% | 35% | 38% | - -
. . zygoteson the
Day 3: 48, day 5: 50 day following
ICS
(* p<0.05).
Cumulative delivery rates including both fresh and frozen cycles per oocyte retrieval: day 3: 77% day5: 52%, p<0.01
Randomization type: a: computer generated list, b: by sealed envelopes, c: not stated, d: sequence of ovum retrieval.
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Asit can be observed in Table 1 in none of the 6 randomized controlled trials is pregnancy rate significantly better
with blastocyst transfer as compared to day 3 transfer. Inthe study by Levron et a (2002) blastocyst resultsin aworse
pregnancy rate than day 3 transfer. Moreover, in only 2 out of 6 RCTs is implantation rate better with blastocyst
transfer whilein the study by Levron et al (2002) is worse than day 3 transfer.

It therefore appearsthat the published prospective randomized trialsdo not support the view that day 5 transfer results
in a better outcome than day 3 transfer when studies using sequential media for embryo culture are considered.

Do randomized control trialssuggest that thereisa higher implantation ratein the day 5 as compared to the day three
group?

Higher implantation ratesfor blastocyst transfer were reported in the studiesby Gardner et a. (1998) and Karaki et al.
(2002). However, at the same time more embryoswere transferred on day 3 than on day 5. The validity of comparing
implantation rates is therefore questionable, since the denominator is different across the groups compared. If more
embryos are transferred in day 3 patients, then a“dilution effect”, as mentioned above, isto be expected. Where the
numbers of embryos replaced were similar between the two groups, no difference was observed in implantation rates.

Should we advise patients under going in-vitro fertilization to start a cycle leading to a day-3 or a day-5
transfer?

Counseling of patients on the mode of embryo transfer based on the results of the above RCTs studiesis inevitably
conditional. The couple will only know the type of embryo transfer after a certain stimulation day is reached, after
oocyteretrieval or after insemination of the oocytes retrieved.

A RCTwas performed at the Centrefor Reproductive Medicine of the Dutch-Speaking Brussels Free University from
January 2001 until December 2003 (Table 2) with the objective to compare ongoing pregnancy rates per started cycle
between patients randomized, prior to initiation of stimulation, to perform embryo replacement either on day-3 or on
day-5 of in-vitro culture (Kolibianakis et a, submitted).
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Outcome of patientsrandomized prior toinitiation of stimulation to start an IVF cycleleadingto day 3 or day

5transfer.

Day-3 group

Day-5 group

Patientswho initiated an IV F cycle(n)

234

226

Patiernts who reachedoocyte retrieval n (%)

227 (97.0%)

215 (95.1%)

Patiernts with embryo trarsfer n (%)

218 (93.2%)°

190 (84.1%)*

Postive hCG n (%) 96 (41.0%) 94 (41.6%)
Biochemica pregnhanciesn (%) 11 (11.5%) 12 (12.8%)
First trimeger miscarriagen (%) 10(10.4) 6(6.4)
Extrauterine pregnancy n (%) 0 (0%) 1(1.1%)
Ongoing pregnanciesn 75 75

Ongoing pregnancy rate per started cyde % (95

32.1% ( 26.438.2

332% (273-395).

Ongoing pregnancy rate per oocyte retriey 33.1% (27.2-394 ) 33.2%(27.3-395)
(95%Cl)

Ongoing pregnancy rate per embryo transf( 34.4% (28.4-40.9) 39.5% (32.8-46 5)
(95%Cl)

Ongoing implantation rate %+SEM 245+2.5% 26.6£2.7%
Multiple pregnancy rate % (95%CI) 20 (26.7%) 15 (20.0%)

Proportion of patients with cryopreserved embry

615 (144/234)°

504 (114/226)°

2p<0.001
bp<0.02

Based on the results of Table 2 it can be concluded that advising patients at consultation to initiate an IVF cycle
leading to a day-5 transfer does not appear to increase the probability of ongoing pregnancy compared to day-3
transfer. Moreover, it is associated with asignificantly higher chance of not performing embryo transfer and a signifi-
cantly lower probability of cryopreservation.

In conclusion, although blastocyst culture and transfer is feasible with the use of sequential media randomized con-
trolled trials published to date do not show that it resultsin a better reproductive outcome than does day 3 transfer.
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Day 5transfer isthebest strategy toreducethenumber of

embryostransferred in order toavoid multiplepregnancy

David K. Gardner

Colorado Center for Reproductive Medicine
Englewood, Colorado

USA

L ear ning Objectives

V¥ Toidentify the potential advantages of blastocyst transfer
V¥  Tobeableto analyze IVF treatment in a holistic fashion
V¥ To evauate the merits of single embryo transfer

Introduction

The decision regarding what stage to transfer human embryos is a source of great debate. Due to difficulties in
mai ntai ning the human embryo in culture for more than a coupl e of days, cleavage-stage embryo transfer on day 2 or
3 has become routine. The relatively recent introduction of sequentia culture media, which can facilitate successful
extended culture, has refocused attention upon the role of the human blastocyst in IVF. Discussions on blastocyst
culture and transfer have tended to concentrate on culture media and their formulations. However, culture media are
only one part of the laboratory system, and the laboratory isone part of IV Ftreatment. Therefore, in order to optimize
extended culture one needsto focus on all aspects of the treatment cycle. For example different stimulation regimens
will not only affect embryo quality and metabolism (Hardy et al. 1995), but have a direct impact on endometrial
function and therefore uterine receptivity (Simon et a. 1998). Furthermore, factorsin the laboratory other than me-
dium composition have a direct effect on embryo development in culture (Gardner and Lane 2003a). It is therefore
important to keep such things in mind when comparing results from one program to another. Unfortunately, this
means direct comparisons are very difficult to perform and interpretation of data can be difficult. Therefore, should a
program establish a benefit from employing extended culture and blastocyst transfer, then one should be prepared to
make changes other than culture mediain order to mimic their results.

A major compounding variable with regards to data comparisons between clinics are the patients themselves. It has
been inferred that those clinics that fare better with extended culture have a* more favorable” population of patients.
However, there exists agroup of patients who represent as close as possible a ‘gold standard’ in I VF, oocyte donors.
Itis proposed that this group of patientswill let us determine just how efficient IVF in the human can be, and should
be used whenever possible in the comparison of different clinics.

Suitability of the uterusfor the cleavage stage embryo

It is perhaps serendipitousthat the human uterine environment can support the devel opment of the human pronucleate
and cleavage stage embryo, asthisisin contrast to other mammalian speciesincluding non-human primates (M arston
et al. 1977). Although the human cleavage stage embryo can develop in the uterus, a region of the human female
reproductive tract that it would not normally see until day 4 (Croxatto et al. 1978), the question must be asked, how
suitableissuch an environment, especially asit followsthe exposure of the patient to exogenous gonadotropins. Had
the pre-compacted human embryo not exhibited thisability to survivein the uterusthen IVF aswe know it would not
had progressed, rather we would have had to wait until suitable culture conditionswere developed capable of supporting
blastocyst development.

The question is therefore whether the uterine environment following ovarian hyperstimulation is a more suitable
environment for the early human embryo than the laboratory. In all mammalian species studied to date, the transfer of
embryos to the uterus prior to compaction (and therefore before the generation of the first transporting epithelium)
does not lead to as high pregnancy rates compared to the transfer of morulae or blastocysts. The significance of
compaction is considerable as it represents the generation of the first transporting epithelium of the conceptus. Fol-
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lowing the formation of this transporting epithelium the embryo can better regulate its intracellular physiology as
shown by its increased ability to buffer pHi (Edwards et a. 1998) and to cope with osmotic stress (Hammer et a.
2000). In general, the post compaction mammalian embryo can tolerate awider range of environments.

However it isevident that pregnanciesin the human can be obtained after asynchronoustransfers. Like the mamma-
lian embryo’s ability to grow in awide variety of culture conditions (Gardner et al. 2000), the human embryo can
adapt to its environment and continue its development. This is termed embryo plasticity. However, this plagticity
should not make us complacent and should not be perceived in a positivelight, asthe more an embryo hasto adapt to
its environment the more its viability is compromised (Gardner 1998). By placing the human embryo into the uterus
before compaction it will expose the embryo to concentrations of carbohydrates (Gardner et a. 1996), amino acids,
gasesand pH, towhichit isnot normally exposed to (Maas et al. 1977; Fischer and Bavister 1993). Thusthe cleavage
stage human embryo will have to adapt its physiology and metabolism in response to the uterine environment.

Itisevident from in vitro studiesthat such adaptation to its environment is not without stressto the embryo (Gardner
1998; Gardner and Lane 1998). Furthermore, when cleavage stage embryos are replaced in the uterus one has to
consider that this is not a typical uterine environment, but rather one following hyperstimulation. It has been
demonstrated in animal modelsthat the environment within the female tract following gonadotropin treatment is not
as supportive to embryonic development as a non-stimulated environment (Van der Auwera et al. 1999; Ertzeid and
Storeng 2001) . Clinical data also supports the hypothesis that following hyperstimul ation the uterine milieu is com-
promised (Pellicer et a. 1996). So therefore it may be preferable to expose embryos to such an altered environment
for as short a period as possible, and this can be facilitated by blastocyst transfer.

In animal models, embryo expulsion rates decrease as the interval between ovulation and transfer increases. This
finding has been attributed to higher progesterone levels that in turn inhibit uterine contractions. Fanchin and col-
leagues have subsequently determined that uterine junctional zone contractions progressively decrease as one moves
farther into the luteal phase, and that fewer uterine contractions are associated with improved pregnancy rates (Fanchin
et a. 1998). Thistherefore presents afurther reason for moving to blastocyst transfer.

Suitability of the laboratory for the cleavage stage embryo

There has been a significant increase in our ability to support human embryo development in culture over the past
decade (Bavister 1995; Gardner and Lane 1999; Gardner et a. 2000; Pool 2002). This has stemmed from basic
research on the embryos of several mammalian species as well as increased research on the human embryo itself.
Culture media formulations have received the most attention. However, the media are only a part of an embryo
culture system (Gardner and Lane 2003a), and all aspects of this system must be addressed in order to get optimal
embryo development. Components of the culture system which have a direct impact on how embryo culture media
perform are gas phase, embryo incubation volume and embryo group size, and type of macromol ecul e supplementa-
tion. All of these have been recently reviewed el sewhere and are represented in Figure 1.

Itisevident that culture mediaare now availabl e that can support high level s of human blastocyst development which
can subsequently implant at very high rates (around 50%). In the case of oocyte donors, which represent an excellent
source of quality oocytes, blastocyst rates of 60% can be routinely obtained (Patton et al. 1999; Schoolcraft and
Gardner 2000; Langley et al. 2001) with concomitant implantation rates (fetal heartbeat) of 65%. Such an implanta-
tion rate is significantly higher than that obtained for oocyte donors having an embryo transfer on day 3 in the same
program (41.6%).

Cleavage stage or blastocysts. Which to transfer?

Huisman et a., (Huisman et a. 1994) in aretrospective analysis, compared day 2, day 3, and day 4 transfers. Overall
implantation and pregnancy rates were not significantly different. However, when cavitating morulawere available
on day 4, an implantation rate of 41% was attained. Without cavitating morula, implantation rates on day 2, day 3 or
day 4 range between 12.7% and 14.4%. Scholtesand Zeilmaker (Scholtes and Zeillmaker 1996) performed arandomized
trial comparing day 3 versus day 5 embryo transfer. The pregnancy rates were 40% for day 5 transfers compared to
28% for day 3. The implantation rates for day 5 were 23% compared to 14% for day 3. Significantly, both of the
above studies used a mixture of Earle's and Ham's F10 media for culture, which cannot be described as sequential
even though technically two mediawere employed. Therefore care must be taken when comparing datawhen different
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types of culture systemswere employed, asit isevident that although different culture conditions can support similar
ratesof blastocyst development, subsequent implantation rates can be dramatically different (Gardner and Lane 1998).

The use of sequentia culture systemsto support human blastocyst development was initially offered to patients with
either a good response to gonadotropins (Gardner et al. 1998) or with >4 eight-cell embryos on day 3 (Milki et al.
2000). Thisapproach for good prognosis patientsled to asignificant increase in implantation rates and facilitated the
establishment of high pregnancy rates (70%) with a concomitant reduction in the number of embryos transferred.
Therefore the use of sequential culture mediato facilitate blastocyst transfer has led to a significant reduction in the
number of high order multiple gestations.

Subsequently, sequential mediaand blastocyst transfer have been used successfully to treat patients with poor quality
embryos (Balaban et al. 2001; Langley et al. 2001), patients with multiple IVF failures (Cruz et al. 1999), patients
with low numbers of oocytes and embryos (Wilson et al. 2002) and oocyte donors (School craft and Gardner 2000). In
all of thesituationslisted extended embryo culture has been associated with an increasein I VF successrates, although
anumber of reports (Alikani et a. 2000; Coskun et al. 2000; Rienzi et al. 2002) have questioned such benefits.

In support of the move to blastocyst transfer, nine prospective randomized trials on blastocyst transfer following the
use of sequential media have been performed (Gardner et al. 1998; Coskun et al. 2000; Karaki et a. 2002; Levron et
al. 2002; Utsunomiyaet al. 2002; Rienzi et al. 2002; Van der Auweraet al. 2002; Frattarelli et al. 2003; Margreiter M
et al. 2003). Five have reported a significant increase in implantation rates when embryos were transferred at the
blastocyst stage on day 5 rather than at the cleavage stage. Three of the trials reported no difference in implantation
rate with respect to day of transfer, while one clinic reported alower implantation rate when day 5 transfer was used.
From the avail able data from prospective randomized studies using sequential media, it appearsthat the balanceisin
favor of day 5 transfers. Significantly, in amodel to determine which patients should have single embryo transfer, it
was determined that outcome was more favorable with day 5 than day 3 transfer (Hunault et al. 2002). Furthermore,
in a Cochrane review on cleavage stage versus blastocyst stage embryo transfer (Blake et al. 2003) it was concluded
that in clinical trialsinwhich sequential mediawas used there was* a substantial improvement inimplantation rates’
following blastocyst transfer.

Significance of cryopreservation

Theintroduction of blastocyst culture was met with much speculation asnot all laboratorieswere ableto cryopreserve
blastocysts that were not transferred (Alper et al. 2001). However, with the development of more suitable
cryopreservation proceduresiit is now possible to obtain implantation and ongoing pregnancy rates of 30 and 60%
respectively using frozen-thawed blastocysts (Gardner et a. 2003; Veeck 2003).

The moveto single embryo transfer (SET)

In our experience, moving to blastocyst stage transfer resultsin an increase in implantation rates. Although we have
been successful in significantly reducing high order multiple gestations, the incidence of twins remains 50% when
two blastocystsaretransferred. Therefore, in an attempt to eliminate multiple gestations completely, we have performed
a prospective randomized trial on single blastocyst transfer.

Inapopulation of patientswithaday 3 FSH £ 10 mIU/mL and at least 10 follicles>12 mm in diameter on day of hCG
administration (age range 26 to 43 years), it was possible to establish an ongoing pregnancy rate of 60.9% without
any incidence of twins (Gardner et a. 2004b). Significantly, when two blastocysts were transferred, the pregnancy
rate rose to 76% but with a 47.4% incidence of twins.

In a previously reported prospective randomized trial of single embryo transfer (SET) vs. double embryo transfer
(DET) on day 3 performed on good prognosis patients (<34 years of age, no previous IVF and who had at least two
top quality embryos at the time of embryo transfer) an OPR of 38.5% was attained in the SET group (Gerris et a.
1999). The implantation rate reported for the SET group was 42.3%. Clearly such implantation and pregnancy rates
areexcellent, but do fall somewhat short of those obtai ned with the transfer of asingle blastocyst. Therefore the move
to single blastocyst transfer (SBT) appears a more viable aternativeto SET on day 3 in good prognosis patients. A
difficulty that arises in comparing data such as these istrying to ascertain the differences in the patient populations,
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i.e. are studies biased by patient selection? In a further report of Gerris et al. it is documented that of 1559 oocyte
retrieval s between the years of 1998-2001, 385 patients had a single embryo transfer (Gerris et al. 2002). Thisfigure
represents less than 25% of the general patient population during the time of the study. Using the selection criteriafor
entry into the current study, 74% of IVF patients attending for infertility treatment and 91% of oocyte donors could
elect to have a single blastocyst transfer.

Conclusions

The cost effectiveness of IVF has been analyzed (Collins 2001), and the negative impact of IVF on the community are
the heavy costs associated with twin, triplet and quadrupl et deliveries. Looking at the cost-effectiveness of asingle
embryo transfer (SET) compared to a double embryo transfer (DET) on day 3 has revealed that even though more
ART cycles are required when employing SET, the overall cost per child born isthe same as or cheaper than as DET
due to theincreased costs associated with multiple birthsin the latter group (Wol ner-Hanssen and Rydhstroem 1998;
De Sutter et al. 2002). Therefore, there are no financial reasons not to elect to move to single embryo transfer, except
in countries where the patient has to carry the costs of an IVF treatment but where insurance carriers cover delivery
and neonatal care.

Blastocyst culture and transfer represents an effective means of eliminating high order multiple gestations in good
prognosis patients, and more recently it has been shown that it can be applied to all patientsentering an IVF program
with a concomitant increase in the efficiency of patient treatment. Certainly blastocyst transfer, with resultant high
implantation rates, should be considered for patients electing to have a single embryo transferred. The potential
benefits of extended culture and blastocyst transfer are reviewed in Table 1.

However, it would be unwise to suggest that blastocyst culture and transfer represents a panaceafor al clinicsand all
patients. Before extended culture should be considered all aspects of clinical and laboratory procedures need to be
optimized, atheme highlighted throughout thissyllabus. Should problemsexist either in patient stimulation protocols
or within the laboratory, extended culturewill only exacerbate the situation. Extended culture should first be tried on
oocyte donors, or those patients who respond well to gonadotropins. Implantation rates of 40% or greater should
readily be obtained in such patients. Should such implantation rates not be attained then a thorough analysis of the
laboratory, patients' stimulation and luteal support regimens should be undertaken.

The time has come to focus on oocyte quality (Hardy et a. 2001) and endometrial receptivity (Lessey 2001) along
with culture conditions, in other words it istimeto consider IVF treatment in amore holistic fashion (Figure 1).

Table 1. Potential benefits of blastocyst transfer

Embryo selection; ability to identify those embryoswith limited, aswell asthose with the highest devel opmental
potentia

Synchronization of embryonic stage with the female tract; reduces cellular stress on the embryo

Minimize exposure of embryo to hyperstimulated uterine environment

Reduction in uterine contractions; reduces chance of embryo being expelled

Ability to undertake cleavage stage embryo biopsy without the need for cryopreservation when the biopsied
blastomere has to be sent to a different locale for analysis

Assessment of true embryo viability; assessing the embryo post genome activation

High implantation rates; reduces the need to transfer multiple embryos

Increased ability to undergo cryopreservation

Increase in overall efficiency of IVF

d4d4d 4 4«
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Figure 1. A holistic analysis of human IVF.

This figure serves to illustrate the complex and interdependent nature of human IVF treatment. For example, the
stimulation regimen used not only impacts on oocyte quality (and hence embryo physiology and viability (Hardy et
al. 1995), but can aso affect subsequent endometrial receptivity (Simon et al. 1998; Van der Auwera et al. 1999;
Ertzeid and Storeng 2001). Furthermore, the health and dietary status of the patient can have a profound effect on the
subsequent developmenta capacity of the oocyte and embryo (Kwong et al. 2000; Gardner et al. 20044). The dietary
status of patients attending IVF is typically not considered as a compounding variable, but growing data would
indicate otherwise.

In the schematic, the laboratory has been broken down into its core components, only one of which is the culture
system. The culture system has in turn been broken down to its components, only one of which isthe culture media.
Therefore, it would appear rather smplistic to assume that by changing only one part of the culture system (i.e.
culture media), that one is going to mimic the results of a given laboratory or clinic.

A major determinant of the success of a laboratory and culture system is the level of quality control and quality
assurance in place. For example, one should never assume that anything coming into the laboratory that has not been
pre-tested with a relevant bioassay (e.g. mouse embryo assay), is safe merely because a previous lot has performed
satisfactorily. Only a small percentage of the contact supplies and tissue culture ware used in IVF comes suitably
tested. Therefore it is essential to assume that everything entering the IVF laboratory without a suitable pretest is
embryo toxic until proven otherwise.

In our program the 1-cell mouse embryo assay (MEA) is employed to prescreen every lot of tissue culture ware that
enters the program, i.e. plastics that are approved for tissue culture. Around 25% of all such materia fails the 1-cell
MEA (in asimple medium lacking protein after the first 24h). Therefore, if one does not perform QC to thislevel, 1
in4 of al contact suppliesused clinically will be embryo toxic. In reality many programs cannot all ocate the resources
reguired for thislevel of QC; and when embryo quality iscompromised in the laboratory, it isthe mediathat are held
responsible, when in fact the lab ware is more often the culprit. For complete details of the conditions for embryo
recovery, culture and MEA that are used in our laboratories, the reader may consult the following texts (Gardner and
Lane 1999),(Lane and Gardner 2003; Gardner and Lane M 2003b). Modified from an article in Reproductive
BioMedicine Online by Gardner DK and Lane M. Towards asingle embryo transfer. RBM Online 2003;6:470-481.
With permission from Reproductive Healthcare Ltd
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